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Preface

Anionic polymerization, discovered by M. Schwarz in the 1950s and developed to

its current level by a number of excellent chemists (M. Morton, S. Bywater,

L. Fetters, J. Roovers, P. Rempp, and many others), is a powerful tool for the

controlled manipulation of macromolecular architectures. Moreover, it is still

unique for the capability to synthesize a huge variety of model polymeric materials

with a high degree of molecular, structural, and compositional homogeneity. The

uniqueness of anionic polymerization is due to the complete absence of a termina-

tion step, which is present with a very few exceptions, to a lower or higher degree in

all other controlled/living polymerizations. For these reasons we have prepared this

book to describe the principles, practice, strengths, consequences, and applications

of this powerful chemistry.

A great polymer chemist, who shall remain nameless, said that “what is the past

for anionic polymerization is the future of controlled/living polymerizations”, since

almost all structures (star, cyclic, comb, pom-pom, etc.) have been synthesized

many years ago by anionic polymerization and the appropriate linking chemistry. In

addition, polyethylene and polypropylene have also been synthesized by anionic

polymerization of butadiene or 2,4-dimethyl pentadiene1,3, respectively, followed

by hydrogenation.

High vacuum techniques have to be used in order to avoid premature termination

of the initiator or living chains or destruction of the linking agents due to contam-

inants introduced from the air (humidity, carbon dioxide, oxygen) or from the

chemicals involved (solvents, monomers, etc.). These techniques are very demand-

ing in the need for glass blowing techniques, consume a great deal of time and

usually produce just a few grams of model polymeric materials. Nevertheless, these

limitations are a small price to pay given the tremendous potential of high vacuum

techniques to generate model polymeric materials using anionic polymerization.

The availability of model polymers has facilitated studies in many fields of

polymer physics and polymer theory. The Division of Polymer Physics of the

American Physical Society recognized the importance of anionic polymerization
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for the advancement of polymer science when it awarded the Polymer Physics Prize

for 2000 to Dr. Lewis Fetters, an anionic polymerization chemist “For transforming

the art of anionic polymerization into a powerful tool of polymer physics, creating

and using polymers with precisely defined molecular architecture to advance our

understanding of entanglement, miscibility, and phase separation”. Not only have

these model polymers been essential for the progress of polymer science, but they

have also been very important technologically. A number of advances in the

commercial use of polymers (including polystyrene, polyolefins, and others) have

resulted from the improved understanding of the behavior of polymeric materials

derived from model anionically produced macromolecules.

We should also point out that we have not covered the controversial topic of the

mechanisms and kinetics of anionic polymerization. This topic by itself deserves an

extensive discussion that is beyond the scope of this book.

Thuwal, Saudi Arabia Nikos Hadjichristidis

Tokyo, Japan Akira Hirao
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Schlenk Techniques for Anionic
Polymerization

Kedar Ratkanthwar, Junpeng Zhao, Hefeng Zhang,

Nikos Hadjichristidis, and Jimmy W. Mays

Abstract Anionic polymerization-high vacuum techniques (HVTs) are doubtlessly

the most prominent and reliable experimental tools to prepare polymer samples with

well-defined and, in many cases, complex macromolecular architectures. Due to the

high demands for time and skilled technical personnel, HVTs are currently used in only

a few research laboratories worldwide. Instead, most researchers in this filed are

attracted to more facile Schlenk techniques. The basic principle of this technique

followed in all laboratories is substantially the same, i.e. the use of alternate vacuum

and inert gas atmosphere in glass apparatus for the purification/charging of monomer,

solvents, additives, and for the manipulation of air-sensitive compounds such as alkyl

metal initiators, organometallic or organic catalysts. However, it is executed quite

differently in each research group in terms of the structure of Schlenk apparatus (mani-

folds, connections, purification/storage flasks, reactors, etc.), the use of small supple-

mentary devices (soft tubing, cannulas, stopcocks, etc.) and experimental procedures.

The operational methods are partly purpose-oriented while also featured by a high

flexibility, which makes it impossible to describe in detail each specific one. In this

chapter we will briefly exemplify the application of Schlenk techniques for anionic

polymerization by describing the performance of a few experiments fromour ownwork.
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1 Introduction

Wilhelm Johann Schlenk (22 March 1879 – 29 April 1943) was a German organic

chemist who discovered organolithium compounds around 1917 [1]. He was born

and studied chemistry in Munich and later in 1919 he succeeded Hermann Emil

Fischer at the University of Berlin. He also discovered (together with his son) that

organo-magnesium halides are capable of participating in a complex chemical

equilibrium, now known as “Schlenk equilibrium” [2]. The name Wilhelm Schlenk

is familiar to many chemists also because of the techniques he developed and the

widespread use of the “Schlenk flask” to handle air-sensitive compounds (Fig. 1)

[3]. He also designed a double manifold known as the “Schlenk line” which

incorporates an inert gas line and a vacuum system joined by three-way glass taps

that allows the user to switch between gas and vacuum for the manipulation of air-

sensitive substances.

Although anionic polymerization-high vacuum techniques (HVTs) [4] are the

most reliable experimental tools for preparing polymer samples with well-defined

and complex macromolecular architectures [5–11], they require mastery of glass-

blowing and highly demanding experimental techniques in order to make and

utilize specially designed reactors. Due to time consuming nature of HVTs and

the requirement for skilled technical personnel, most researchers in the anionic

polymerization field employ the more facile “Schlenk technique”. This technique

is attractive due to its convenience and acceptable performance for many

applications.

Fig. 1 Examples of Schlenk’s glassware from his paper (from reference [3])
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2 Different Component of Schlenk Techniques

To work with Schlenk techniques, the basic requirements are a good oil vacuum

pump (secured with a liquid nitrogen trap), inert gas with an associated purification

system, different types of Schlenk flasks, and a Schlenk line which is a dual

manifold with several ports (Fig. 2).

2.1 Vacuum Pump

One manifold of the Schlenk line is connected to an oil vacuum pump with a

capacity of 10�2–10�4 mbar through a liquid nitrogen or dry ice/acetone cold trap,

used to condense any volatile substances such as solvent vapors or gaseous reaction

products and prevent contamination of the vacuum pump oil (Fig. 2).

2.2 Inert Gases-Nitrogen (N2) or Argon (Ar)

The inert gas line is vented through an oil bubbler and/or purification system before

being connected to the Schlenk line. Depending upon the reaction sensitivity, UHP

(Ultra High Purity) grade nitrogen (N2) or argon (Ar) is used with or without further

purification. There are different methods for purification of inert gases to remove

moisture which is deleterious to sensitive compounds and living polymers. In some

cases inert gases are purified by passing through a column containing molecular

Fig. 2 General representation of a Schlenk line
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sieves or silica gel with a color indicator (Fig. 2). This purified inert gas is then fed

to the manifold through rubber tubing for use in reactions.

In another method, commercial nitrogen gas containing traces of moisture and

oxygen is passed through columns (2 or 3) containing activated 4 Å molecular

sieves and another (2 or 3) columns containing activated copper (Cu) deposited on

kieselguhr kept at ~200 �C. This purified N2 is then again passed through a bubbler

containing a dark red solution of oligomers of poly(styryl) lithium in toluene

(Fig. 3). The moisture in N2, if present, quenches the living oligomers while passing

through this bubbler, rendering the gas free of moisture. On regular basis, activation

of molecular sieves and Cu columns is performed. Molecular sieves are activated

by heating at ~200 �C under vacuum for 6 h and cooled under nitrogen, whereas Cu

columns are activated by passing hydrogen (H2) gas at 180
�C for 7–8 h and the

water formed by the reaction of H2 and Copper(II) oxide or cupric oxide (CuO) is

removed under vacuum. There is a visual indication for determining the appropriate

time for reactivation of Cu columns. Before activation the copper catalyst looks

pale green in color, but it turns to dark brown after activation.

2.3 Schlenk Line

The Schlenk line, also called a vacuum gas manifold, is a double manifold incor-

porating a vacuum system and a gas line joined by double oblique taps that allow

the user to switch between vacuum and gas for the manipulation of living poly-

merization systems or air-sensitive compounds. One manifold is connected to a

source of purified inert gas, while the other is connected to an oil vacuum pump

secured with liquid nitrogen trap. Special three-way glass stopcocks or Teflon taps

are used for these ports on manifolds. They allow for vacuum or inert gas to be

selected without the need for placing the sample on a separate line.

Different types of Schlenk lines can be designed as per user’s requirements.

Ports can be made of glass or high vacuum “o” ring stopcocks with only ground

joints or only hoses (rubber tubing) or both (called a hybrid system), as shown in

Fig. 4a–c.

Fig. 3 Use of bubblers for purification of inert gases
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2.4 Schlenk Flasks and Tubes

2.4.1 Specially Designed Schlenk Flasks and Storage Ampoules Using

Septum Adaptors

For purification and storage of monomers, and solvents, as well as to perform

polymerization, there are different types of Schlenk flasks. Initially these flasks

were specially designed using three-way stopcocks with rubber septa. Addition of

reagents and removal of aliquots using syringe techniques is possible through the

septa. Using same three-way stopcocks, small and big storage ampoules are also

made, as shown in Fig. 5. These types of Schlenk flasks can be connected to the

Schlenk line through rubber tubing to have either gas or vacuum in it. Addition of

Fig. 4 (a) Schlenk line with ground joints. (b) Schlenk line with rubber tubes. (c) Schlenk line

with ground joint and rubber tubes

Schlenk Techniques for Anionic Polymerization 7



reagents by syringe through septa, in presence or absence of gas/vacuum, can be

controlled by three-way stopcock positions (Fig. 6).

2.4.2 Commercially Available Different Types of Schlenk Flasks

and Tubes

Later, reaction vessels with a Teflon tap/stopcock for the addition and removal of

gases were made available commercially, and are known as Schlenk flasks (Fig. 7a)

or Schlenk tubes (Fig. 7b) [12].

Fig. 5 Schlenk round

bottom (RB) flask and

ampoules

Fig. 6 Syringe flushes with inert gas (a) and addition of reagents (or removal of aliquots) in

presence (b) or absence (c) of vacuum/gas

8 K. Ratkanthwar et al.



3 Procedures

3.1 Degassing

In anionic polymerization, in order to avoid termination of living anions from air

(oxygen, carbon dioxide, moisture) every reagent needs to be purified before use. A

degassing procedure is the first step of purification which helps to remove oxygen

and other dissolved gasses from a liquid. The Schlenk flask containing the liquid is

connected to the Schlenk line directly through a ground joint or via rubber tubing

(Fig. 8). The stopcock (glass or Teflon) is opened two or three times to vacuum for a

few seconds until bubbles are produced. With the stopcock closed, the liquid is

frozen using a Dewar flask containing liquid nitrogen, and then the stopcock is

opened to vacuum for a sufficient time so that the entire system can be pumped

down. After some time the stopcock is closed and the liquid is thawed. This freeze-

degas-thaw cycle is repeated two or three times to adequately remove dissolved

gases.

3.2 Distillation

3.2.1 Simple Distillation of Solvents and Monomers

Under static vacuum, distillation of liquids (solvents, monomers, etc.) becomes

simple by slightly heating the source flask and freezing the receiving flask (Fig. 9).

Fig. 7 Schlenk flasks (a) and tubes (b)

Schlenk Techniques for Anionic Polymerization 9



Before the beginning of the distillation the liquid is degassed two or three times.

After completion of the distillation process, the receiving flask is opened to

dynamic vacuum and the frozen liquid is degassed again. At the end of degassing

the stopcock is closed and the liquid is thawed and stirred.

3.2.2 Short Path Distillation

On a Schlenk line having rubber tubing, high boiling liquids (usually monomers)

are distilled using a specially designed glass apparatus, as shown in Fig. 10. From

two sides (A and B) the apparatus is connected to the Schlenk line through rubber

tubing and flame dried under vacuum. Then the liquid to be distilled is transferred

Fig. 8 Degassing of liquids

Fig. 9 Simple vacuum

distillation of solvent or

monomer
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into flask (A) (with some purifying reagent, if necessary) using a dry syringe (after

flushing with inert gas; Fig. 6a), degassed two times, and then distilled into a

calibrated ampoule (B). Source flask (A) is round bottom flask fitted with a three-

way stopcock and secured with rubber bands under inert gas pressure. After

distillation, the required amount of purified liquid is taken by syringe from ampoule

(B) in presence of inert gas. Under inert gas pressure, after closing both of the

stopcocks, the apparatus is removed from the Schlenk line by detaching the rubber

tubing. The remaining amount of purified reagent is stored until further use by

keeping entire apparatus in the refrigerator.

3.3 Purification

In this section the purification of the most commonly used solvents and monomers

for anionic polymerization is described.

3.3.1 Solvents

Toluene is fractionally distilled over CaH2 (freshly ground chunks is recommended,

rather than powdered CaH2 which is rapidly deactivated on storage) and stored over

hot activated molecular sieves. The fractionated solvent is refluxed over K or Na

metal and then distilled. Benzophenone is added to show the distinct blue color as

an indication of dryness and purity. Alternatively, toluene distilled over CaH2 is

Fig. 10 Short-path

distillation apparatus for

high-boiling liquids
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stored (after proper degassing) in solvent storage flasks containing Na/K (1/3) alloy

under high vacuum and kept continuously stirred. The required amount of solvent is

distilled out into specially designed Schlenk ampoules (as shown in Fig. 11) just

before the polymerization reactions. This type of solvent ampoule is used on all

types of Schlenk lines.

Alternatively, toluene is stirred over CaH2 overnight and distilled in a reservoir

containing n-butyllithium and 1,1-diphenyl-ethylene (DPE) as an indicator of

dryness (by showing a distinct red color). It is then directly distilled into a reactor

before polymerization. Alkanes such as n-hexane, cyclohexane, heptane etc. are

purified similarly with CaH2 and then n-BuLi/DPE
Tetrahydrofuran (THF) is left to stir with CaH2 overnight to react with moisture

and then distilled. It is then refluxed over small pieces of sodiummetal and distilled.

The solvent is then degassed and distilled in a flask containing a Na/K (1/3) alloy.

After stirring for some time it gives the blue color, which indicates that the solvent

is free from impurities.

Benzene is also purified with CaH2 and stored over mixture of n-BuLi and
styrene or n-BuLi and DPE so as to give orange or red color, respectively, which

indicates the purity of solvent.

Fig. 11 Distillation of solvent to ampoule

12 K. Ratkanthwar et al.



3.3.2 Monomers

In this section the purification of the most commonly used monomers in anionic

polymerization is discussed.

Styrene and other styrenic monomers [tert-butylstyrene, p-methylstyrene, α-
methylstyrene, etc.] are purified using the same method. The monomer is dried

overnight with freshly ground CaH2 and distilled into a flask containing

dibutylmagnesium (DBMg) [1 M solution in heptane]. DBMg, having one n-
butyl and one sec-butyl group, shows higher solubility in hydrocarbon solvents.

The monomer is allowed to stand overnight with continuous stirring and distilled in

a Schlenk flask. The purified monomer develops a light yellow-green color indic-

ative of high purity.

Isopene monomer is dried over finely grounded CaH2 overnight followed by

distillation into a flask containing n-BuLi where it remains with continuous stirring

for 20–30 min at 0 �C (note that it is critical to use the less efficient initiator, n-BuLi
not sec-BuLi, and keep the monomer at 0 �C for not more than 30 min in order to

avoid potential exothermic polymerization of the isoprene). It is then further

distilled in to a Schlenk flask and stored at low temperature.

Butadiene and ethylene oxide are gaseous monomers at room temperature. First

the monomer is condensed into a round bottom flask containing CaH2 at �78 �C
(dry ice/isopropanol bath), stirred for 30 min at �10 �C (ice/salt bath). Then it is

distilled into another flask with n-BuLi, stirred there for 20–30 min at�10 �C. With

butadiene it is critical, as with isoprene (see above), to use only the n-BuLi isomer

and keep the temperature low and duration to <30 min in order to avoid a violent

exotherm. Finally the monomer is distilled into a calibrated Schlenk tube. In a few

cases the monomer is diluted with purified solvent in a ratio of [monomer]/[solvent]

lower than 0.2, which reduced the vapor pressure for storage.

Commercially available acrylates and methacrylates monomers may contain

considerable amounts of residual alcoholic impurities. These monomers are first

dried over CaH2 overnight to remove traces of water, but CaH2 does not react

appreciably with alcohols. Therefore before polymerization these monomers are

purified with trioctylaluminum (TOA). The treatment with TOA removes the

residual alcohol present in alkyl(meth)acrylates, and the excess alkylaluminium

then forms a complex with the carbonyl groups of (meth)acrylate monomer. The

aklylaluminum-monomer complex has a characteristic bright yellow color indicat-

ing the end point of impurity titration. Immediate distillation under high vacuum

affords extremely pure (meth)acrylate monomer.

Solid monomer such as hexamethylcyclotrisiloxane (D3) is purified by dissolu-

tion in a solvent like toluene or benzene. After 1 h stirring, the azeotropic mixture of

solvent and moisture is removed on the vacuum line. This step is repeated two or

three times in order to obtain pure moisture-free solid monomer.

1,1-Diphenylethylene (DPE) is stirred over CaH2 for 5–6 h and then distilled

using a short path distillation apparatus in vacuum. It is then stored in an ampoule

under nitrogen or argon. Alternatively, DPE is distilled over a small amount of n-

Schlenk Techniques for Anionic Polymerization 13



BuLi (1.6 M solution in n-hexane). The desired amount of DPE is transferred into a

flame dried distillation unit by syringe, and n-BuLi is added drop-wise to the DPE

under stirring at room temperature. n-BuLi reacts with traces of impurities and

residual benzophenone in DPE. After reacting with impurities, the excess of n-BuLi
then adds to the double bond of DPE to form the 1,1-diphenylhexyllithium (DPHLi)

anion. This DPHLi is red in color, which indicates the end point of impurity

titration. The excess DPE is distilled over DPHLi under dynamic vacuum at 120 �C.
Despite the fact that DPE cannot homopolymerize (living terminator), it is

included in this section due to double bond.

3.4 Initiators Synthesis

3.4.1 Commercially Available

Many initiators are used in anionic polymerization such as benzyl lithium (BzLi),

potassium alkoxides, trityl potassium and n- or sec-butyl lithium (n- or sec-BuLi).
sec-BuLi, available commercially, is the most commonly used initiator for anionic

polymerization. Under inert atmosphere, a known amount of initiator solution is

transferred into the polymerization apparatus by syringe (as shown in Fig. 12) and

allowed to polymerize a known amount of styrene. The molecular weight of formed

polystyrene is determined by size exclusion chromatography [SEC; calibrated with

polystyrene (PS) standards] and the initiator concentration is back calculated using

Fig. 12 Use of commercial

grade sec-BuLi as an
initiator for polymerization
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the relationship: moles of initiator = g of styrene/Mn (PS). Once the concentration is

known, it is used for other polymerizations.

3.4.2 Triphenylmethylpotassium (TPMK) or Trityl potassium (Ph3CK)

or Potasiumtriphenyl Methanide

It is prepared in the laboratory from triphenylmethane and potassium metal in THF

as described below.

• Triphenylmethane is dried under vacuum for 2 days at room temperature, and

purified THF is added into the same flask under inert atmosphere.

• At room temperature, the above THF solution of triphenylmethane (A) is

transferred through a cannula (hollow steel needle with two sharp ends) into

another flask (B) containing a potassium mirror, as shown in Fig. 13. If the

pressure in the flask (A) is greater than flask (B), the solution will be pushed from

(A) to (B). This pressure difference is achieved by placing flask (A) under inert

gas pressure and partially evacuating flask (B).

• Red color indicates the formation of triphenylpotassium.

• The reaction is kept stirring under vacuum for 6–7 h.

• The excess metal is filtered off, and the concentration of the TPMK solution is

determined by double titration.

3.4.3 1,10-Diphenylhexyllithium (DPHLi)

It is prepared from DPE and n-BuLi. A known amount of purified DPE in dry THF

is added into the equimolar amount of n-BuLi at 40 �C under inert atmosphere. The

solution immediately turns red, indicating the formation of DPHLi. The reaction

mixture is slowly cooled to room temperature, stirred for 1 h and stored under inert

gas at low temperature.

Fig. 13 Synthesis of

TPMK initiator
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3.5 Examples of Polymerization

3.5.1 (Meth)acrylate Esters

Anionic polymerizations of alkyl(meth)acrylate [methyl methacrylate (MMA), n-
or tert-butylacrylate (n-BA or tert-BA), Methacrylate (MA)] using DPHLi or BzLi

are performed by adding neat monomer, or the solution of the monomer, into the

initiator solution at the desired temperature.

An experimental procedure for the anionic polymerization of MMA using

DPHLi as initiator is given below:

• To a flame-dried flask with a septum adapter, the required amount of dry solvent

(toluene or THF) is transferred by a cannula (double-tipped stainless steel

needle) under inert atmosphere (Fig. 14).

• The DPHLi initiator solution is added drop-wise by a syringe until a red color

remained. After quenching all impurities, the calculated amount of initiator for

polymerization is added.

• The temperature of the flask is brought to �78 �C using a dry ice (solid CO2)-

acetone (or dry ice/isopropyl alcohol) cold bath.

• The purified monomer is added to the cold initiator solution and allowed to

polymerize for 15–20 min.

• The reaction is terminated with degassed methanol, and the polymer is precip-

itated into n-hexane or methanol.

3.5.2 Synthesis of Polystyrene-b-Polyisoprene Block Copolymer

(PS-b-PI)

• By following a similar experimental procedure, as discussed above, styrene

monomer (liquid) is polymerized using commercial grade sec-BuLi in benzene.

Fig. 14 Polymerization of (meth)acrylate liquid monomer
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• After complete polymerization, a small aliquot is taken out by syringe for

molecular weight determination.

• Pre-purified isoprene (liquid) monomer is added to the same flask containing

living polystyryllithium to form PS-b-PI copolymer.

• The reaction is terminated by addition of degassed methanol.

3.5.3 Polymerization Solid and Gaseous Monomers

Solid monomers, such as hexamethylcyclotrisiloxane (D3) and lactides are poly-

merized by adding the initiators and/or catalysts to their solutions. Also in a few

cases, especially when the solid monomer needs to be added as a second or third

monomer, the polymerization is started by adding its solution in an inert gas flow

into the solution containing the initiator or the precursor (co)polymer and the

catalyst [13].

The polymerizations of gaseous monomers, such as butadiene and ethylene

oxide, are conducted similarly. For example, a desired volume of purified butadiene

is cryo-condensed on the Schlenk line into a reaction flask containing the solvent

and the initiator (sec-BuLi). The solution is stirred at room temperature (in non-

polar solvents such as benzene and cyclohexane) or �78 �C (in tetrahydrofuran)

until the polymerization is completed. Recently developed phosphazene-catalysed

metal-free ring-opening polymerization of ethylene oxide requires the premix of the

protic compound (a small molecule or macromolecule containing a protic moiety)

and the phosphazene catalyst for the deprotonation of the initiator and the gener-

ation of anionic initiating species [14, 15]. The purified ethylene oxide is then

introduced in the reaction flask by cryo-condensation, and then allowed to poly-

merize at an elevated temperature.
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High Vacuum Techniques for Anionic
Polymerization

Kedar Ratkanthwar, Nikos Hadjichristidis, and Jimmy W. Mays

Abstract Anionic polymerization high vacuum techniques (HVTs) are the most

suitable for the preparation of polymer samples with well-defined complex macro-

molecular architectures. Though HVTs require glassblowing skill for designing and

making polymerization reactor, it is the best way to avoid any termination of living

polymers during the number of steps for the synthesis of polymers with complex

structure. In this chapter, we describe the different polymerization reactors and

HVTs for the purification of monomers, solvents, and other reagents for anionic

polymerization as well as few model reactions for the synthesis of polymers with

simple to complex structure.

Keywords High vacuum techniques (HVT) • Anionic polymerization • Living

polymerization

1 Introduction

1.1 Anionic Polymerization

Anionic polymerization is a chain reaction which, under appropriate conditions,

proceeds without chain termination and chain transfer reactions; hence, it is called a

“living polymerization” [1–4]. The term living polymerization is used to describe

systems in which active centers remain at the end of each chain after complete

polymerization. If additional monomer is added to these living polymers, it will add

to the existing polymeric chains and increase their degree of polymerization [5, 6].

For such living polymerizations, where chain initiation is rapid and quantitative, the
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molecular weights of the polymers obtained are accurately controlled by the

amounts of monomer and initiator used and the polymers obtained will exhibit

very narrow Poisson molecular weight distributions [7].

Anionic polymerization is thus most appropriate for the synthesis of polymers

with predictable and well-defined structures, including polymers having complex

architectures. Alkyllithium-initiated living polymerization of styrene and diene

monomers provides the most versatile methodology of the synthesis of polymers

with well-defined structures. With suitable monomer/initiator/solvent systems, one

can prepare polymers with control on molecular weight, molecular weight distri-

bution, microstructure, copolymer composition, chain-end and in-chain functional

groups, architecture, and morphology.

The control variables that affect the polymer properties and the synthetic

applications of living polymerization are as follows.

1.1.1 Molecular Weight

Molecular weight is one of the most important variables that affect polymer

properties. Under living polymerization conditions, for a mono-functional initiator,

one polymer chain is formed for each initiating molecule. Thus, the expected

number-average molecular weight (Mn) can be calculated as

Mn ¼ g of monomer=moles of initiator

When using a difunctional initiator, the predicted molecular weight at complete

monomer conversion is doubled based on moles of initiator, as shown below:

Mn ¼ g of monomer= 1=2ð Þ moles of difunctional initiator

At less than quantitative degrees of conversion, the molecular weight is related

to the grams of monomer consumed:

Mn ¼ g of monomer consumed=moles of initiator

So, for a living polymerization, Mn and the number-average degree of polymer-

ization (Xn) are linear functions of conversion.

1.1.2 Molecular Weight Distribution

In a living polymerization, when the rate of initiation is competitive with the rate of

propagation, all chains grow for approximately the same period of time; therefore,

it is possible to make a polymer with a narrow molecular weight distribution

(Poisson distribution) [7]. The relationship between the polydispersity and the

degree of polymerization for a living polymerization is:
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Mw=Mn or Xw=Xn ¼ 1þ Xn= Xn þ 1ð Þ2
h i

� 1þ 1=Xn½ �

where Mw and Xw are weight-average molecular weight and weight-average

degree of polymerization, respectively, and the ratios Mw/Mn and Xw/Xn are the

polydispersity index (PDI). The approximation is valid for high molecular weight

polymers, and thus it is predicted theoretically that the PDI decreases with increas-

ing molecular weight. Experimentally PDI values for anionically synthesized poly-

mers as determined by size exclusion chromatography (SEC) are in the range of

1.01–1.10, much larger than the theoretically predicted values. However, SEC

suffers from significant band broadening effects, and recently, Chang and

coworkers have shown that the PDIs of anionically synthesized polystyrenes

approach the Poisson distribution in the late stages of polymerization, with PDIs

<1.01 [8].

1.1.3 Block Copolymers

As mentioned earlier, when all of the monomer (A) has been consumed and a

second monomer (B) is added, it will add to the existing polymeric chains to form

diblock copolymer (A-B). Such sequential additions of monomer can also be used

to generate triblock co-/terpolymers such as A-B-A, A-B-C, and even more com-

plex multi-block multi-component structures.

1.1.4 Chain-End Functionalized Polymers

After complete polymerization, living polymers can be terminated with appropriate

electrophilic reagents leading to chain-end functionalized polymers, as shown

below.

P� þ X � Y electrophilic reagentð Þ ! P� X þ Y�

Alternatively, initiators with functional groups, which may require protection, also

give α-functionalized polymers.

X � I*þM ! X � I �M * Initiation

X � I �M*þ nM ! X � I � M½ �n �M * Propagation

X � I � M½ �n �M* ! X � P Termination

where X is the functional group in the initiating species X� I* and X�P is the

α-functionalized polymer.
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1.1.5 Star-Branched Polymers

By controlled termination of living polymer with multifunctional linking reagents,

star-branched polymers can be prepared as shown below.

nP*þ L ! Pð ÞnL

where L is a linking agent having functionality “n”. For example, termination of the

living polybutadienyllithium (PBLi) with a tetrafunctional electrophile such as

silicon tetrachloride produces four-armed star polybutadiene.

4PBLiþ SiCl4 ! PBð Þ4Siþ 4LiCl

1.2 General Aspects of Anionic Polymerization

1.2.1 Monomers

Monomers that form stable carbanionic species under the polymerization condi-

tions are amenable to anionic polymerization. Among the most widely utilized

monomers are conjugated dienes, such as 1,3-butadiene and isoprene, styrenic

monomers, such as styrene and α-methylstyrene, and cyclic monomers, such as

ethylene oxide, that undergo nucleophilic ring opening. In general, the monomer

must have substituents that can stabilize the propagating negative charge, either

inductively or through resonance. Consequently, inductively electron-donating

groups or relatively acidic proton-donating groups, such as amino-, carboxyl-,

hydroxyl, or acetylene functional groups will interfere during anionic polymeriza-

tion and thus must be excluded from the monomer unit or be suitably protected. On

the other hand, aromatic rings, double bonds, carbonyl, ester, and cyano groups,

stabilize the negative charge and promote the anionic polymerization of such

monomers. Polar substituents, such as carbonyl, cyano, or nitro groups, may react

with the initiator or with the propagating anionic species, and thus the living

polymerization of monomers bearing polar substituents is possible only under

specific reaction conditions (e.g., low polymerization temperature, use of bulky

initiators, specific counterion). With such monomers, often termination reactions

occur, leading to poor control over the molecular weight and PDI. For example, the

anionic polymerization of acrylonitrile, vinyl silanes, halogenated monomers, and

nitroalkenes does not proceed in a living manner.

Monomers that undergo living anionic polymerization include styrene and

styrene derivatives (α-methylstyrene, p-methylstyrene, tert-butylstyrene, etc.),

dienes (e.g., isoprene, butadiene, etc.), (meth)acrylates (at low temperatures,

using bulky initiators to avoid side reactions with the carbonyl group), 2- and 4-

vinylpyridines (at low temperatures, due to the reactivity of the pyridine ring),

epoxides, lactones, and cyclic siloxanes.
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1.2.2 Initiators

Commercially available alkyllithium compounds, specially the isomers of

butyllithium, are the most useful anionic initiators. Alternatively, they can be

prepared by the reaction of the corresponding alkyl chloride with Li metal.

Alkyllithiums are soluble in a wide range of solvents, including hydrocarbon

solvents. Organolithium compounds are unique, among organic compounds with

alkali metals, in that the C-Li bond exhibits properties of both covalent and ionic

bonds. This is because lithium, as compared to the other alkali metals, has the

smallest radius, the highest electronegativity, and the highest ionization potential.

Furthermore, low-energy unoccupied p orbitals are available for bonding. The

covalent character of the C-Li bond and strong aggregation of the ionic pairs

account for the higher solubility of organolithium compounds in hydrocarbon

solvents, as compared to alkali metal-organic compounds. These compounds

aggregate in both the solid state and in solution. The bulkiness of the organic

moiety greatly impacts the extent of aggregation. Unhindered alkyllithium com-

pounds, for example, n-butyllithium, form hexameric aggregates in hydrocarbon

solvents, but when the alkyl group is branched at the α- or β-carbon the aggregates

are tetrameric in nature. The extent of aggregation is also influenced by the nature

of the solvent, solution concentration, and temperature. As a general rule, the

degree of association is decreased by decreasing concentration, by using a more

strongly solvating solvent (aromatic solvents are more strongly solvating agents

than aliphatic solvents), by increasing temperature, and by the presence organic

groups capable of delocalizing electrons. The reactivity of alkyllithium initiators

directly reflects their degree of association; the lower the degree of association the

higher is their reactivity. This trend is observed in the data below on relative

reactivity of various alkyllithium initiators versus the degree of association (in

parenthesis) in hydrocarbon solution for styrene and diene polymerizations:

Methyl lithium 2ð Þ > sec � BuLi 4ð Þ > i� PrLi 4� 6ð Þ > t� BuLi 4ð Þ
> n� BuLi 6ð Þ

Alkyllithiums are usually the initiators of choice for polymerization of dienes

and styrene, but they are not well suitable for methacrylate polymerization, due to

their tendency for nucleophilic attack on the carbonyl group. In methacrylate

polymerization, sterically hindered and thus less reactive initiators are commonly

used, for example, diphenylhexyllithium (DPHLi), prepared by the reaction of n-
BuLi with 1, 1-diphenylethylene, DPE (Scheme 1):

Scheme 1 Preparation of

DPHLi initiator for

polymerization of

methacrylates
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Radical anions formed by the reaction of alkali metals with aromatic hydrocar-

bons in polar aprotic solvents constitute another important class of anionic initia-

tors. The best example is the reaction product of naphthalene with sodium metal

(Na) in THF (Scheme 2), as used by Szwarc [2–4] in his pioneering work on living

anionic polymerization:

These deep green naphthalene radical anions react with monomers such as

styrene by reversible electron transfer to form the corresponding monomer radical

anions. The example with styrene, cherry red in color, is given below in Scheme 3.

The radical anions couple, leading to α,ω-difunctional growing chains, useful for
the synthesis of triblock copolymers, cyclic polymers, telechelics, and branched

structures as the H-, super H-, and π-shaped polymers. Difunctional initiators can be

conveniently prepared at ambient temperature by reaction of alkali metals with

monomers having low ceiling temperatures, such as α-methylstyrene. Tetrameric

dianions are the primary products formed by the reaction of α-methylstyrene with

sodium metal whereas dimeric dianions are formed by its reaction with Na/K alloy.

The fact that these initiators are formed only in polar solvents strongly limits their

utility for the diene polymerization, since the polar solvent prevents the formation

of the desirable 1,4 microstructure of the polydienes, attainable in hydrocarbon

solvents and which result in low glass transition temperatures and excellent elas-

tomeric properties. To address this problem difunctional, probably lithium-based,

initiators soluble in hydrocarbon solvents are needed. Unfortunately such initiators

become highly associated in hydrocarbon solvents, leading to the formation of

gelled or insoluble products, which are not efficient initiators. Perhaps the most

effective difunctional initiators, soluble in hydrocarbon media, is the one formed by

the addition reaction of sec-BuLi to 1,3-bis(1-phenyl-ethenyl)benzene (Scheme 4).

A major advantage of this initiator is that an excess of sec-BuLi may be used in

order to be certain of activating all the DPE double bonds [9]. The excess sec-BuLi

Scheme 2 Formation of

naphthalene radical anion

Scheme 3 Preparation of monomer radical anions and subsequently difunctional initiator
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may be washed out using hexanes, which readily dissolve the alkyllithium but in

which the dilithium initiator has very limited solubility. The perfectly difunctional

initiator is then dissolved in benzene, and in the presence of lithium butoxide it is a

highly efficient difunctional initiator for synthesis of high 1,4-PI [9].

1.3 High Vacuum Techniques for Anionic Polymerization

Model macromolecules having low degrees of structural, compositional, and

molecular weight heterogeneity are required to elucidate structure–property rela-

tionships, which are critical for clarifying/improving the behavior of industrially

important polymeric materials. In addition, the understanding of these relationships

will be useful for the development of future materials tailored for high-tech

applications. The anionic polymerization high vacuum technique is the best method

for the synthesis of model macromolecules. These methods date back to the

pioneering work of Szwarc [2, 3], and several prior reviews on these techniques

are available [10–13]. In spite of the fact that high vacuum techniques are demand-

ing, time consuming, and lead to a limited quantity of products, they have tremen-

dous potential for synthesis of the appropriate structures needed for specific

applications.

In comparison with the high vacuum techniques, the Schlenk technique is simple

to perform, allowing anionic polymerization reactions to be carried out under inert

gas condition in a commercially available Schlenk flask. The Schlenk method also

is more amenable to carrying out reactions on a larger scale, whereas polymeriza-

tions carried out under high vacuum conditions with break seal techniques are

usually conducted on the scale of about 10 g or less. However, the Schlenk method

is most useful only for simple structures such as block copolymer or simple star

polymers, and it is very difficult to synthesize complex macromolecular architec-

tures using Schlenk techniques. Therefore, anionic polymerization high vacuum

techniques are the most efficient method for the synthesis of well-defined complex

macromolecular architectures [14–20]. Furthermore, when working with new

monomers or initiators, it is best to carry out initial experiments using high vacuum

line techniques, where the presence of impurities can be eliminated in assessing

polymerizability of the monomer or initiator efficiency.

Scheme 4 Synthesis of difunctional initiator from 1,3-bis(1-phenyl-ethenyl)benzene
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2 High Vacuum Techniques

2.1 Components

2.1.1 Vacuum Pump

With pressure requirements for different processes, vacuum science is necessarily

subcategorized into a number of vacuum regimes. The following chart shows these

regimes: rough vacuum, process vacuum, high vacuum, and ultra-high vacuum.

Vacuum Regimes

1. Rough Vacuum: Atm (1,000 mbar) – 10�2 mbar
Rough vacuum is concerned with the removal of the bulk gas from the system.

Gas molecules in the chamber interact with each other according to the laws of

thermodynamics in the manner of a viscous fluid. The gases are said to be in

“viscous flow”; therefore, rough vacuum pumps are called fluid flow pumps.

2. Process Vacuum: 10�2–10�4 mbar
3. High Vacuum: 10�5–10�9 mbar

High vacuum pumps are statistical capture pumps. High vacuum pumps

cannot pump atmospheric pressure gas and cannot be exhausted to atmosphere.

Rather, they are secondary pumps and require either “backing” or periodic

“regeneration” by a rough vacuum pump.

4. Ultra-high Vacuum: <10�9 mbar

2.1.2 High Vacuum Line

In anionic polymerization, purification of the reagents is critical as impurities such

as moisture, oxygen, etc., are capable of deactivating the initiator and the propa-

gating living chain ends. To remove these impurities, the use of a high vacuum line

is the usual choice (Fig. 1). The main parts of a high vacuum line are the following:

A. Mechanical vacuum pump

B. Mercury or oil diffusion pump

C. Liquid nitrogen trap

D. Upper glass tube rig

E. Lower glass tube rig and stopcocks

A high-quality mechanical pump is used in order to reduce the pressure in the

system down to 10�2–10�3 and mercury or oil in the diffusion pump is brought to

reflux by heating it with a heating mantle. As mercury/oil distillation is started, the

mercury/oil diffusion pump brings the pressure down to 10�5 mmHg (according to

the Bernoulli principle, Fig. 2). The mercury or oil diffusion pump is connected to

the vacuum line through a liquid nitrogen trap that condenses any volatile sub-

stances, such as solvent vapors or gaseous reaction products, and prevents
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contamination of the pumps. The upper rig of the vacuum line is separated from the

lower rig by special grade high-vacuum Teflon stopcocks. In this way, it is possible

to isolate smaller parts of the lower rig in order to perform different procedures (e.

g., distillations, degassing) simultaneously. Reaction and purification apparatuses

are joined to the lower rig of the vacuum line through stopcocks and ground joints.

Fig. 1 High vacuum line

Fig. 2 Mercury or oil

diffusion pump
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2.1.3 Diffusion Pump

Mercury is the historical choice as a fluid for diffusion pumps because mercury is a

heavy metal (low vapor pressure) and a stream of its vapor has a large momentum.

Moreover, mercury is inert to most of organic compounds that may be allowed to

sweep through the pump. However, mercury is highly toxic and the use of large

amounts of boiling mercury in diffusion pumps poses a major health risk. This fact,

combined with continued improvements in the design of silicone oil-based diffu-

sion pumps, has led us to recommend oil-based diffusion pumps, which can work

just as well as mercury-based ones.

The mechanical pump and mercury/oil diffusion pumps work in series to achieve

very high vacuum, as depicted in Fig. 1. In the 1700s, Bernoulli understood that

particles in flow exert a lower pressure than particles in a stationary state. The

diffusion pump sets up a stream of vapor (the diffusion pump fluid, i.e., mercury or

silicon oil). As volatile liquids or gases come from the manifold into the diffusion

pump, they encounter the stream of diffusion pump fluid, in its vapor state, and the

vapors are swept towards the mechanical pump. The diffusion pump fluid has a high

boiling point and it is continuously recycled within the diffusion pump using water

condensers, as shown in Fig. 2.

2.1.4 Glass Cutter and Hand Torch

A glass cutter and a hand torch (Fig. 3a, b) are necessary tools for making simple to

complicated glass reactors. The torch operates efficiently on a variety of fuel gases

(natural gas, propane, or butane) combined with oxygen air. The selection of an

Fig. 3 (a) Glass cutter. (b) Hand torch
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appropriate tip for the torch is based on the diameter and thickness of the glass

tubing to be worked with and the application. The hand torch is useful in the

practice of high vacuum techniques for the following:

• Custom glassblowing

• Flame drying of reaction apparatuses using a soft flame, under continuous

pumping to remove moisture and other volatile impurities

• Sealing off constrictions

• Melting alkali metals using a soft flame, such as to form a Na mirror or Na/K

alloy

2.1.5 Constrictions and Break Seals

Break seals (Fig. 4) are used for the introduction of reagents under vacuum

conditions, and they can completely eliminate the need for septa or stockcocks on

a polymerization apparatus. Break seals are constructed to have a thin glass tip (or

bulb), which is easily ruptured with a cylindrical magnet encapsulated in an

evacuated Pyrex glass tube (called a “breaker”). Breakers inside a sealed apparatus

can be manipulated from outside the apparatus by moving magnets. Removal of the

spent ampoules or separation of units is performed by heat sealing of constrictions

(Fig. 4). Constrictions are regions of tubing that have been necked down in diameter

but built up in wall thickness so as to allow for easy sealing with the torch.

2.1.6 Tesla Coil

The Tesla coil is very useful for checking the level of the vacuum and the existence

of pinholes in the vacuum line. Initially, at a pressure achieved by the mechanical

Fig. 4 Break seal with

breaker and constriction
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pump only, the Tesla coil is noisy when it is close to the vacuum manifold (Fig. 1).

Afterwards, when diffusion pump is working well, the coil is less noisy on the high

vacuum side of the diffusion pump. The Tesla coil is noisy again when an apparatus

is connected and allows gases and volatile compounds into the vacuum line. Later,

the Tesla coil becomes quiet again as molecules are pumped out of the line by the

diffusion pump. It is possible to distinguish whether these molecules are gases or

volatile organic compounds by listening to coil noise on both sides of the liquid

nitrogen trap. Gas molecules pass through the trap and are thus evidenced by noise

from the Tesla coil on both sides of the trap. Solvent molecules are captured there

and produce noise only in the vacuum line on the near side of the trap. After some

time, if the coil is still noisy, it is possible there are pinholes in the apparatus, which

can be checked. In the case of pinhole the tesla rays are induced showing blue color

at pinhole.

2.1.7 Liquid Nitrogen

Liquid nitrogen (LN) is nitrogen in a liquid state at a very low temperature, and it is

produced industrially by fractional distillation of liquid air. It is a colorless clear

liquid with a density of 0.807 g/mL at its boiling point and a dielectric constant of

1.43. At atmospheric pressure, liquid nitrogen boils at �196 �C and is a cryogenic

fluid which is very useful in high vacuum techniques, as described below.

• A liquid nitrogen trap, as a part of the high vacuum line, is used to condense any

volatile substances incorporated in the system and to protect the oil and the

diffusion pumps from contamination.

• During degassing of solvents or other liquids, the liquid is frozen on the high

vacuum line, with the stopcock closed, using liquid nitrogen and then the

stopcock is opened and sufficient time is allowed for the whole system to be

pumped down.

• Liquid nitrogen (LN) with different solvents is used as cooling mixture to obtain

different temperatures, such as cyclopentane/LN (�93 �C), hexane/LN

(�94 �C), toluene/LN (�95 �C), methanol/LN (�98 �C), and cyclohexane/LN

(�104 �C).
• During vacuum distillation, while the liquid in the source flask is thawed, the

receiving flask is pumped down thoroughly and cooled by liquid nitrogen.

• While dealing with polar solvents [such as tetrahydrofuran (THF)] for polymer-

ization, before the polymerization, the solvent is distilled into the polymerization

flask, frozen using liquid nitrogen, and the purge section is removed by heat

sealing.

• Before polymerization, to rinse the apparatus wall from inside, a towel strip is

dipped in liquid nitrogen and briefly wrapped around the side arm. This causes

the blanketing solvent (e.g., hexane) to reflux quite easily at room temperature,

because the system is under reduced pressure, and washes the apparatus wall.
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Caution When flasks and traps are frozen with liquid nitrogen, they cannot remain

open to the atmosphere for an extended period (of even several minutes) because

oxygen can condense inside the container which can result in an explosion.

2.2 Procedures

2.2.1 Degassing

The degassing procedure is helpful for removing oxygen and other gases from a

liquid system. Liquid is degassed by connecting the flask to the vacuum line

through a stopcock and the stopcocks is opened two or three times for very short

time until bubbles are produced. With the stopcock closed, the liquid is then frozen

with liquid nitrogen in a Dewar flask (depending on the melting point of the liquid,

other cold baths such as dry ice/isopropyl alcohol or dry ice/acetone may be used).

Then the stopcock is opened and sufficient time is allowed for the entire system to

be pumped down. After high vacuum is attained as it is evidenced from the sound of

the Tesla coil, the stopcock is closed and the liquid is thawed. This freeze-thaw

cycle is repeated two or three times in order to thoroughly remove dissolved gases,

mainly oxygen which reacts with initiators at propagating macroanions.

2.2.2 Vacuum Distillation

Simple Distillation

Because of the high vacuum in the vacuum line, distillation of liquids (solvents,

monomers, etc.) becomes facile by heating (or even only maintaining at room

temperature) the source flask containing the liquid and cooling the receiving

flask. These two flasks are usually connected to neighboring stopcocks on the

same part of the lower rig in order to minimize the distillation pathway (Fig. 5).

The liquid is degassed completely before the beginning of the distillation. While

the liquid is thawed, the receiving flask is pumped down thoroughly and brought to

the desired temperature using a cold bath or LN. The part of the lower rig is isolated

from the high vacuum by closing the appropriate stopcocks, and distillation begins

by carefully opening the stopcock to the source flask while the liquid is rapidly

stirred to prevent bumping. After the whole volume of the liquid has been collected

in the receiving flask, this flask is connected to the vacuum by opening the

appropriate stopcock, and the frozen liquid is degassed. After degassing, the

stopcock connecting the flask to the lower rig is closed and the liquid is thawed

and allowed to be stirred.
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Short Path Distillation

For the distillation of high boiling liquids, a special glass apparatus is constructed

(Fig. 6). The apparatus is connected to the vacuum line, checked for pin holes, and

flame dried. Then the liquid to be distilled is transferred into flask (A) (with some

purifying reagent, as desired), degassed on the vacuum line, and then distilled into

calibrated ampoules (B). These ampoules can have a small side arm where a tiny

amount of liquid can be transferred and removed for a purity checking before the

ampoule is used.

Sometimes, as a final purification step, the reagent is further purified with a

purifying agent such as an organometallic solution. In this case, the apparatus is

constructed as shown in Fig. 7, docked to the vacuum line, evacuated, verified for

integrity using the Tesla coil, and flame dried. Through the side arm while under a

Fig. 5 Simple vacuum

distillation

Fig. 6 Apparatus for short

path distillation of high

boiling point liquids
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nitrogen blanket, a small quantity of an organometallic solution is injected into the

apparatus with a syringe and long needle (e.g., the purification of styrene requires

the use of dibutyl magnesium, Bu2Mg). Using a towel strip dipped in liquid

nitrogen, the constriction is rinsed with solvent and the side arm is then sealed

with the hand torch. After removing the solvent, the break seal of the preliminary

ampoule is ruptured and liquid is allowed to stir with purifying reagent. Subse-

quently, the monomer is collected to the final calibrated ampoules using freeze-

ampulization techniques, and the ampoules are detached for further use.

2.2.3 Dilution

An ampoule of a concentrated reagent is diluted with purified solvent obtained from

a reservoir using a typical dilution apparatus as shown in Fig. 8. The apparatus is

Fig. 7 Short path

distillations: final

purification apparatus

Fig. 8 Dilution apparatus
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purged with n-BuLi solution using an appropriate purge section. After washing and
rinsing the apparatus, an appropriate amount of solvent is distilled in calibrated

cylinder from the purge section and then the purge section is removed by heat

sealing the constriction. The break seal of the concentrated ampoule is ruptured

using a breaker, the reagent is diluted in the cylinder, and the washed ampoule is

removed. This diluted solution can be taken in calibrated ampoules as per reaction

requirements.

2.2.4 Ampoulization

Simple or Basic Ampoulization

The apparatus shown in Fig. 9 is useful for the collection of small quantities of

solvent additives or alcohols. The stepwise sequence to be used is as follows.

• The apparatus is connected to the vacuum line, evacuated, checked for pinholes,

and flame dried.

• The required amount of reagent is distilled into the ampoules through the

manifold by cooling with a small cloth towel strip dipped in liquid nitrogen or

an alternative cooling bath.

• The ampoules are detached from the apparatus by heat sealing at the

constrictions.

Fig. 9 Simple

ampoulization apparatus
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Large-Scale Ampoulization

Some time, it is necessary to ampoulize a large quantity of a compound for a single

use. For example, during polymerization of hexamethylcyclotrisiloxane (D3), THF

is added in a second propagation step, to make a 1/1 (v/v) mixture with benzene. In

this case, it is necessary to have a large ampoule of THF connected to the reaction

apparatus. This type of ampoulization can be done with the apparatus shown in

Fig. 10. This technique is also useful for ampoulization of living polymers for

further use.

Freeze Ampoulization

An ampoulization apparatus of alternative geometry is represented in Fig. 11. It

permits the freezing of a volatile compound before it is detached and sealed into an

ampoule. This technique is particularly advantageous in the collection of monomers

but can be used for the collection of any volatile compound that is unstable in the

presence of heat. A general stepwise experimental procedure is given below.

• The apparatus is attached to the vacuum line, flame dried, and pumped until high

vacuum is achieved.

• The compound is collected in the ampoules, one after another, by simple

distillation through the manifold.

• The source is closed. The ampoule is frozen at �196 �C by liquid nitrogen (or

another suitable cold bath) and the apparatus is opened to the main vacuum for

degassing.

• The ampoules are taken by heat sealing at the constrictions and detached from

the apparatus.

• Thaw the ampoules and let them come to rest at 20 �C before taking a volumetric

measurement.

Fig. 10 Large-scale

ampoulization
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Volatile monomers (e.g., isoprene, bp 35 �C; cyclohexadiene, bp 80 �C) are
easily collected through the vacuum manifold. Exceedingly volatile monomers (e.

g., butadiene, bp �5 �C) may be ampoulized; however, they must be diluted in the

ampoule to reduce their vapor pressure and prevent explosions.

Further use of the freeze ampoulization apparatus, as shown in Fig. 12, is

suitable for “splitting down” the monomer ampoule into smaller ampoules.

2.3 Polymerization

2.3.1 Initiator

sec-Butyllithium (sec-BuLi) is the most commonly used initiator in anionic poly-

merization. This initiator is commercially available, but it is far less thermally

stable than n-BuLi. The reported rate of decomposition is 1.4 % per month at 20 �C,
and usually the presence of degradation products is visually apparent (cloudy rather

than clear solution). Thus, it is preferable to synthesize this initiator and keep it

Fig. 11 Freeze

ampoulization apparatus

Fig. 12 Apparatus for

split-down the ampoule
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stored in solution at low temperatures. Under proper storage conditions, the con-

centration does not change appreciably over a period of months. sec-BuLi is

prepared by the reaction of sec-BuCl with Li metal:

sec � BuCl þ 2Li ! sec � BuLiþ LiCl

sec-BuCl is dried over CaH2 on the vacuum line, degassed thoroughly and distilled

into a calibrated ampoule, which is attached to the main apparatus used for the

synthesis of the initiator, as shown in Fig. 13. The reactor is attached to the vacuum

line, checked for pinholes, and flame dried. After pumping down lithium dispersion

in hexane (containing 2 % sodium) is placed in ampoule (A) by breaking the

vacuum with inert gas for a short time. Usually a seven- to tenfold excess of Li

metal over sec-BuCl is used. The hexane is evaporated, removed through the

vacuum line. 3–5 mL of n-BuLi solution (1.6 M in hexane) is introduced through

septum (B) by a syringe, for purging of the reactor. After removal of the hexane,

constriction (C) is heat sealed. The required amount of purified hexane is distilled

from the vacuum line into flask (E) and the reactor is sealed at (D). The ampoule (A)

is washed with n-BuLi solution in order to transfer the Li metal quantitatively to

flask (F) and is sealed. The entire reactor is purged with n-BuLi solution, in order to
react with the impurities on the glass and is rinsed thoroughly to remove the excess

n-BuLi, by condensing hexane on the walls. The hexane is distilled from flask (E) to

flask (F) and the purge section is heat sealed at (I).

Fig. 13 Reactor for

synthesis of sec-BuLi
initiator
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Flask (F) is immersed in an ice–water bath. Afterwards, the break seal (G) is

broken and sec-BuCl is allowed to slowly distill into flask (F) containing the Li

dispersion in hexane under stirring. After the distillation is complete, the reaction is

allowed to continue for another 4 h under stirring and then flask (F) is left overnight

in an ice–water bath at 0 �C.
The reaction mixture is filtered through a glass filter (Fig. 14) from flask (F) to (J)

in order to remove unreacted Li and the (sec-Bu)2 by-product (Wurtz reaction)

which is insoluble in hexane, and the sec-BuLi solution in hexane is collected in

ampoules (H) for use. The ampoule part is detached from the main reactor by heat

sealing at constriction (K).

Dilution of the Initiator with Hexane

The concentration of the sec-BuLi solution obtained from the synthesis is usually

too high for use, so it must be diluted to the desired concentration and split-down

into calibrated ampoules. The apparatus used for dilution and split-down of initiator

is shown in Fig. 15. This apparatus, having an ampoule containing the concentrated

sec-BuLi solution, is connected to the vacuum line, pumped down, checked for

pinholes, and flame dried. 3–5 mL of 1.6 M n-BuLi solution in hexane is introduced
into the purge section through a septum via a syringe, and the side arm is removed

by heat sealing the constriction. The required amount of purified n-hexane is

distilled from the vacuum line into purge section, and the reactor is removed by

heat sealing at (A). The apparatus is washed with the n-BuLi solution, and then it is
rinsed thoroughly by condensing hexane onto the apparatus walls. The hexane is

distilled from the purge section into the calibrated cylinder, and the purge section is

removed at (B). The break seal of the sec-BuLi ampoule is broken, and the

concentrated sec-BuLi solution is diluted with n-hexane and separated into the

calibrated cylinder. This ampoule is rinsed several times and removed from the

Fig. 14 Filtration of the

sec-BuLi solution
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apparatus by heat sealing. The desired amount of dilute initiator solution is trans-

ferred into the ampoules. After rinsing the constrictions, the ampoules are removed

by heat sealing, and the apparatus containing the rest of the initiator solution is

stored at �20 �C for future use.

2.3.2 Solvents

Solvent Storage

Solvents may be stored on the vacuum line for several weeks in flasks attached

through greased ground glass joints. A calibrated cylinder shown in Fig. 16a is very

convenient as known amounts of solvent can be distilled from it with good

accuracy. Generally, a greased vacuum joint will last with integrity for 1–3

weeks, depending on the nature of the solvent. As solvent migrates into the grease

and compromises the seal, alternatively, a specialty cylinder can be used as shown

in Fig. 16b. The side arm allows the introduction of purifying reagent and is

subsequently sealed. Because this cylinder is fitted with a Teflon stopcock, it may

be safely removed from the vacuum line by closing the stopcock and more vacuum

grease can be applied.

Solvent Purification

Benzene This common solvent is purified by stirring over concentrated sulfuric

acid for a week in a conical flask inside a fume hood. This procedure removes

thiophenes, which may alter the microstructure of polydienes or otherwise partic-

ipate in the polymerization. Then the benzene is transferred carefully into a round-

bottom flask containing finely grounded CaH2 and a magnetic stir bar, attached to

the vacuum line, and degassed. It is left for reaction of CaH2 with and water present

overnight. Then the benzene is again degassed and distilled into a calibrated

cylinder containing polystyryllithium (PSLi) made from n-BuLi and styrene. The

Fig. 15 Dilution apparatus

for sec-BuLi
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persistence of the bright orange color of PSLi produced after the thawing of

benzene indicates the purity of the solvent (Fig. 17).

Toluene Toluene is purified in a manner similar to that used for benzene except for

omitting the exposure to sulfuric acid.

Alkanes Alkanes (n-hexane, cyclohexane, heptane etc.) are purified with CaH2

and then stored over n-BuLi as shown in Fig. 18.

Tetrahydrofuran (THF) THF is collected into a round-bottom flask containing

fresh finely grounded CaH2 and stirred overnight. This flask is then connected to the

vacuum line, the solvent is degassed and distilled over Na metal dispersion. After

stirring and degassing, the purified THF is distilled into a flask containing a Na/K

(1/3) alloy. The bright blue color, which develops after stirring for some time,

indicates that the solvent is free from impurities.

Ethers Other ethers such as dioxane are purified in a manner similar to that for

THF. Usually, stirring over CaH2 followed by exposure to Na mirrors is a procedure

that ensures pure compounds.

Amines Purification of amines (usually tertiary amines like triethylamine,

tetramethylethylene diamine, or dipiperidinoethane) presents some problems. For-

tunately, these compounds are used in small amounts as modifiers of the kinetics of

polymerization or the microstructure of polydienes. The procedure usually

employed is composed of thorough drying over CaH2, exposure to several sodium

mirrors, and final distillation into ampoules. The use of BuLi should be avoided

because it reacts with amines.

Fig. 16 Solvent Storage

Reservoir with (b) and
without stopcock (a)
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2.3.3 Monomers

Styrene (bp: 145 �C/760 mmHg) This high boiling monomer is dried overnight

on the vacuum line over CaH2 by using an apparatus as shown in Fig. 19, step 1.
Then it is distilled into a flask containing dibutylmagnesium (DBMg) [1 M solution

in heptane]. The magnesium compound having one n-butyl and one iso-butyl group
is preferred due to its higher solubility in hydrocarbon solvents. The monomer is

Fig. 17 Purification of

benzene

Fig. 18 Purification of n-
hexane

High Vacuum Techniques for Anionic Polymerization 41



allowed to stand overnight with continuous stirring. A bright yellow-green color

develops as the pure monomer starts to polymerize. Polymerization of styrene with

DBMg compounds proceeds very slowly. The next day the pure monomer can be

distilled into the precalibrated ampoules (Fig. 19, step 2).

Other Styrenic Monomers Other styrenic monomers [tert-butylstyrene (bp:

91 �C/9 mmHg), p-methylstyrene (bp: 170 �C), α-methylstyrene (bp: 167 �C),
etc.] can be purified in the same way as styrene. A short path distillation apparatus

is used in all cases. In the case of α-methylstyrene, n-BuLi can be used, alterna-

tively to DBMg, since this monomer has a low ceiling polymerization temperature

and no polymerization occurs at room temperature. The purity of the monomer is

determined from the red color of the anions formed.

1,1-Diphenylethylene (DPE; bp: 270 �C/760 mmHg) The apparatus (as shown in

Fig. 20) used for the purification of DPE is checked for pinholes, a small amount of

DPE (in hexane) is loaded into the flask through a ground joint (a) and the flask is

evacuated slightly by connecting to the vacuum line. n-BuLi is introduced through

septum (b) and sealed off at (c) and (d). Then, DPE is titrated with a solution of n-
BuLi in hexane until a deep red color is permanently formed. The remaining n-BuLi
is removed by sealing constriction (e). Again the apparatus is connected to the

vacuum line by ground joint (f), and break seal (g) is ruptured. After the whole

hexane has been distilled off, the flask is immersed in an oil bath and the temper-

ature is set at 85 �C. DPE starts to distill and when the appropriate amount is

collected in ampoule (h), the ampoule is removed by heat sealing the constriction

(i). This DPE is further diluted with purified solvent by using a dilution assembly

and stored at �20 �C.

Fig. 19 Purification of styrene
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Note DPE is not really a monomer since does not homopolymerized. It is living
terminator.

Butadiene (bp:�4 �C/760 mmHg) This monomer is a gas at room temperature so

it is condensed into a flask (A) that contains n-BuLi at �78 �C (dry ice/isopropanol

bath) as shown in Fig. 21. The monomer is stirred for 20–30 min at�10 �C (ice/salt

bath). Then it is distilled into another flask (B) containing fresh n-BuLi and it is

allowed to stand for another 20–30 min at �10 �C until the viscosity is slightly

increased (polymerization) indicating the absence of active impurities.

Fig. 20 Purification and

distillation apparatus for

DPE

Fig. 21 Butadiene purification and ampoulization
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Note Use only n-BuLi as it is a slow initiator of butadiene and never exceed 30 min
of exposure in order to avoid potential violent exotherms!

The butadiene is finally distilled at �78 �C into a calibrated ampoule (C) and the

monomer is diluted with purified solvent (benzene) in a ratio of [monomer]/

[solvent] lower than 0.2. Alternatively, purified butadiene monomer is directly

distilled into the calibrated ampoule (D) of reaction apparatus as shown in Fig. 21.

Isoprene (bp: 34 �C/760 mmHg) This diene monomer is dried over finely

grounded CaH2 on the vacuum line overnight and degassed. It is then distilled

into a flask containing n-BuLi where it remains with continuous stirring for 20–

30 min at 0 �C. This step is repeated twice, before the pure monomer is distilled in

precalibrated ampoules equipped with break seals. It can be stored at �20 �C for 6

months.

Note Use only n-BuLi as it is a slow initiator of isoprene and never exceed 30 min
of exposure in order to avoid potential violent exotherms!

2-Vinylpyridine (bp: 158 �C/760 mmHg) This high boilingmonomer is dried over

CaH2 in a short path apparatus overnight, degassed, and then it is distilled into

ampoules as shown in Fig. 22, Step 1. The monomer, free from stabilizer, can be

stored at �20 �C for about a week. The final purification steps involve exposure to

sodium mirror for a few minutes in an apparatus similar to the one shown in Fig. 22

(Step 2) and subsequent distillation in another ampoule. The ampoule is then

connected to a new short path apparatus with a side arm for the introduction of

trioctylaluminum (Step 3). After stirring for a few minutes over trioctylaluminum,

the purified 2-vinylpyridine is distilled into a precalibrated ampoule, which is then

attached to the polymerization reactor. Polymerization of this monomer should be

carried out the same day, following the final two purification steps, since the monomer

obtained is so pure that it polymerizes by standing overnight, even at �20 �C.

Methacrylates and Acrylates These monomers are commercially available (usu-

ally in ~98–99 % purity) and are dried over CaH2 overnight in a short path

apparatus attached to the vacuum line. The monomer is degassed and distilled

into calibrated ampoules. The purified monomer can be stored at�20 �C for up to a

week. Just prior to polymerization, it undergoes a final purification involving a short

exposure to triethylamine (TEA) or trioctylaluminum (TOA) in a short path distil-

lation apparatus. When a yellow-green color persists in the monomer, it is distilled

in a precalibrated ampoule, which may then be used in polymerization. Low levels

of alcohols remaining from the synthesis of these monomers are removed during

this last exposure to aluminum compounds. TOA is preferred with higher boiling

monomers of the family (i.e., tert-butylmethacrylate) since TEA can be sublimed

under high vacuum and contaminate the monomer ampoules. TOA is also consid-

ered more efficient in removing secondary or tertiary alcohols. The yellow-green

color reflects the complex formed between the aluminum compound and the

carbonyl of the monomer and may be misleading since complexation can occur

before complete reaction with residual alcohol.
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Fig. 22 Three-step

purification of 2-

vinylpyridine
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Ethylene Oxide (EO; bp: 10 �C) EO is low boiling monomer and it is initially

condensed into a cylinder containing freshly ground calcium hydride. It is stirred

over CaH2 on the vacuum line for about 30 min at 0 �C, degassed, and distilled over
n-BuLi. During its exposure to n-BuLi, EO is kept at 0 �C with stirring (for 30 min).

This step is repeated twice and finally the pure monomer is distilled into graduated

ampoules and stored at �20 �C until use.

Hexamethylcyclotrisiloxane (D3) D3 is solid monomer having melting point at

70 �C. It is dilutedwith purified benzene and stirred over CaH2 overnight in a specially

designed short path distillation apparatus, as shown in Fig. 23 (A). By heating at

around 40 �C, the solvent along with the monomer are sublimed into another flask (B)
which contains PSLi. The monomer is allowed to stand in contact with PSLi for about

2 h at room temperature, and then it is distilled along with the solvent into the cylinder

(C) where it can be split-down in precalibrated ampoules (D).

2.3.4 Terminating (Deactivating) Agents

The compounds used for deactivation of the living polymer chains are usually

alcohols. Methanol is most widely used as the terminating agent. Methanol is

degassed on the vacuum line several times and it is distilled into ampoules, as

shown in Fig. 24. Other terminating agents used in special cases, that is, silanes –

(CH3)3SiCl, CH3SiCl3 can be purified by simple degassing since they are used in

large excess compared to the concentration of the living ends. Degassing the

terminating agents is necessary since the air can contaminate the desired polymer

with the double molecular weight polymer.

Ampoule containing known amount of chlorosilane (e.g., methyltrichlorosilane;

MeSiCl3) can be diluted with n-hexane or benzene using dilution apparatus, as

shown in Fig. 25. With regular dilution procedure, n-BuLi is used as purging

Fig. 23 Hexamethylcyclotrisiloxane (D3) monomer purification apparatus
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reagent. Silanization is an alternative for purging and is sometimes practical when

multifunctional chlorosilanes are used. (CH3)3SiCl is the chlorosilane used for this

purpose. Any impurities that are deleterious to the Si-Cl bond, including glass

surface contaminants such as Si-OH, are deactivated with a small quantity of

methyltrichlorosilane. Experimentally, a small quantity of (CH3)3SiCl is introduced

to the apparatus; it is removed from vacuum line by heat sealing and the silane is

allowed to completely wash the inner glass surface (liquid nitrogen/towel strip).

The contents are then pumped off using another ground joint, without flame drying

the apparatus, until high vacuum is achieved. After distilling in the appropriate

Fig. 24 Ampoulization of

terminating agents

Fig. 25 Dilution of

methyltrichlorosilane
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amount of purified solvent from vacuum line, the ampoule containing methyltri-

chlorosilane is ruptured for dilution.

2.3.5 Polymerization Procedures in Nonpolar Solvents

Canadian Technique for the Synthesis of Linear Homopolymers, Block

Copolymers, Star Homopolymers, and Star-Block Copolymers

The Canadian-style glass apparatus used for the synthesis of linear homopolymers,

block copolymers, star homopolymers, and star-block copolymers is shown in

Fig. 26. This apparatus was developed by the Canadian school of anionic polymer-

ization (S. Bywater, J. Worsfold, J. Roovers), during the 1960s and 1970s and then

improved by the Athens School (N. Hadhichristidis, H. Iatrou, M. Pitsikalis). The

ampoules containing the initiator, monomer, and terminator are attached to the

main reactor. The apparatus is connected to the vacuum line through ground joint,

checked for pinholes, and flame dried. Then, 2–3 mL of concentrated solution of n-
BuLi in hexane is introduced in flask (B) through the septum, and the tube holding

the septum is removed by heat sealing at (A).

The apparatus is pumped for another ½ h in order to remove the hexane and air

inserted in the apparatus during inject, followed by distillation of the appropriate

amount of solvent into flask (B). Usually benzene is used as the solvent for the

polymerization of styrene and hexane or benzene for the polymerization of isoprene

or butadiene. For a typical polymerization, the amount of solvent is chosen such

that the final polymer concentration is 5–10 %, depending on the molecular weight

of the polymer. After degassing, the reactor is removed from the vacuum line by

heat sealing at (C). The inner wall of the reactor is purged by the solution of n-BuLi;
this solution is transferred back to flask (B) and placed in a 50 �C water bath.

Fig. 26 (Step 1) Apparatus

for the preparation of linear

homo- and copolymers
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Because of the vacuum inside the apparatus, benzene refluxes and condenses over

the whole reactor, rinsing traces of n-BuLi from the glass walls. As a consequence,

all n-BuLi inserted along with the products of reaction impurities are collected in

flask (B) of the purge section. The apparatus is tilted in a way shown in Fig. 27. A

water bath at 25 �C is placed under the purge section and an ice–water bath under

flask (E). Due to vacuum in the apparatus, the solvent is distilled into the main

reactor but the nonvolatile species, that is, n-BuLi and its reaction products with

impurities, remain in flask (B). The purge section is removed by heat sealing of

constriction (D) leaving a clean reactor filled with an appropriate amount of pure

solvent. First, the break seal of the monomer is ruptured, by moving the pair of

magnets. The monomer is poured (or distilled in the case of isoprene or butadiene)

into flask (E), followed by addition of the initiator and the ampoule is rinsed with

solvent (Fig. 28). The polymerization is left to proceed until all monomer is

consumed. The polymerization terminated by addition of degassed methanol to

afford linear homopolymer.

Before termination, the living ends of the polymeric chains can initiate the

polymerization of another monomer leading to block copolymers. Also the reaction

of living chains with linking agent, such as multifunctional chlorosilane, affords

star homopolymer. The living block copolymer can also be reacted with linking

agent to form star-block copolymers.

Using the polymerization reactor shown in Fig. 29, two of the same (with

different molecular weight) or different living homopolymers are prepared. After

distilling solvent from the purge section into the main reactor, it is divided into two

calibrated cylinders, and they are sealed off from the main reactor. By rupturing the

break seals of respective monomer and initiator ampoules, two polymerization

Fig. 27 (Step 2)

Intermediate step involving

distillation of the solvent

from the purge section to

the main reactor

Fig. 28 (Step 3) The final

clean polymerization

apparatus
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reactions are started. After polymerization, the calibrated cylinders are used as

reservoir of living polymer for further use.

Simple Technique

Another type of polymerization apparatus can be used for the synthesis of homo,

block, and star polymer, as shown in Fig. 30. All reaction steps are similar to those

described above. After polymerization, the calibrated cylinder (A) is used as a

reservoir for the solution of living polymer which can be served for the preparation

of molecules with more complex architectures.

Fig. 29 Apparatus for the

preparation of two

homopolymers

Fig. 30 Simple

polymerization apparatus
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Synthesis of AB2 and AB3 Type 3- and 4-Miktoarm Star (μ-Star) Copolymers

The reaction sequences used for the preparation of 3- and 4-μ-arm star copolymers

are given in Scheme 5.

The reaction apparatus used for this synthesis is shown in Fig. 31. The reactor is

connected to the vacuum line through the ground joint (A), checked for pinholes,

and flame dried very well. After 1 h of pumping, 4–5 mL of concentrated solution of

n-BuLi is injected through the septum, the side tube is rinsed and removed by heat

sealing at (C). 30–40 mL of benzene is distilled into flask (B), degassed and the

apparatus is removed from the vacuum line by heat sealing the constriction (D). The

reactor is purged with the n-BuLi solution to react with impurities and moisture.

Scheme 5 Synthesis of 3 μ-star and 4 μ-star copolymer

Fig. 31 Reaction apparatus

for the preparation of 3 μ-
star and 4 μ-star copolymers
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Then a water bath of 50 �C is placed under flask (B) and benzene starts to reflux

rinsing the walls of the apparatus and is finally collected into flask (B). Subse-

quently traces of n-BuLi along with reaction products of impurities are collected in

this flask. The purge section containing the solution of n-BuLi is removed by heat

sealing constriction (E).

An ampoule (H) of living arm ALi (~5 % solution in benzene) is attached to the

main reactor as shown in Fig. 32. The area between the two break seals is evacuated

by attaching the reactor to the vacuum line via ground joint (F), followed by

removal of the apparatus by heat sealing the constriction (G). Following distillation

of the linking agent in the main flask, the flask is placed in an ice–water bath and a

hot towel is placed simultaneously on ampoule (H). At the same time, the living

polymer is added by rupturing the two break seals. During the addition, the mixture

of the inserted solution and linking agent is vigorously stirred. The hot towel

increases the vapor pressure of ampoule (H), and addition of the living arm to the

silane solution is ensured. The ampoule is removed from the reactor by heat sealing

of constriction (I).

Fig. 32 Intermediate step:

addition of the living arm

(ALi) to the excess of the

linking agent

Fig. 33 Intermediate step:

removing the excess of the

volatile linking agent
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A ground joint is connected to one of the two remaining break seals and the

apparatus is attached to the vacuum line (Fig. 33). The solvent and excess linking

agent are removed by pumping on the vacuum line and also by redissolving the

polymer in benzene and removing the solvent several times. After that 50–100 mL

solvent is distilled into the main flask, followed by removal of the apparatus from

the vacuum line by heat sealing at (J). After the preparation of an ampoule

containing excess of living arm B (BLi), the two solutions are connected as

shown in Fig. 34. The air between the two break seal is pumped, and after heat

sealing at (K) the solution of living polymer (BLi) is added to the solution of the

macromolecular linking agent ASi(CH3)Cl2 or ASiCl3. After the completion of the

linking reaction, the star copolymer is separated from the parent material by

fractionation.

Synthesis of Exact Comb Polymers

A schematic representation of the reaction sequences for the synthesis of an exact

comb homopolymer is given in Scheme 6, where A is polybutadiene or polyiso-

prene end capped with 2–3 units of butadiene:

The synthesis of double-tailed DPE (dtDPE) is based on the selective reaction of

the living polymer (ALi) with the two chlorines of 4-(Dichloromethylsilyl)

diphenylethylene (DCMSDPE), rather than with the non-homopolymerizable dou-

ble bond [21]. Ampoules containing DCMSDPE and ALi are connected to specially

designed homemade apparatus, as shown in Fig. 35.

After flame drying the apparatus on the vacuum line, 5 mL of n-BuLi is injected
into the purge section through a septum and heat sealed at (A). Prepurified benzene

is distilled into the purge section and frozen in liquid nitrogen. After degassing, the

apparatus is removed from the vacuum line by heat sealing at (B). The apparatus is

Fig. 34 Final step: excess

addition of the living arm

BLi to ASi(CH3)Cl2 or

ASiCl3
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purged with n-BuLi solution and rinsed with benzene. Benzene is distilled very

slowly from the purge section into the reaction flask, and the purge section is

removed by heat sealing at (C). DCMSDPE is introduced into the main reactor

by breaking the corresponding break seal. Approximately 10 % solution of A�Li+ is
added dropwise into the solution of DCMSDPE. The reaction is monitored by

removing small aliquot (D) tubes, and analyzing them by size exclusion chroma-

tography (SEC). After the addition of two equivalents of A�Li+ relative to

DCMSDPE, and more importantly when the end point is confirmed by SEC, the

titration is stopped. The flask containing the excess living A�Li+ solution is

Scheme 6 Synthesis of exact comb polymer

Fig. 35 Glass apparatus for

the synthesis of dtDPE
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removed by heat sealing (constriction E). The resulting dtDPE is subsequently

divided into tubes, equipped with break seals, for further reactions.

The reactor given in Fig. 36 is used for the synthesis of the living 3-arm star.

Double-tailed DPE and sec-BuLi are introduced into the main reactor by breaking

the corresponding break seals. The solution immediately turns to a deep red color

(activation of the DPE double bond) and is left to stir for 48 h. Another fresh

monomer is then introduced into the main reactor, and the polymerization is

allowed to proceed for 24 h. The deep yellow colored polymer solution produced

is transferred into a tube and removed from the apparatus.

Exact comb polymer with three branches is synthesized by titration of

trichlorosilane with living 3-arm star followed by addition of living linear polymer

(A�Li+) in excess. Trichloromethylsilane is introduced into the main reactor

(Fig. 37) by breaking the corresponding break seal. The 3-arm living PI star is

then added dropwise into the reactor. The reaction is monitored by removing small

aliquots and analyzing them by SEC. After the addition of two equivalents of living

star relative to MeSiCl3, followed by SEC confirmation, the titration is stopped. The

flask containing the excess living star is removed by heat sealing at constriction (B).

Then another A�Li+ is introduced into the main flask and left to react with the

remaining chlorine for 2 days. The final product mixture is terminated with

degassed methanol, fractionated, precipitated into an excess of methanol, and

dried under vacuum.

2.3.6 Polymerization Procedures in Polar Solvents

The polymerization of several monomers, such as methacrylates or 2-vinyl pyridine

(2VP), is conducted in THF at low temperatures. The principles of the polymeri-

zation procedure are the same as in the case of the polymerizations that take place in

Fig. 36 Reactor for the

synthesis of living 3-arm

star
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benzene. However, a different apparatus is used, as shown in Fig. 38. A character-

istic example for the polymerization of 2VP in THF at �78 �C is given below.

• The ampoules containing the initiator, sec-BuLi, and terminating agent MeOH

are attached to the main reactor. The apparatus is connected to the vacuum line

through a ground glass joint, checked for pinholes, flame dried, and pumped for

30 min in order to remove the volatile species such as air and humidity.

• Then 4 mL of a concentrated solution of n-BuLi in hexane and 2 mL of DPE are

injected into the purge section through the septum, and the tube holding the

septum is removed by heat sealing at (A). The apparatus is pumped for another

½ h in order to remove hexane and air inserted in the apparatus during the

injection, followed by distillation of the required amount of purified THF solvent

into purge section through the vacuum line.

• The reactor is removed from the vacuum line by heat sealing at (B). The inner

walls of the reactor are washed by the red solution of n-BuLi and DPE; this

solution is transferred back to purge section and placed in a 50 �C water bath.

Because of the vacuum inside the apparatus, THF refluxes and condenses over

the whole reactor, rinsing traces of n-BuLi +DPE from the glass walls.

• Again by transferring solution to the purge section manually, as a consequence,

all n-BuLi +DPE inserted along with the products of reaction impurities are

collected in the purge section.

• A water bath at 30 �C is placed under the purge section and an ice–water bath is

placed under the reactor flask. Due to the vacuum in the apparatus, the solvent is

distilled into the main reactor but the nonvolatile species, that is, n-BuLi, DPE,
and its reaction products with impurities, remain in purge section.

• The purge section is removed by heat sealing at constriction (C) leaving a clean

reactor filled with an appropriate amount of pure solvent. The complete cleaned

apparatus is kept at �20 �C.

Fig. 37 Reaction apparatus

for exact comb polymer
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• Prepurified 2-VP over CaH2 is again purified over Na metal mirror and

trioctylaluminum and the final ampoule is connected to the reaction apparatus

as shown in Fig. 38 Step 2.
• The reaction apparatus is again connected to vacuum line through ground joint

D. The area between break seal E and F is flame dried and evacuated very well

for longer time.

• The reaction apparatus is removed from the vacuum line by heat sealing.

• The reaction flask is cooled at �78 �C by the cooling mixture of dry ice and

isopropanol (cooling mixture is kept below the solvent level).

• The ampoule containing 2-VP is kept in boiling water, and break seal of sec-
BuLi ampoule is ruptured. Immediately, break seals E and F are ruptured using a

double breaker (a breaker with a heavy collection of glass at both ends).

• 2VP is distilled slowly into the reaction flask, and the reaction is carried out with

stirring for 20–30 min at �78 �C.
• The ampoule containing MeOH is ruptured, and the reaction is terminated to

obtain linear poly(2-vinylpyridine).

• After opening the reaction apparatus, the reaction mixture is poured into n-
hexane to precipitate the final linear homopolymer.

List of Abbreviations and Symbols

2VP 2-Vinyl pyridine

Bd 1,3-Butadiene

CaH2 Calcium hydride

D3 Hexamethylcyclotrisiloxane

Fig. 38 Apparatus for the polymerization of 2-vinylpyridine
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DBMg Dibutylmagnesium

DCMSDPE 4-(Dichloromethylsilyl)diphenylethylene

DLI Dilithium initiator

DPE 1,1-Diphenylethylene

EO Ethylene oxide

GPC Gel permeation chromatography

HVTs High Vacuum Techniques

LN Liquid nitrogen

Mn Number-average molecular weight

n-BuLi n-Butyl Lithium
P2VP Poly(2-vinylpyridine)

PBd Polybutadiene

PDI Polydispersity Index

PDMS Polydimethylsiloxane

PEB 1,3-bis(1-Phenylethenyl)benzene

PI Polyisoprene

PSLi Polystyryllithium

SEC Size exclusion chromatography

sec-BuLi sec-Butyl Lithium
TEA Triethylamine

THF Tetrahydrofuran

TOA Trioctyl aluminum
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Nonpolar Monomers: Styrene
and 1,3-Butadiene Derivatives

Akira Hirao and Katsuhiko Takenaka

Abstract This chapter reviews the living anionic polymerization of styrene,

1,3-butadiene, and their functional derivatives mainly achieved since the

mid-1980s. Attention is first focused on the living anionic polymerization of

functional styrene derivatives. With the finding of anion-stable functionalities and

the successful development of two strategies using protective groups to mask the

reactive functionalities and electron-withdrawing functional groups to change the

reactivities of monomers and their chain-end anions, a large number of styrene

derivatives carrying almost all the useful functionalities acquire the ability to

undergo the living anionic polymerization. Secondly, the anionic polymerization

of several functional 1,3-butadiene derivatives and the stereochemistry of the

resulting polymers will be described. Finally, a variety of chain-functionalization

reactions using functional 1,1-diphenylethylene derivatives via a 1:1 addition

reaction will be introduced.

Keywords Living anionic polymerization • Functional styrene derivatives

• Functional 1,3-diene derivatives • Functional 1,1-diphenylethylene derivatives

• Stereochemistry
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1 Introduction

The major monomers capable of undergoing anionic polymerization are (1) conju-

gated hydrocarbon monomers like styrene, 1,3-butadiene, isoprene, and their deriv-

atives, (2) electron-deficient polar monomers, such as 2- and 4-vinylpyridines, alkyl

acrylates, alkyl methacrylates, alkyl vinyl ketones, N,N-dialkylacrylamides, phenyl

vinyl sulfoxide, acrylonitrile, methacrylonitrile, nitroethylene, vinylidene cyanides,

and α-cyanoacrylate, and (3) cyclic monomers including alkylene oxides, alkylene

sulfides, hexamethylcyclotrisiloxane, lactones, lactide, lactams, cyclic carbonates,

and α-amino acid N-carboxyanhydrides (NCA)s. Among the vinyl monomers listed

in (1) and (2), α-substituted vinyl monomers are usually anionically polymerized,

while the anionic polymerization of α,α-disubstituted vinyl monomers is possible

only when the size of one substituent is small at low polymerization temperatures.

The polymerizability of α,β-substituted vinyl monomers is very low due to steric

hindrance between a monomer and the chain-end anion. Both α,α,β-trisubstituted
and α,α,β,β-tetrasubstituted vinyl monomers usually do not undergo anionic poly-

merization under normal conditions, since these monomers and their chain-end

anions are highly sterically hindered.

In general, the anionic polymerizability of vinyl monomers strongly depends on

the electron density on the vinyl group and becomes higher as the electron density

on the vinyl group decreases. Accordingly, substituents that have electron-

withdrawing characters to reduce the electron density are preferred in order to

promote the anionic polymerization. Substituents that stabilize the growing chain-

end anions by anion charge delocalization are also preferable in order to render the

vinyl monomer polymerizable by an anionic route. Such substituents typically

include phenyl, vinyl, imino, carbonyl (ketone and ester), sulfonyl, cyano, and

nitro groups. They all have multiple bonds, which are conjugated to the growing

chain-end anions to delocalize the anion charges, and most of them belong to

electron-withdrawing groups.

As shown in Fig. 1, vinyl monomers carrying these substituents can be roughly

categorized into four groups fromA toD according to the degree of electron density

on the vinyl group, which is well related to the e-value determined by crossover

copolymerization. The degree of electron density can also be estimated by the σ-
value used in the Hammett rule, which reflects the electronic character of the

substituent. As can be seen, styrene, α-methylstyrene, 1,3-butadiene, and isoprene

belong to group A as the least reactive monomers in the anionic polymerization.

Monomers in groups B and C correspond to 2-, 4-vinylpyridine, alkyl acrylates,

methacrylates, N,N-dialkylacrylamides, vinyl phenyl sulfoxide, and vinyl alkyl

(or aryl) ketone, vinyl alkyl sulfone, acrylonitrile, and methacrylonitrile. The

most reactive monomers categorized in D group involve nitroethylene,

α-cyanoacrylates, and vinylidene cyanide.

Highly reactive anionic initiators are required to polymerize the least reactive

group A monomers, while the most reactive monomers in D group can be poly-

merized with very weak bases or nucleophiles, even water and alcohols. Based on
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the nucleophilicity and basicity, anionic initiators can also be roughly divided into

four classes from a to d, as shown in Fig. 2. Alkali-metals, alkali-metal

naphthalenides, organolithium (RLi), sodium, and potassium compounds corre-

spond to the most reactive class a initiators, which readily and quantitatively initiate

the polymerization of the least reactive group A monomers. It is a matter of course

that all the monomers in groups B, C, and D can be polymerized with each initiator

belonging to class a. The initiators in the second class b involve triphenyl-

methyllithium, Grignard reagents, alkali-metal hydrides, alkali-metal

dialkylamides, the anion radical complexes of aromatic ketones and alkali-metals,

flurorenyllithium, conjugated anions derived from active methyl or methylene

compounds, ate complexes such as LiAlR4 and NaZnR3, and LiAlH4. These

initiators cannot polymerize the A group monomers, but can possibly initiate the

polymerization of the monomers in the B as well as C and D groups. Alkali-metal

hydroxides and alkoxides, ZnR2, and certain strong amines like sparteine and

1,4-diazabicyclo-[2,2,2]octane are the initiators for class c and can polymerize

the monomers in C and D groups. The least reactive class d initiators are ammonia,

amines, phosphines, ethers, and even alcohols and water having lone pairs. They

can polymerize only the most reactive group D monomers, but are too weak to

initiate the polymerization of any of the monomers belonging to group A, B, and C.

Thus, there seems to be a distinct relationship between the monomer and initiator

for the anionic polymerization shown in Fig. 3. Accordingly, it is very important

and critical for selecting the correct combination of initiator and monomer for the

polymerization.

N

N

C=O

R

C=O

OR

C=O

OR

C=O

NR2

S=O

C NC N

NO2 C=O

OR

C N

C N

C N

SO2-R

a

b

c

d

Fig. 1 Monomers in groups a, b, c, and d
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Furthermore, the careful choice of an initiator is needed in some cases. For

example, highly reactive a class initiators can polymerize not only the group

A monomers but also monomers in the B, C, and D groups, as already mentioned.

However, such initiators can also react with polar substituents in the monomers

belonging to the B, C, and D groups. For example, the anionic polymerization of

methyl acrylate (B group) with sec-BuLi (a class) proceeds with significant termi-

nation and/or transfer reactions due to the reactions of the ester carbonyl with sec-
BuLi and the propagating chain-end anion. Moreover, α-proton abstraction of the

vinyl group can occur with these carbanionic species (see Scheme 1).

a

b

c

d

Alkali-metals (Li, Na, K)
M

(M = Li, Na, K)

RLi, RNa, RK

(R = Alkyl, Aryl)

Ph3CLi, RMgX, MH and MNR2 (M = Li, Na, K), LiAlR4, NaAlR4, NaZnR3

(M = Li, Na, K)

[Ph2C = O] M
R M

R-CH-C(=O)-OR'
M

R-CH-C N
M

LiAlH4

MOH and MOR (M = Li, Na, K), Et2Zn

NH3, NH2R, NHR2, NR3, PR3, R-O-R', R-OH, H-O-H

N
N

N
N

Fig. 2 Initiators in class a, b, c, and d

a

b

c

d

A

B

C

D

Initiator Monomer

: Polymerization

Fig. 3 Relationships

among initiator and

monomer in the

polymerization
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One more important aspect of the anionic polymerization is the relationship

between the monomer reactivity and the reactivity of the propagating chain-end

anion. Since a monomer corresponds to the conjugate acid of the chain-end anion,

the less reactive monomer basically produces the more reactive chain-end anion

and vice versa. This is readily estimated by the pKa value of the methyl derivative of

the corresponding substituent. This relation is especially important for the synthesis

of random as well as block polymers with the use of different monomers. For

instance, styrene of the group A monomers produces a reactive propagating chain-

end anion that polymerizes methyl methacrylate (MMA) of the more reactive group

B monomer, resulting in the expected diblock copolymer of polystyrene (PS)-b-
PMMA. On the other hand, the chain-end anion derived from MMA is less reactive

and incapable of polymerizing styrene. Consequently, only the MMA homopoly-

mer was recovered in this case. Thus, block polymers can be synthesized only by

sequential addition of monomers in the order of decreasing reactivity of the chain-

end anion. Similarly, the random copolymerization of styrene and MMA resulted in

the formation of the almost homopolymer of MMA including a small amount of the

styrene unit, which was incorporated during the very early stage of the copolymer-

ization. Thus, the reactivities of both the monomer and the propagating chain-end

anion should be kept in mind whenever anionic polymerization and copolymeriza-

tion are carried out. These described subjects are also well summarized in books

previously published [1–4].

One of the most important and advantageous features of the anionic polymer-

ization is the establishment of the living anionic polymerization system of several

monomers, since this system enables the precise synthesis of polymers with well-

controlled molecular weights and nearly monodisperse molecular weight distri-

butions and the tailored synthesis of block polymers and macromolecular archi-

tectures, such as graft, star-branched, and hyperbranched polymers. The first

successful example of the living polymerization system was the anionic poly-

merization of styrene with sodium naphthalenide in THF reported in 1956 by

Szwarc et al. [5]. Soon after, it was reported by Morton et al. that 1,3-butadiene

and isoprene underwent the living anionic polymerization [6–8]. Monomers

carrying polar substituents, that is, more reactive monomers in the B, C, and

D groups, usually competitively polymerize with side reactions of such sub-

stituents with initiators and the propagating chain-end anions. Accordingly, the

living anionic polymerization of these monomers was initially thought to be

difficult. However, with the careful selection of the polymerization variables

and conditions and the use of suitable additives, the living anionic polymeriza-

tions of 2-vinylpyridine (2VP), alkyl methacrylates, N,N-dialkylacrylamides,

phenyl vinyl sulfoxide, methacrylonitrile, alkyl isocyanates, and several cyclic

monomers, such as alkylene oxides, alkylene sulfides, hexamethylcyclotri-

siloxane, lactones, lactides, silicon-bridged [1] ferrocenophanes, and NCAs, are

successfully achieved (see Fig. 4).

Among these polymerizations, the most ideal system is undoubtedly the living

anionic polymerization of styrene, 1,3-butadiene, and isoprene. However, it has
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long been believed that the styrene or 1,3-butadiene derivatives carrying most of the

useful functional groups cannot be used in this living polymerization system

because such functionalities are not compatible with the highly reactive anionic

initiators and propagating chain-end anion. Nevertheless, some functional styrene

derivatives were previously reported to undergo the living anionic polymerization.

Furthermore, new synthetic strategies have been successfully developed since the

early 1980s in order to overcome this problem. With these strategies, the range of

monomers feasible for the living anionic polymerization is significantly broadened.

In this chapter, attention is focused on the advances in the living anionic polymer-

ization of functional styrene and 1,3-butadiene derivatives mainly achieved during

the past 30 years. The living anionic polymerization of the more reactive group

B monomers with polar substituents will be introduced in the next chapter.

2 Styrene Derivatives

2.1 Living Anionic Polymerization of Functional Styrene
Derivatives

The anionic polymerization of styrene has been widely studied from the viewpoints

of academic interests and industrial production. As already mentioned, the anionic

polymerization of styrene requires highly reactive initiators like RLi compounds

and alkali-metal naphthalenides, because styrene belongs to the A group of the least

reactive monomers. Furthermore, the propagating chain-end anion is also the highly

reactive carbanionic species which is similar in reactivity to the above-mentioned

anionic initiators. Since styrene is a conjugated hydrocarbon monomer and all the

moieties except for the vinyl group are stable toward such highly reactive

carbanionic species, it readily undergoes anionic polymerization to produce a stable
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living anionic polymer and does not have any propensity to undergo either a chain

transfer reaction or termination reaction during the course of the anionic

polymerization.

The living anionic polymerization of styrene completely fulfills all the criteria of

the living polymerization that are proposed by Quirk [9]. Furthermore, there are the

following synthetic advantages: first, the molecular weight can be precisely con-

trolled in a wide range from a few 103 to even up to the order of 106 g/mol. Second,

nearly monodispersed molecular weight distributions are realized, theMw/Mn value

being 1.05 or even lower, approaching 1.0. Chang and Lodge et al. reported that

size exclusion chromatography (SEC) and temperature gradient interaction chro-

matography (TGIC) analyses were performed on a set of polystyrene (PS) samples

synthesized anionically with sec-butyllithium in cyclohexane at 45 �C, in order to

investigate their true molecular weight distributions and to compare the Poisson

distribution [10]. They confirmed that the molecular weight distribution of the PS

samples determined by TGIC is close to the true value of less than 1.01, while the

same samples exhibited their Mw/Mn values of 1.05 by SEC analyses, as shown in

Table 1. Finally, the chain-end anion is highly reactive as mentioned above, but

very stable under the appropriate conditions. Such characteristics are ideally suited

for the tailored synthesis of block polymers and other macromolecular architec-

tures, such as graft, star-branched, hyperbranched polymers, and more complex

architectural polymers. Several examples of such polymers have been introduced in

other chapters of this book.

Since the initiators used in the anionic polymerization of styrene and the

resulting propagating chain-end anion are highly reactive carbanionic species,

with which most functional groups are considered to be incompatible, it has long

been believed that the living anionic polymerization of functional styrene deriva-

tives is difficult or almost impossible. However, it was found that certain functional

groups were stable under the living anionic polymerization conditions and the

living anionic polymerization of styrene derivatives substituted with such func-

tional groups was successfully achieved. In this section, these examples will be

described.

Table 1 Molecular weights and molecular weight distributions of PS samples by SEC and TGIC

analyses

Sample

Mw(g/mol) Mw/Mn

SEC TGIC SEC TGIC Poisson distribution

PS-1 35,000 34,400 1.05 1.02 1.002

PS-2 42,900 43,400 1.05 1.01 1.002

PS-3 50,400 50,200 1.05 1.008 1.002

PS-4 56,000 55,200 1.05 1.006 1.002

PS-5 62,000 62,000 1.05 1.005 1.002

PS samples were synthesized with sec-butyllithium in cyclohexane at 45 �C.
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2.1.1 Alkyl- and Aryl-Substituted Styrene Derivatives

Soon after the discovery of the living anionic polymerization of styrene in 1956, it

was reported from 1960 to 1980 that a variety of styrene derivatives substituted

with alkyl or aryl groups underwent the living anionic polymerization. As shown

in Fig. 5, they are 4-methylstyrene, 4-butylstyrene, 4-tert-butylstyrene,
4-octylstyrene, 2,4,6-trimethylstyrene, α-methylstyrene, 4-vinylbiphenyl,

1-vinylnapthalene, and 1-vinylpyrene. As the styrene derivatives of this class,

several new functional styrenes substituted with cyclobutane [11], π-conjugated
oligo(fluorene)s [12], or adamantanes [13, 14] have recently been reported. Indeed,

the resulting polymers possess interesting functionalities, such as a cross-linking

ability at high temperatures, excellent electronic/optoelectronic properties, and

high thermal stabilities with Tgs of over 230
�C. Interestingly, the Tg of polystyrene

can be dramatically varied in a wide range from�36 �C to over 230 �C by changing

the para-substituent from 7-octenyl [15] to adamantane.

The success of the living anionic polymerizations of alkyl- and aryl-substituted

styrene derivatives can certainly be predicted because alkanes and aromatic com-

pounds are usually stable and compatible with highly reactive carbanionic species.

2.1.2 Alkenyl- and Alkynyl-Substituted Styrene Derivatives

Followed by the living anionic polymerization of alkyl- and aryl-substituted sty-

renes, the living anionic polymerization of several styrene derivatives substituted

with alkenes and alkynes was reported. Normal alkenes nonconjugated via the

benzene ring are usually stable toward carbanionic species except for the following

specific cases: PhLi adds the highly strained C¼C bonds of norbornene and

cyclopropene [16]. The intramolecular addition of the organolithium moieties to

n
H

n = 1, 2, and 3

Fig. 5 Alkyl- and aryl-substituted styrene derivatives
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the C¼C bonds often occurs in ω-alkenyllithium compounds even at lower tem-

peratures [17]. As expected, general alkenyl-substituted styrene monomers like

4-(3-butenyl)styrene [18] and 4-(7-octenyl)styrene [19] shown in Fig. 6 readily

underwent the living anionic polymerization. On the other hand, the anionic

polymerization of 4-allylstyrene was problematic under the same conditions,

resulting in the formation of polymers with multimodal molecular weight distribu-

tions [19]. This was possibly due to the allyl proton abstraction, but could be

completely suppressed by introducing a methyl group at the 2-position. Indeed,

two monomers, 4-(2-methyl-2-propenyl)styrene and 4-(2-methyl-2-

propenyl)-α-methylstyrene, were successful in undergoing the living anionic poly-

merization [19]. The pendant C¼C bonds are especially useful for post-

functionalizations such as oxidative cleavage to aldehydes and carboxylic acids,

hydrosilylation, hydroformylation, hydroboration, and epoxidation reactions.

In contrast, activated alkenes by aryl conjugation can readily react with

carbanionic species under typical conditions. 1,4-Divinylbenzene (DVB) and its

derivatives of the typical activated alkene-substituted monomers (see Fig. 7) nor-

mally underwent the competitive anionic polymerization with the addition reaction

of the propagating chain-end anion to the pendant vinyl group to afford cross-linked

O

Fig. 7 Divinylbenzene derivatives

Fig. 6 Alkenyl-substituted styrene derivatives
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materials insoluble in solvents. Both 1,3- and 1,4-diisopropenylbenzenes were

anionically polymerized to give soluble polymers with relatively narrow molecular

weight distributions (Mw/Mn ~ 1.3) during the early stage of polymerization (~50 %

conversion) [20]. As expected, branching gradually occurred as the polymerization

proceeded, and insoluble polymers by cross-linking were obtained at the conclusion

of the polymerization.

With the introduction of an alkyl group at the α-position of a pair of C¼C bonds

in 1,4-divinylbenzene to provide steric hindrance as well as to increase the electron

density on the double bond, the living anionic polymerization became feasible. The

anionic polymerization of a series of 4-(α-alkylvinyl)styrene derivatives thus

designed smoothly proceeded in a living manner with the use of the anionic

initiators bearing K+ to afford polymers with predictable molecular weights

(Mn¼ 5,000–82,000 g/mol) and narrow molecular weight distributions (Mw/

Mn¼ 1.02–1.06) [21–23]. The stability of the resulting living polymer strongly

depended on the bulkiness of the alkyl substituent. The living polymers derived

from 4-(α-methylvinyl)styrene and 4-(α-ethylvinyl)styrene were stable for 10 min

in THF at�78 �C, while the living anionic polymer of the corresponding isopropyl-

substituent monomer was stable for at least 1 h. Moreover, the living polymer of

4-(α-tert-butylvinyl)styrene was very stable even after 48 h and found to retain the

narrowness of the molecular weight distribution. It was also stable in benzene at

room temperature for at least a few hours.

It was also possible to suppress the unwanted addition reaction of the chain-end

anion to the pendant double bond by introducing an electron-donating alkoxy group

into the benzene ring in α-methylstyrene. A new specially designed dual-

functionalized styrene having the α-methylstyrene moiety, 4-(4-(2-isoprope-

nylphenoxy)butyl)styrene, successfully underwent the living anionic polymeriza-

tion to afford the polymers with predictable molecular weights (Mn¼ 5,000–

65,000 g/mol) and narrow molecular weight distributions (Mw/Mn¼ 1.02–1.04)

[24, 25].

As already mentioned, the cross-linked polymers insoluble in solvents were

always obtained by the anionic polymerization of DVB. Very recently, Hirao

et al. demonstrated for the first time that one of the two vinyl groups of DVB

exclusively and selectively polymerized in a living manner in THF at �78 �C with

an initiator system prepared from sec-BuLi or oligo(α-methylstyryl)lithium and a

10-fold excess of KOBut [26]. As shown in Fig. 8, a soluble linear poly(DVB) with

a predictable Mn value and a nearly monodisperse distribution was quantitatively

obtained. The resulting living polymer was stable for a few minutes at �78 �C, but
stable even after 30 min at �95 �C. Under such conditions, any unwanted addition

reaction was almost suppressed and the polymers with controlled Mn values

(11,000–60,500 g/mol) and narrow molecular weight distributions (Mw/

Mn¼ 1.02–1.04) were obtained. The living nature of the polymerization was also

supported by the successful synthesis of the well-defined block copolymers of poly

(DVB)-b-poly(2VP) and poly(DVB)-b-poly(tert-butyl methacrylate) [27, 28].

The suppression of the unwanted addition reaction, which essentially occurred

during the polymerization, may be explained as follows: it is considered that the
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counter cation is completely replaced by K+ and the chain-end anion is significantly

shifted to the less reactive ion pair by the presence of a large excess of KOBut.

Some KOBut molecules may coordinate to the chain-end anion by an ionic inter-

action to provide a steric bulkiness around the chain-end anion. The two vinyl

groups of DVB are activated by a long conjugation from the vinyl group to the other

vinyl one via the benzene ring. After the polymerization, the pendant vinyl group

becomes much less reactive due to the disappearance of the long conjugation and

the electron-donating effect of the main chain alkyl (-CH2-CH-) formed by the

polymerization. Accordingly, the resulting less reactive and sterically bulkier

chain-end anion may very slowly add to the less reactive pendant vinyl group,

while one of the activated double bond of the monomer can be preferentially

reacted with the chain-end anion to allow the polymerization as illustrated in

Scheme 2.

It is known that carbanionic species react with the C�C bonds that are activated

by aryl conjugation. Furthermore, the hydrogen directly attached to the C�C bond

and methyl and methylene protons next to the C�C bond are acidic enough to react

with the carbanionic species. Nonetheless, the living anionic polymerization of both

4-(3,3-dimethyl-1-butynyl)styrene and 4-phenylethynylstyrene shown in Fig. 9 was

successfully carried out at �78 �C [29]. The living anionic polymerization of

4-(1-hexynyl)styrene having active methylene protons was also feasible under the

same conditions. The success of the living anionic polymerization of such styrenes

may be attributed to the stabilization of the chain-end anions by charge delocali-

zation via the conjugation systems from the benzene rings to the C�C bonds. As

would be expected, the polymerization of 4-(1-hexynyl)styrene either in THF at

0 �C or in benzene at 20 �C gave the polymers with multimodal distributions of

molecular weight, possibly due to proton abstraction of the methylene chain next to

the C�C bond during the polymerization. Since 4-ethynylstyrene cannot be

anionically polymerized possibly due to the proton abstraction of the anionic

Fig. 8 SEC profile of poly

(DVB) (Mn¼ 26,400, Mw/

Mn¼ 1.04)
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initiator with the acidic proton attached to the C�C bond, protection is needed

prior to the polymerization. This will be discussed in the next section.

2.1.3 Ether-, tert-Amine-, and Sulfide-Substituted Styrene Derivatives

Ethers and tert-amines are often used as solvents or additives in the living anionic

polymerization of styrene. This indicates that the living anionic polymerization of

styrene derivatives substituted with ethers and tert-amines is possible. In practice,

the living anionic polymerizations of 2- and 4-methoxystyrenes, 4-tert-
butoxystyrene [30], 4-dimethylaminostyrene [31], 4-dimethylaminomethylstyrene

[31], and 4-(2-dimethylaminoethyl)styrene [31] were successfully demonstrated.

Interestingly, the specific styrenes substituted with crown ethers were reported to

undergo the living anionic polymerization [32]. The resulting living polymers were

stable in THF at below �50 �C. Recently, the living anionic polymerization of

4-diphenylaminostyrene [33] and a similar analog [34] was reported to yield

Fig. 9 Alkynyl-substituted

styrene derivatives
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interesting functional polymers and block polymers with chromophore and hole-

transporting characteristics.

Thioethers (or sulfides) are known to be more reactive toward the carbanions

than the corresponding ethers, since the cleavage of the C-S bonds and proton

abstraction of the methyl or methylene next to the sulfur atom by carbanions were

previously reported. However, it was demonstrated that the living anionic poly-

merizations of both 4-vinylphenyl methyl sulfide and 2-(4-vinylphenyl)ethyl

methyl sulfide were successful in THF at �78 �C [35]. The resulting polymers

were observed to possess well-controlled predictable molecular weights and narrow

molecular weight distributions (Mn¼ 11,000–59,000 g/mol, Mw/Mn¼ 1.02–1.05).

On the hand, the anionic polymerization of 4-vinylphenyl methyl sulfide with sec-
BuLi in benzene at 20 or even 0 �C was problematic. The polymers with broad

molecular weight distributions were obtained in low yields, indicating that the

above-mentioned reactions occurred during the course of the polymerization.

Figure 10 shows all the substituted styrene derivatives capable of undergoing the

living anionic polymerization.

2.1.4 Halostyrene Derivatives

The living anionic polymerizations of 4-chlorostyrene and 4-bromostyrene were

reported in 1976 (Shima et al.) and 1983 (K€onigsberg et al.), respectively. In

contrast to these results, it was also reported that serious side reactions occurred

in the same polymerization systems to give polymers with broad or multimodal

molecular weight distributions. The repeated polymerization of both monomers

under the same conditions by our group also yielded similar polymers whose
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Fig. 10 Ether-, tert-amine-, and sulfide-substituted styrene derivatives
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molecular weight distributions were multimodal in all cases. Thus, the above

polymerization results appear extremely doubtful. On the other hand, both 2- and

4-fluorostyrenes shown in Fig. 11 were observed to quantitatively polymerize in a

living manner in THF at �78 �C to afford polymers with predictable molecular

weights (Mn¼ 13,000–47,000 g/mol) and narrow molecular weight distributions

(Mw/Mn¼ 1.07–1.10) [36]. The stability of the C-F bond toward carbanion is thus

obvious.

2.1.5 Metal-Containing Styrene Derivatives

Since the silicon atom is situated next to the carbon atom in periodic table, the C-Si

bond is considered to be relatively stable to both nucleophilic and electrophilic

attacks. In fact, the C-Si bond is compatible with carbanionic species often used as

anionic initiators and many RLi compounds containing C-Si bonds are practically

synthesized. The living anionic polymerization of 4-trimethylsilylstyrene was

reported in 1982 as the first successful example [37]. Soon after,

4-dimethylvinylsilylstyrene [30] and 4-dimethylallylsilyl-α-methylstyrene [38]

were reported to undergo the living anionic polymerization. This success is some-

what surprising because these styrenes involve the reactive vinyl silyl and allyl silyl

functions. At almost the same time, Hirao and Nakahama successfully demon-

strated that the anionic polymerization of a variety of styrene derivatives with labile

Si-O, Si-N, Si-H, Si-Si, and even Si-Si-Si bonds smoothly proceeded in a living

manner to afford stable living polymers in THF at �78 �C [3, 39, 40]. The typical

monomers are 4-methoxydimethylsilyl-, 4-ethoxydimethylsilyl-, 4-isopropoxydi-

methylsilyl-, 4-diethoxymethylsilyl-, 4-triethoxysilyl-, 4-dimethylsilyl-,

4-methylsilyl-, 4-(diethylamino)dimethylsilyl-, 4-pentamethyldisilyl-, and

4-heptamethyltrisilylstyrenes [41] (see Fig. 12). The success of the living anionic

polymerization of such styrene derivatives is particularly surprising considering the

facts that all the above Si-X (X¼O, H, and Si) bonds except for the Si-N bond

readily react with RLi compounds and similar reactive carbanionic species. Indeed,

the choice of the polymerization conditions proves the critical importance of

achieving their living anionic polymerizations. The resulting polymers were all

precisely controlled in Mn values up to 100,000 g/mol, narrowly distributed in

molecular weight distributions (Mw/Mn <1.1) and possessed valuable functional

polymers with reactive silyl groups useful for the post-functionalization.

F

F

Fig. 11 2- and

4-fluorostyrenes
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Although germanium and tin atoms also belong to the same family as carbon,

C-Ge and C-Sn bonds are more reactive with nucleophilic reagents than the C-Si

bond. However, the living anionic polymerization of 4-tributylgermyl- and

4-triphenylgermylstyrenes and 4-triphenyltinstyrene shown in Fig. 13 was realized

in THF at �78 �C [42, 43]. Fujimoto et al. reported the living anionic polymeriza-

tion of 4-bis(diethylamino)phosphio-α-methylstyrene to yield the polymers with

predictable molecular weights and narrow molecular weight distributions

[44]. Thus, the P-N as well as P-C bonds were sufficiently stable below �30 �C
under the living anionic polymerization condition. The (diethylamino)phosphio

group was readily hydrolyzed and converted to either the HP(O)(OH) or P(O)

(OH)2 group. The living anionic polymerizations of both 3- and

4-diphenylphosphinostyrenes with tert-BuLi in THF at �85 �C were also reported

[45]. The stability of the P-C bond toward the carbanionic species was again

demonstrated. The resulting polymers are expected to be polymeric ligands that

can complex with transition-metal catalysts or stabilize metal nanoparticles.

In this Sect. 2.1, the living anionic polymerizations of several functional styrene

derivatives were introduced. It was found that the number of functional groups

amenable to the living anionic polymerization was more than that might be

expected. The chain-end anions derived from such functional styrene derivatives

are roughly comparable in reactivity to the chain-end anion of polystyrene from the

observation that crossover block copolymerization of each monomer with styrene is
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possible. The molecular weights of the resulting polymers can be precisely con-

trolled in the range from a few thousands to 105 g/mol and their Mw/Mn values are

usually less than 1.1. It should be mentioned that most of the living anionic poly-

mers described herein are stable enough at �78 �C in THF, but gradually

deactivated at elevated temperature. On the other hand, styrene derivatives

substituted with alkyl, aryl, tert-amino, and trimethylsilyl groups undergo the living

anionic polymerization with RLi compounds in hydrocarbon solvents at room

temperature or higher temperatures, thus affording stable living polymers.

2.2 Protection and Living Anionic Polymerization
of Functional Styrene Derivatives

2.2.1 Protective Strategy

Functional groups having active hydrogen(s) and/or carbonyl groups, such as OH,

SH, SiOH, NH2, C�CH, CHO, COR, and COOH, are not compatible with the

anionic initiators used for the polymerization of styrene and the chain-end anion,

thus rendering the living anionic polymerization of styrene derivatives substituted

with such functionalities very difficult or probably impossible. As one of the

solutions to overcome this difficulty, the strategy of introducing the concept of

protection into living anionic polymerization was proposed by Hirao and

Nakahama in the 1980s [3, 4, 40, 46–49]. It involves the following three reaction

steps, as illustrated in Scheme 3: first, the functional group is suitably masked by an

appropriate protective group to convert it to a stable form under the living anionic

polymerization conditions. Second, the resulting styrene carrying the protected

functionality is subjected to the living anionic polymerization. Finally, the protec-

tive group is removed to regenerate the original functional group after the poly-

merization. Important in this strategy is that the protected functionality is required

to be completely stable during the course of the living anionic polymerization.

Otherwise, the polymerization cannot be controlled due to the termination and/or

F P P

M

MeOH

P F

1) Protection 2) Living Anionic

Polymerization

3) Deprotection F : Functional Group

P : Protected Functionality

Scheme 3 Protection and living anionic polymerization of functional styrene
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transfer reactions. One more requirement is the quantitative removal of the protec-

tive group after polymerization without damaging the resulting polymers. The

reason is that, unlike low-molecular-weight compounds, the residual protected

functionality and/or unwanted byproducts cannot be separated from the regenerated

original functional group on the same polymer chain. If this strategy indeed works,

the resulting polymer should have a functional group in each monomer unit and

retain all the advantageous features of the living anionic polymerization.

The first successful example of this strategy using a protective group is the

synthesis of poly(4-vinylphenol)s with well-controlled and nearly monodispersed

chain lengths by the living anionic polymerization of 4-tert-butyldimethylsilylox-

ystyrene (TBDMSOS) shown in Fig. 14, a protected form of 4-vinylphenol with the

tert-butyldimethylsilyl (TBDMS) group, and the subsequent removal of the silyl

protective group to regenerate the phenolic hydroxyl group [50]. As shown in

Scheme 4, the phenolic hydroxyl group of 4-vinylphenol is first masked by a

TBDMS protective group and the resulting monomer, TBDMSOS, is subjected to

the anionic polymerization in THF at �78 �C with sec-BuLi as the initiator. After
mixing the initiator with the monomer, a reddish orange color, similar to living

polystyrene, immediately appeared and remained unchanged even after 24 h. The

polymerization efficiently proceeded to quantitatively yield the poly(TBDMSOS).

The resulting polymer exhibited a sharp monomodal SEC peak (Mw/Mn¼ 1.04) and

possessed an Mn value of 54,000 g/mol in good agreement with the predictable

value of 52,000 g/mol. This protected monomer, TBDMSOS, was also polymerized

with each of the various initiators, such as BuLi, lithium, sodium, or potassium

O O O

Si

O O O

O

O

SiSi

Fig. 14 Silyl-, ether-, and acetal-protected 4-vinylphenol derivatives

O
OH

O OH

Protection Living Anionic

Polymerization

DeproectionMeOH

SiSi

Scheme 4 Synthesis of well-defined poly(4-vinylphenol) by the living anionic polymerization of

TBDMSOS, followed by deprotection
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naphthalenide, oligo(α-methylstyryl)lithium or potassium, and cumylpotassium.

The results are listed in Table 2. Similar to the case of styrene, no polymerization

occurred with the less reactive anionic initiators like RMgX, LiAlH4, NaH, NaNH2,

and KOBut.

The TBDMS protective group was readily and quantitatively removed by treat-

ment with 2 N HCl in a mixture of THF and water (5/1, v/v) or (C4H9)4NF in THF at

room temperature. The resulting poly(4-vinylphenol)s showed narrow monomodal

molecular weight distributions almost identical to those of the parent poly

(TBDMSOS)s. They were soluble in methanol, ethanol, THF, 1,4-dioxane, acetone,

and pyridine, but insoluble in hexane, benzene, toluene, carbon tetrachloride, and

chloroform. As expected, they were insoluble in water, but soluble in a 2 N NaOH

aqueous solution. Thus, the poly(4-vinylphenol)s are considerably different in

solubility from polystyrene.

Similar or sterically bulkier triisopropylsilyl, tert-butyldiphenylsilyl, and tert-
hexyldimethylsilyl protective groups were effective for protection during the

course of the living anionic polymerization of their silyl-protected monomers (see

Fig. 14) [51, 52]. On the other hand, the protection of the phenolic hydroxyl

function of 4-vinylphenol by a less bulky trimethylsilyl, trimethylsilyl, or

isopropyldimethylsilyl group was not successful. Thus, a certain steric hindrance

of the silyl protective groups is essential for the protection in order to achieve the

living anionic polymerization.

As also shown in Fig. 14, the phenolic hydroxyl group could also be protected by

converting it to the methoxymethyl, tetrahydropyranyl, or tert-butyl ether forms

[30, 53]. The resulting styrenes with acetal- or ether-protected hydroxyl function-

ality underwent the living anionic polymerization to yield stable living polymers in

THF at �78 �C. However, small amounts of dimeric or higher molecular weight

polymer fractions were often byproducts of their deprotection steps even with very

careful treatments.

In addition to the protection of the phenolic hydroxyl group, the TBDMS group

was effective for the protection of alcoholic hydroxyl and mercapto groups [54–

56]. The TBDMS-protected styrene derivatives shown in Fig. 15 smoothly

Table 2 Anionic polymerization of TBDMSOS in THF at �78 �C for 1 h

Initiator

Mn(g/mol) Mw/Mn

Calculated SEC-RALLS SEC SEC-RALLS

sec-BuLi 10,500 11,100 1.04 1.02

sec-BuLi 27,200 28,400 1.02 1.01

sec-BuLi 110,000 114,000 1.02 1.01

sec-BuLi/αMSa 45,000 51,000 1.03 1.01

Li-Naph 10,000 11,000 1.05 1.02

K-Naph 20,000 20,000 1.07 1.03

K-Naph/αMSb 43,300 48,400 1.05 1.02
aOligo(α-methylstyryl)lithium
bOligo(α-methylstyryl)dipotassium

Nonpolar Monomers: Styrene and 1,3-Butadiene Derivatives 79



underwent the living anionic polymerization. Interestingly, the protection of the

alcoholic hydroxyl group by the less bulky trimethylsilyl or triethylsilyl group was

possible in order to achieve the living anionic polymerization of such silyl-

protected monomers without difficulty.

The TBDMS group was also successful for the protection of the acetyl group of

4-vinylacetophenone by converting it to the TBDMS enol ether form, followed by

the living anionic polymerization of this protected monomer (see Fig. 15) [57]. The

TBDMS-protected functionality was readily and quantitatively removed by treat-

ment with (C4H9)4NF in THF at room temperature. Similarly, the TBDMS enol

ethers of 4-vinylpropiophenone and 4-isopropenylacetophene were observed to

undergo the living anionic polymerization (Mn¼ 11,000–54,000 g/mol, Mw/

Mn¼ 1.02–1.06). Unfortunately, the trimethylsilyl enol ethers of the three mono-

mers were not stable under the anionic polymerization conditions.

The active hydrogens of 4-aminostyrene could be protected by the trimethylsilyl

(TMS) group for the same purpose and the living anionic polymerization of the

resulting silyl-protected monomers shown in Fig. 16 was indeed successful [58].

Deprotection of the silyl group was readily achieved by mild acidic hydrolysis or

the use of (C4H9)4NF in THF if anhydrous conditions were required. Similarly, two

more aminostyrene derivatives were successfully protected by the TMS group [59,

60]. The resulting polymers possessed well-controlled molecular weights and

narrow molecular weight distributions (Mn¼ 13,000–53,000 g/mol and Mw/

Mn¼ 1.04–1.15).
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Fig. 15 tert-Butyldimethylsilyl-protected hydroxystyrene, mercaptostyrene, and vinylace-

tophenone derivatives
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Fig. 16 Trimethylsilyl-protected amino and ethynyl styrene derivatives

80 A. Hirao and K. Takenaka



The same TMS protection of the acidic hydrogen of 4-ethynylstyrene is also

possible. The resulting protected monomer, 4-trimethylsilylethynylstyrene,

underwent the living anionic polymerization in THF at �78 �C [61] (also see

Fig. 16). The TMS group was quantitatively removed with (C4H9)4NF in THF at

room temperature. The living anionic polymerization could also be achieved under

the same conditions by protecting the acidic proton of the C�C bonds of

3-ethynylstyrene and 4-(3-butynyl)styrene [62, 63]. These results are listed in

Table 3.

In organic synthesis, acetals are often used for the protection of aldehydes and

ketones and quantitatively deprotected under mild acidic conditions. Acetals are

well known to be stable toward RLi and similar reactive carbanionic species. The

formyl group of 4-vinylbenzaldehyde was converted to the several acetal forms

shown in Fig. 17 and the resulting acetal-protected monomers were subjected to the

anionic polymerization. Very surprisingly, no polymerization took place in all cases

under various conditions (sec-BuLi, lithium, sodium or potassium naphthalenide,

oligo(α-methylstyryl)lithium, or cumylpotassium in THF at�78 �C and sec-BuLi in
benzene at 0 or 20 �C). Similarly, the anionic polymerization of the acetal-protected

Table 3 Living anionic polymerization of 4-trimethylsilylethynylstyrene (1),

3-trimethylsilylethynylstyrene (2), and 4-(4-trimethylsilyl-3-butynyl)styrene in THF at �78 �C
for 10–60 min

Monomer Initiator

Mn g/mol Mw/Mn

Calculated Observed (VPO) SEC LS

(1) K-Naph/αMSa 12,000 10,000 1.04 1.02

(1) K-Naph/αMS 25,000 25,000 1.04 1.02

(1) sec-BuLi/αMSb 42,000 40,000 1.08 1.05

(2) K-Naph/αMS 23,000 19,000 1.10 1.07

(3) K-Naph/αMS 12,000 11,000 1.09 1.06

(3) sec-BuLi/αMS 21,000 20,000 1.07 1.03
aPotassium naphthalenide capped with α-methylstyrene
bsec-BuLi capped with α-methylstyrene.

O OO O
O O

O OO O N N

O

O O O

No Polymerization

O

O

Fig. 17 Acetal-, N,N-acetal, and orthoester-protected styrene derivatives
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4-vinylacetophenone was not successful. As compared to the above results, the

N,N-acetal-protected 4-vinylbenzaldehyde (also see Fig. 17) was able to undergo

the living anionic polymerization in THF at �78 �C (Mn¼ 12,000–40,000 g/mol,

Mw/Mn¼ 1.05–1.07) [64]. The resulting living polymer was stable after 24 h and

polymerized styrene, isoprene, or MMA to yield the corresponding well-defined

block copolymers.

The hydroxyl groups of the diol and triol can be simultaneously protected as the

anion-stable acetal and structurally similar orthoester forms. The living anionic

polymerization of the acetal- and orthoester-protected styrene derivatives (also see

Fig. 17) was observed to successfully proceed without any problems [65]. As

mentioned before, the acetal protection of the phenolic hydroxyl group of

4-vinylphenol was successful in the living anionic polymerization. Thus, these

results clearly show the sufficient stability of the acetal- and orthoester-protected

functionalities toward the anionic initiators and chain-end anions. Accordingly, the

instability of the acetal-protected functionalities of both 4-vinylbenzaldehyde and

4-vinylacetophenone seems to be peculiar. This will be discussed later.

Silanols were successfully protected as the silyl alkyl ether and silylamine

forms, which were stable under the conditions of the living anionic polymerization

of styrene. These were already discussed in the preceding Sect. 2.1.5. The protec-

tive groups can be quantitatively removed under mild acidic conditions and the

regenerated silanols are generally unstable and immediately form the

corresponding Si-O-Si bonds by dehydration or react with metallic and inorganic

materials via the Si-O-M bonds.

2.2.2 Living Anionic Polymerization of Styrene Derivatives Including

Benzyl Ether Skeletons

The ether, silyl ether, acetal, or orthoester form is often used as suitable protective

group for the hydroxyl groups as well as aldehydes, ketones, and carboxylic acids.

In practice, the phenol, alcohol, diol, and triol functions were protected by

converting them to ether, silyl ether, acetal, and orthoester forms and the resulting

protected styrene derivatives successfully underwent the living anionic polymeri-

zation without any difficulty. This success clearly demonstrates that such protected

functionalities are basically stable toward the anionic initiators and their chain-end

anions produced during the polymerization. As mentioned in Sect. 2.2.1, however,

the anionic polymerization of the acetal-protected 4-vinylbenzaldehyde and

4-vinylacetophenone was not successful under various conditions. In addition, the

TBDMS-protected 4-vinylphenol and 4-(2-hydroxyethyl)- and

4-(3-hydroxypropyl)styrenes could be anionically polymerized in a living manner,

while the anionic polymerization of the TBDMS-protected

4-hydroxymethylstyrene (or 4-vinylbenzyl alcohol) failed under exactly the iden-

tical conditions [52]. Furthermore, both methyl and tert-butyl 4-vinylbenzyl ethers,
regarded as the ether-protected 4-vinylbenzyl alcohol, were not polymerized with

either sec-BuLi, oligo(α-methylstyryl)lithium, lithium naphthalenide, potassium
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naphthalenides, or cumylpotassium in THF at �78 �C as well as with sec-BuLi in
benzene at 0 or 20 �C [66]. Based on these results, it has been observed that a series

of styrene derivatives including both the benzyl silyl ether and benzyl ether

skeletons shown in Fig. 18 exhibit anomalous anionic polymerization behaviors.

Furthermore, in the polymerization of the acetal- or orthoester-protected monomers

listed in Fig. 18, the red color characteristic of oligo(α-methylstyryl)lithium used as

the initiator almost instantly disappeared upon mixing with each monomer and no

polymer or only small amounts of insoluble polymers were obtained under the

conditions in THF at�78 �C [52, 67, 68]. When the difunctional living polystyrene

was added to each monomer under the same conditions, gel-like insoluble materials

immediately formed in place of the expected block copolymers. IR analyses of such

materials showed that they were cross-linked polystyrenes containing a few mono-

mer units used.

In contrast, it was observed that all of the correspondingmeta-substituted styrene
derivatives with the same protected functionalities, as shown in Fig. 19, were

successfully polymerized in a living manner in THF at �78 �C to quantitatively

afford the polymers with predictable molecular weights (Mn¼ 5,000–50,000 g/mol)

and narrow molecular weight distributions (Mw/Mn <1.1) [52, 67, 68]. Both the

ABA and BAB triblock copolymers were obtained by the sequential addition of

styrene and each monomer to oligo(α-methylstyryl)dilithium or vice versa. Thus, a

stable living anionic polymer was obviously obtained from each of the meta-
substituted monomers. Accordingly, it was proved that the ether, silyl ether, acetal,

and orthoester linkages are essentially stable toward the anionic initiators and the

chain-end anions derived from these monomers. In a separate experiment, benzyl

methyl ether, benzyl TBDMS ether, phenyl-1,3-dioxolane, and benzaldehyde

diethylacetal were observed to be completely stable to polystyryllithium (PSLi)

in THF at �78 �C even after 24 h. Accordingly, the termination reactions that

O OO O
O

OOO O O O OSi

Fig. 18 Silyl ether-,ether-, acetal, and orthoester-protected styrene derivatives
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Fig. 19 meta-Substituted styrene derivatives with silyl ether, ether, acetal, and orthoester

functionalities
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occurred during the polymerization of the para-substituted styrene derivatives were
found to not result from the direct attack on the (silyl)ether, acetal, and orthoester

moieties used as protected functionalities by the anionic initiators and/or their

chain-end anions if produced.

More importantly and indicatively, the para-substituted styrene derivatives

shown in Fig. 20, in which their protected functionalities are separated from the

benzene rings by one or two methylene chains, successfully undergo the living

anionic polymerization under the same conditions [52, 67–69]. Again, these results

clearly demonstrated that the silyl ether, ether, acetal, and orthoester functionalities

were compatible with the anionic initiators and their chain-end anions. Thus, the

anomalous polymerization behavior of the para-substituted styrene derivatives may

possibly be attributed to the para-benzyl ether skeletons included as common

structural frameworks, as shown in Fig. 18.

A suggested reaction was previously reported by Rickborn et al. [70, 71]. As

shown in Scheme 5, o-tolualdehyde dimethyl acetal underwent an anion

rearrangement, followed by a 1,4-elimination of the alkoxide anion upon treatment

with LiN(Pri)2, thus generating the very reactive α-methoxy-o-xylylene intermedi-

ate. This reaction pathway may also be adaptable to the para-isomer, whose

carbanion generated by methyl proton abstraction looks very similar to the chain-

end anion produced during the anionic polymerization of 4-vinylbenzaldehyde

diethyl acetal. As expected, the corresponding meta-isomer cannot occur because

the compound showing the chemical formula ofm-xylylene is not present. Thus, the
following reaction pathway shown in Scheme 6 was proposed to account for the

anomalous polymerization behavior of all the para-substituted styrene derivatives

including the para-benzyl ether skeletons.

O OOSiO OSiO O

O

Fig. 20 para-Substituted styrene derivatives with silyl ether, ether, acetal, and orthoester func-

tionalities not including the para-benzyl ether skeletons

CH3 O
Me

O
Me LiN(i-C3H7)2

O
Me

O
Me

CH2

O
Me

+ MeO
1,4-Elimination

CH2

Scheme 5 Reaction of o-tolualdehyde dimethyl acetal with lithium diisopropylamide
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As can be seen, a few monomers are polymerized with sec-BuLi and the

subsequent chain-end anion rearrangement occurs to generate a very reactive p-
xylylene intermediate via a 1,6-elimination reaction of the alkoxide anion. The

coupling reaction between the reactive p-xylylene intermediates and/or the addition

of the carbanion to the tetraene moiety of the xylylene would then occur during the

early stage of the polymerization. Consequently, the corresponding polymer was

not produced and most of the unreacted monomer was recovered. With the use of

difunctional living polystyrene, the xylylene intermediates may be generated at

both chain ends via the same reaction pathway, followed by occurrence of the above

unwanted coupling and/or addition reactions, resulting in the formation of the

cross-linked polymer.

In order to further ascertain the reaction pathway, 2-methyl-2-(2-vinylphenyl)-

1,3-dioxolane of the ortho-substituted monomer was subjected to the anionic

polymerization [67]. As would be expected, no polymerization took place under

the same conditions. The reaction of the difunctional living polystyrene with this

monomer yielded an insoluble cross-linked material. Thus, the anionic polymeri-

zation of the ortho-substituted styrene showed exactly the same behavior as the case

using the para-isomeric monomer. As already mentioned, 4-methoxymethylstyrene

could not be polymerized, while somewhat surprisingly, 2-methoxymethylstyrene

of the ortho-isomer was observed to polymerize in a living manner in THF at

�78 �C [72]. Furthermore, the living anionic polymerization of three other

2-alkoxymethystyrenes shown in Fig. 21 was feasible under the same conditions.

The resulting polymers possessed predictable molecular weights (Mn¼ 10,000–

33,000 g/mol) and narrow molecular weight distributions (Mw/Mn¼ 1.03–1.09).

However, it was observed that their living anionic polymers were sensitive to

temperature and unstable by raising the temperature. The molecular weight distri-

butions became broader and/or multimodal by storing the polymerization mixture at

O R O R O R

sec-BuLi CH2-CH CH2-CH CH2-CH

R+ O

Scheme 6 Proposed reaction pathway occurred in the anionic polymerization

O O O
O

O

Fig. 21 2-Alkoxymethylstyrene derivatives
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�30 �C for a few hours, possibly due to occurrence of the above-mentioned

unwanted reaction.

It should be emphasized that the success of the living anionic polymerization of

the protected monomers shown in Figs. 19 and 20 allows access to a variety of new

polystyrenes functionalized with OH, CHO, COR, and COOH groups in each

monomer unit. An advantageous application of this polymerization strategy is the

synthesis of well-defined polystyrene derivatives substituted with various mono-

saccharide moieties. The synthesis was carried out by the living anionic polymer-

ization of several styrene derivatives carrying monosaccharide moieties, whose OH

groups were acetal-protected, followed by removal of the acetal protective group

after the polymerization. The monomers used for this purpose are meta-substituted
styrenes or para-substituted styrenes except for the monomers containing the

benzyl ether skeletons, as shown in Fig. 22. All the protected styrenes underwent

the living anionic polymerization in THF at �78 �C to afford the polymers with

precisely controlled molecular weights (Mn¼ 10,000–82,000 g/mol) and narrow

molecular weight distributions (Mw/Mn¼ 1.04–1.13) [73–76]. Well-defined AB,

ABA, and BAB-type block copolymers of styrene with each monomer could also be

synthesized. After mild acidic hydrolysis, their acetal linkages were readily and

quantitatively removed to regenerate the original monosaccharides such as

D-glucose, D-galactose, D-fructose, and L-sorbose. The resulting well-defined

polymers are attractive water-soluble functional polymers, which have many chiral

centers and ability to recognize specific compounds.
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Fig. 22 Styrene derivatives substituted with acetal-protected monosaccharide residues
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One more advantage is the synthesis of poly(m-halomethylstyrene)s with well-

defined structures. Needless to say, the direct anionic polymerization of m-
halomethylstyrenes is not possible due to the reaction of the highly reactive benzyl

halide moieties with the anionic initiators. Hirao and Hayashi successfully devel-

oped the synthesis of poly(m-chloromethylstyrene) by the living anionic polymer-

ization of 3-tert-butyldimethylsilyloxymethylstyrene and the subsequent

transformation of the TBDMS-protected functionality to the m-benzyl chloride
function by treatment with BCl3 [77] (see Fig. 23). The complete conversion was

achieved in CH2Cl2 at 0
�C for 30 min. SEC profiles of the polymers before and

after the transformation reaction exhibited almost identical sharp monomodal

peaks.

Similarly, both poly(m-bromomethylstyrene)s and poly(m-iodomethylstyrene)s

were synthesized by treatment of the same TBDMS-protected polystyrene with

(CH3)3SiCl/LiBr and (CH3)3SiCl/NaI, respectively [78]. A series of comb-like

polystyrenes were successfully prepared by the coupling reaction of poly(m-chloro
(or bromo)methylstyrene) with living anionic polystyrene end-capped with

1,1-diphenylethylene [79]. These prepared polymers were highly dense comb-like

polystyrenes, in which one branch chain per each repeating unit was present and

both the branch and main chains were precisely controlled.

In this section, the anionic polymerizations of a series of styrene derivatives

composed of benzyl ether skeletons have been examined. The meta-substituted
styrenes underwent the living anionic polymerization in THF at �78 �C without

difficulty, while no appreciable polymerization of the corresponding para- and

( CH2-CH )n

O
Si

BCl3 ( CH2-CH )n

Cl
Me3SiCl/LiBr ( CH2-CH )n

Br

Me3SiCl/NaI ( CH2-CH )n

I

Fig. 23 Synthesis of well-defined poly(m-halomethylstyrene)s
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ortho-isomeric monomers, except for the 2-alkoxymethylstyrenes, occurred under

the same conditions. In order to account for this anomalous polymerization behav-

ior depending on the position of the protected functionalities, the reaction pathway

involving the generation of the reactive para- or ortho-xylylene intermediate, via

the anion rearrangement and 1,6- or 1,4-elimination reaction of the alkoxide anion,

was proposed. For the para-substituted styrene derivatives, it was found that the

living anionic polymerization made it possible by separating the protected func-

tionalities from the benzene rings by one or two methylene chains. The resulting

living anionic polymers are roughly similar in both reactivity and stability to the

living polystyrene as well as the living polymers of the styrene derivatives carrying

other protected functionalities introduced in Sect. 2.1.

2.3 Living Anionic Polymerization of Functional Styrene
Derivatives Substituted with Electron-Withdrawing
Groups

As another effective strategy to achieve the living anionic polymerization of

functional styrene derivatives, Ishizone et al. introduced a series of electron-

withdrawing groups (EWGs) into the styrene frameworks to significantly change

the reactivities of the monomers and their chain-end anions [80, 81]. Such EWGs

used for this purpose involve N-alkyl- and arylimines, N,N-dialkylamides,

2-oxazoline, alkyl and aryl esters, N,N-dialkylsulfonamides, and nitrile. Indeed,

the anionic reactivities of the styrene derivatives para-substituted with these EWGs

were remarkably enhanced by their strong electron-withdrawing effects to reduce

electron densities on the vinyl groups. This is evidenced by the lower 13C NMR

chemical shifts of the vinyl β-carbons of these monomers, as compared to the value

of styrene shown in Table 4. These lower values demonstrate that the π-electron
densities on the vinyl group decreased to various extents by introducing the above-

listed EWGs.

On the other hand, the reactivities of the resulting chain-end anions were

significantly lowered by reducing the electron densities on the anions through the

same electron-withdrawing effects. These reactivity changes of the monomers and

chain-end anions were also confirmed by the crossover block copolymerization of

other monomers [82]. Thus, the well-balanced combination between the enhanced

monomer reactivities and the reduced reactivities of their chain-end anions made it

possible to achieve the living anionic polymerization of EWG-para-substituted
styrene derivatives. In particular, the reduced chain-end anion reactivities may be

attributed to the compatibility of such electron-withdrawing functional groups with

the living anionic polymers because these functional groups generally react with the

living polystyrene.
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All of the successful EWG-substituted styrene derivatives in the living anionic

polymerization are shown in Fig. 24. The resulting polymers possessed well-

controlled molecular weights (Mn¼ 10,000–100,000 g/mol) and narrow molecular

weight distributions (Mw/Mn¼ 1.03–1.12) [83–99]. The typical characterization

results are listed in Table 5.

Based on the crossover block copolymerization results, all of the styrene deriv-

atives were found to be more reactive than styrene, while their chain-end anions

were less reactive than the living polystyrene [86]. The substituted styrenes with

imines, 2-oxazoline, or N,N-dialkylamides were similar to 2-vinylpyridine with

R = Me, Et, Pr, iPr, Allyl
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Fig. 24 para-EWB-substituted styrene derivatives

Table 4 13C NMR vinyl β-carbon chemical shift values of para-EWG-substituted styrene

derivatives

EWG

EWG Cb (ppm)

-CON(iC3H7)2

-CH=N-C6H11

O

N

-COOC(C4H9)3

-SO2N(C2H5)2

-C N

113.8-H(styrene)

114.8

114.9

115.3

116.0

117.0

117.6
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respect to the reactivities of the monomer and chain-end anion, while the styrenes

carrying esters and N,N-dialkylsulfonamides were almost comparable to methyl

and tert-butyl methacrylates in anionic polymerization behavior. Surprisingly,

4-cyanostyrene appears more reactive than tert-butyl methacrylate, although it is

a styrene derivative. Therefore, a careful addition order of monomers is needed for

the synthesis of block copolymers among these EWG-substituted styrenes and other

monomers, such as styrene, 2VP, and alkyl methacrylates, by the sequential addi-

tion polymerization.

As an additional advantage, some EWGs can be transformed into other func-

tionalities. As shown in Scheme 7, the hydrolysis of polystyrenes para-substituted
with esters, 2-oxazoline, and N-alkyl-, N-aryl imines yielded poly(4-vinylbenzoic

acid)s and poly(4-vinylbenzaldehyde)s, respectively. These functional polymers

were observed to still possess well-controlled molecular weights and narrow

molecular weight distributions. Both well-defined poly(4-aminomethylstyrene)

and poly(4-vinylbenzoic acid) were obtained in high yields by the reduction and

oxidation of poly(4-vinylbenzonitrile). Thus, the proposed strategy using the

electron-withdrawing character of the functional groups satisfactorily works and

opens a promising route for providing new living anionic polystyrenes carrying

polar functional groups.

Table 5 Living anionic polymerization of para-EWG-substituted styrene derivatives

Mn (g/mol)

calcd SLS SEC
EWG

EWG

n

-CO(C2H5)2

-CON(iC3H7)2

-CON(CH2CH=CH2)

29,000 34,000 1.05

21,000 20,000 1.06

26,000 23,000 1.08

-CH=N-C6H11

-CH=N-iC3H7

33,000 29,000 1.07

22,000 24,000 1.06

N

O

15,000 13,000 1.06

67,000 75,000 1.07

-COO 26,000 32,000 1.04

-SO2N(C2H5)2
33,000 38,000 1.09

45,000 59,000 1.08

-C N
13,000 14,000 1.05

99,000 122,000 1.09

Mw/Mn

Polymerizations were carried out in THF at �78 �C for 1–24 h.
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3 1,3-Butadiene Derivatives

The living anionic polymerization with stereochemistry of 1,3-butadiene and iso-

prene has been widely investigated from the viewpoint of the industrial production

of synthetic elastomers. Among the synthesized polymers, highly cis-1,4-regulated
polymers are of special importance, because they are very similar in elastic property

to natural rubber and industrially produced roughly comparable in amount to

natural rubber. In addition to such cis-1,4 polymers, several copolymers of styrene

and 1,3-butadine and/or isoprene, their hydrogenated polymers, and ABA triblock

copolymers of PS-b-PB-b-PS and PS-b-PI-b-PS, known as thermoplastic elasto-

mers, are also industrially produced as important synthetic elastomers used in

various fields.

Since the elastic properties of the 1,3-diene polymers significantly depend on the

microstructure of the repeating units shown in Fig. 25, most of the studies have

focused on controlling the cis-1,4 microstructures by changing the reaction vari-

ables, such as initiator, solvent, additive, temperature, and substituent. For the

synthesis of highly cis-1,4-regulated PB and PI by anionic polymerization, it has

been almost established that the use of RLi compounds as initiators in aliphatic

hydrocarbon media is essential. In practice, 96 % cis-1,4-PI with 4 % 3,4-content

was obtained in heptane with BuLi at�10 �C. Under somewhat specific conditions,

the highest cis-1,4 regulation up to 98 % was achieved in bulk at a low initiator

concentration (ca. 10�6 M). The synthesis of a high percent cis-1,4 PB is rather

difficult and the polymers consisting of 50–86 % cis-1,4 contents are generally

obtained under similar conditions, although a total of 1,4 microstructures of over

90 % is achieved. It is also well known that their cis-1,4 and even trans-1,4 contents
are drastically reduced by changing either the initiator from RLi to initiators

bearing Na+ or K+ or solvents from aliphatic hydrocarbons to polar media such as

THF, ethers, and tert-amines. Such subjects regarding the microstructures of the

n

COOtBu

n

O N

n

COOH

n

CHO

n

N

n

C N

n

COOH

n

CH2NH2

Scheme 7 Synthesis of well-defined poly(4-vinylbenzoic acid)s, poly(4-vinylbenzaldehyde), and

poly(4-aminomethylstyrene)
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polymers obtained under various conditions were described in more detail in the

book previously published by Quirk and Hsieh [3, 9]. As related references are also

cited in the book, they are not listed in this chapter to avoid duplication.

Although the living anionic polymerization and stereochemistry of

1,3-butadiene and isoprene have been widely investigated as already mentioned,

examples of the anionic polymerization of functional 1,3-butadiene derivatives are

rather limited because of their synthetic difficulties and high susceptibility to the

Diels-Alder reaction. In this section, the anionic polymerization of functional

butadiene derivatives will be introduced. In addition, the stereochemistry of the

resulting polymers, that is, how the microstructure is affected by the functional

substituent, will also be described.

3.1 Alkyl- and Aryl-Substituted 1,3-Butadiene Derivatives

Soon after a number of studies on the anionic polymerization of 1,3-butadiene and

isoprene, the anionic polymerizations of several 2-alkyl-1,3-butadiene derivatives

with (RLi)s as initiators were examined under the conditions using hydrocarbon

media such as heptane and benzene as well as polar solvents like THF and ethers.

The alkyl substituents used for this purpose involved ethyl, propyl, isopropyl, butyl,

and tert-butyl groups (see Fig. 26). Although the characterization results of the

molecular weights and their distributions were not carried out in detail, it is

considered that these 2-alkyl-substituted monomers basically all undergo the living

anionic polymerization under carefully selected conditions similar to the cases using

1,3-butadiene and isoprene. Fetters and Mays et al. reported the details of the anionic

polymerization of several alkyl-substituted dine monomers, such as 1,3-butadiene,

2,3-dimethyl-1,3-butadiene, 2-ethyl-1,3-butadiene, and 3-methylene-7-methyl-1,6-

octadiene (β-myrcene) (see Fig. 27), in cyclohexane or tert-amine/aliphatic
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H H
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Fig. 25 Possible microstructures of PB and PI
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hydrocarbon mixtures with sec-BuLi or tert-BuLi at 0 or 30 �C [100]. The results are

summarized in Tables 6, 7, 8, 9 and 10.

Regarding the stereochemistry of the resulting polymers, there appeared to be a

general trend that higher cis-1,4 microstructures were obtained using the sterically

bulkier alkyl-substituted 1,3-butadiene as listed in Table 11. Similar trends were

observed even for the polymers obtained in polar ethereal media. Indeed, the

microstructure was predominantly regulated up to 81 % in the 1,4-addition mode

with the use of 2-isopropyl-1,3-butadiene, while 1,4-content of 35 % was observed

in poly(2-methyl-1,3-butadiene) (polyisoprene) obtained under similar conditions.

Somewhat surprisingly, the polymer with the 1,4-content of 50 % was produced by

the polymerization of 2-tert-butyl-1,3-butadiene with sodium naphthalenide even

Fig. 26 2-Alkyl-1,3-butadiene derivatives

Fig. 27 1,3-Butadiene, 2,3-dimethyl-1,3-butadiene, 2-ethyl-1,3-butadiene, and 3-methylene-7-

methyl-1,6-octadiene (β-myrcene)

Table 6 Anionic

polymerization of

1,3-butadiene (98–99 %

1,2-addition, 1–2 %

1,4-addition)

Mw (g/mol)a Mw/Mn (SEC)

27,000 1.03

44,000 1.05

71,000 1.05

104,000 1.05

273,000 1.06

489,000 1.07
aLow-angle laser light scattering

Table 7 Anionic

polymerization of

2,3-dimethyl-1,3-butadiene

(97 % 1,4-addition and 3 %

1,2-addition)

Mn (g/mol)a Mw (g/mol)b Mw/Mn (SEC)

14,700 16,200 1.05

76,900 81,700 1.06

145,000 152,000 1.10

176,000 189,000 1.09

197,000 240,000 1.10

386,000 425,000 1.17
aMembrane osmometry
bLow-angle laser light scattering
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in THF. Thus, the effect of the steric bulkiness of the 2-alkyl substituent is obvious

[101–103].

1,3-Cyclohexadiene (CHD) shown in Fig. 28 was long known as a cyclic

monomer with a fixed cisoid 1,3-diene structure, which could polymerize using

an anionic initiator. In 1997, Natori et al. reported the first successful living anionic

polymerization of this interesting cyclic monomer with BuLi in the presence of N,
N,N0,N0-tetramethylethylenediamine (TMEDA) in cyclohexane at 40 �C for 2 h to

yield a polymer composed of 48 % 1,4 and 52 % 1,2 repeating units [104] (see

Fig. 29).

Under such conditions, the polymers with well-controlled Mn values up to

19,000 g/mol and narrow molecular weight distributions (Mw/Mn <1.09) were

Table 9 Anionic

polymerization of 2-ethyl-

1,3-butadiene (90 %

1,4-addition and 10 %

1,2-addition)

Mw (g/mol)a Mw/Mn (SEC)

15,800 1.02

42,800 1.03

51,800 1.03

136,000 1.05

304,000 1.06

407,000 1.07

666,000 1.07
aLow-angle laser light scattering

Table 10 Anionic

polymerization of

3-methylene-7-methyl-1,6-

octadiene (64 % 1,4-addition

and 36 % 1,2-addition)

Mn (g/mol)a Mw (g/mol)b Mw/Mn (SEC)

53,700 63,000 1.04

109,000 119,000 1.05

127,000 135,000 1.05

222,000 251,000 1.05

372,000 442,000 1.06

461,000 557,000 1.07
aMembrane osmometry
bLow-angle laser light scattering

Table 8 Anionic

polymerization of

2,3-dimethyl-1,3-butadiene

(55 % 1,4-addition and 45 %

1,2-addition)

Mn (g/mol)a Mw (g/mol)b Mw/Mn (SEC)

21,100 25,100 1.05

59,500 62,100 1.05

77,600 83,000 1.06

120,000 124,000 1.07

172,000 180,000 1.07

213,000 238,000 1.11
aMembrane osmometry
bLow-angle laser light scattering
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quantitatively obtained. Furthermore, well-defined triblock copolymers of poly

(CHD)-b-PS-b-poly(CHD) and poly(CHD)-b-poly(1,3-butadiene)-b-poly(CHD)
were also synthesized by sequentially adding the corresponding three monomers

[105]. Soon after their reports, three-arm star poly(CHD)s and high-molecular-

weight multiarmed star poly(CHD)s were synthesized by the linking reaction of the

living poly(CHD)s with MeSiCl3 or with divinylbenzenes [106, 107]. The well-

Table 11 Microstructures of poly(2-alkyl-1,3-butadiene)s

Alkyl substituent Solvent �C
Microstructure

cis-1,4 trans-1,4 1,2-vinyl 3,4-vinyl

H Hexane 20 30 60 10 0

Me Hexane 20 70 25 0 5

Et Heptane 40 78 14 0 8

Pr Heptane 40 91 4 0 5

i-Pr Heptane 40 86 10 0 4

Bu Heptane 40 62 33 0 5

Alkyl substituent Solvent �C
Microstructure

1,4 (cis+ trans) 1,2-vinyl 3,4-vinyl

H Ether 0 25 (8 + 17) 75 0

Me Ether 20 35 13 52

Et Ether 25 58 0 42

Pr Ether 25 57 0 43

i-Pr Ether 25 81 0 19

Bu Ether 25 56 0 44

t-Bu THFa 25 50 0 50

BuLi was used as an initiator in each case
aSodium naphthalenide was used as an initiator

Fig. 28 Alkyl- and aryl-substituted 1,3-butadiene derivatives

48 52

1,4- 1,2-

Fig. 29 Microstructure of

poly(CHD)
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defined poly(CHD)s thus synthesized are potentially attractive precursor polymers,

which can be transformed into thermally and chemically stable poly(cyclohexane)s

with high Tg values and conductive π-conjugated poly(phenylene)s.

Later, Quirk et al. reported the occurrence of termination by chain transfer to

monomer to a certain extent during the polymerization of CHD under the above

conditions based on characterization of the products from ethylene oxide termina-

tion. The degree of termination was estimated to be around 10 % of the original

living chain-end anion by the yield of ω-hydroxy-functionalized poly(CHD) and the
MALDI-TOS MS analysis [108].

Recently, Ishizone et al. reported that an extremely sterically hindered

2-(1-adamantyl)-1,3-butadiene (see Fig. 28) was anionically polymerized in a

living manner using either sec-BuLi in cyclohexane at 40 �C or potassium

naphthalenide in THF at �78 �C [109, 110]. The polymers with well-controlled

molecular weights (Mn¼ 6,000–21,000 g/mol (cyclohexane) and 4,300–16,000 g/

mol (THF)) and narrow molecular weight distributions (Mw/Mn¼ 1.08–1.38

(cyclohexane) and 1.08–1.12 (THF)) were quantitatively obtained. As expected,

the microstructure was affected by both the initiator and solvent and the

1,4-contents of the resulting polymers with sec-BuLi in cyclohexane, sec-BuLi in
THF, and potassium naphthalenide in THF were 96 % (cis/trans¼ 93/7), 88 % (cis/
trans¼ 82/18), and 79 % (cis/trans¼ 72/28), respectively. Small amounts of both

the 1,2- and 3,4-vinyl structures were also present. Even in THF, the microstruc-

tures were predominantly regulated in the 1,4-structure of 79–88 %. Thus, perfect

stereospecific control cannot be achieved with the use of this particular

1,3-butadiene monomer.

2,3-Dimethyl-1,3-butadiene was anionically polymerized in nearly 100 % yields

with BuLi, Na, or K metal in THF and with BuLi, EtLi, or K metal in benzene

[111]. The ratio of the 1,4- to 1,2-contents was found to be around 85/15 in the

polymers obtained in benzene, while both the 1,2- and 1,4-addition reactions

equally occurred in THF. The cis:trans ratio was not clear. As mentioned above,

Fetters and Mays et al. reported the living anionic polymerization of 2,3-dimethyl-

1,3-butadiene in cyclohexane and cyclohexane-triethylamine (7/3, v/v) to afford

almost 1,4-polymers (97 %) and a mixture of 1,4-polymer (55 %) and 1,2-polymer

(45 %) with controllable molecular weights and narrow molecular weight distribu-

tions, as shown in Tables 7 and 8 [100].

Hadjichristidis and Fetters et al. reported that the anionic polymerization of

2-methyl-1,3-pentadiene (see Fig. 28) proceeded in a living manner with sec-BuLi
in benzene at 40 �C. As listed in Table 12, the resulting polymers possess well-

controlled molecular weights and narrow molecular weight distributions

[112]. Very interestingly, the resulting polymer was indicated to have an exclu-

sively regulated 1,4-microstructure with a cis:trans ratio of 64:36. No indication of
a 1,2- or 3,4-addition was observed by 13C NMR. Thus, the polymerization

completely proceeded regioselectively under the above conditions. The hydroge-

nation of the resulting polymer yielded a narrowly distributed atactic

polypropylene.
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1-Phenyl- and 2-phenyl-1,3-butadienes are typical aryl-substituted 1,3-butadi-

enes used for the anionic polymerization. The polymerization of 1-phenyl-1,3-

butadiene in benzene or hexane with BuLi gave polymers composed of cis-1,4
(25–28 %), trans-1,4 (49–59 %), and 3,4-vinyl (16–23 %) contents [113]. Although

the anionic polymerization of 1-phenyl-1,3-butadiene was suggested to proceed in a

living manner (sodium naphthalenide/THF and BuLi/toluene, benzene, or hexane),

no detailed characterization was available. On the other hand, the polymers with a

high cis-1,4 microstructure of over 90 % were obtained by the polymerization of

2-phenyl-1,3-butadiene in hydrocarbon media like toluene and benzene at 25–30 �C
[114]. Small amounts of the 1,2-vinyl structures were present in addition to cis-1,4.
Interestingly, the high cis-1,4 structure (93 %) was not influenced by adding polar

TMEDA. More interestingly, the highest cis-1,4 content was obtained in THF at

57 �C and gradually decreased from 98 to 72 % by lowering the polymerization

temperature to �100 �C.
Fujimoto et al. reported the living anionic polymerization of 2-phenyl-1,3-

butadiene with sec-BuLi in benzene at 25 �C as well as with BuLi in THF at

�78 �C. The predictable molecular weights up to 164,000 g/mol with narrow

molecular weight distributions (Mw/Mn <1.06) were attained in the resulting poly-

mers [115] (see Table 13). From the viewpoint of stereochemistry, the terms of

E and Z in place of cis and trans should be employed in all the polymers of the

substituted 1,3-butadiene derivatives, but the cis and trans configurations to the

main chains are herein used for convenience throughout this section in order to

compare the cis-1,4 and trans 1,4-polyisoprenes.
Hirao et al. reported the living anionic polymerization of 2,3-diphenyl-1,3-

butadiene in THF at �78 �C with cumylpotassium, potassium naphthalenide, or

sec-BuLi [116]. The polymers with well-controlled molecular weights

(Mn¼ 10,500–44,000 g/mol) and narrow distributions (Mw/Mn¼ 1.05–1.11) were

Table 12 Anionic

polymerization of 2-methyl-

1,3-pentadiene

Mn (g/mol)a Mw (g/mol)b Mw/Mn

41,500 44,500 1.07

55,000 58,700 1.05

117,000 125,000 1.07

346,000 377,000 1.09
aMembrane osmometry
bLow-angle laser light scattering

Table 13 Anionic

polymerization of 2-phenyl-

1,3-butadiene

Initiator Solvent �C Mn (g/mol) Mw/Mn

sec-BuLi Benzene 25 15,000 1.04

sec-BuLi Benzene 25 80,000 1.04

sec-BuLi Benzene 25 164,000 1.03

BuLi THF �78 17,000 1.06

BuLi THF/TMEDAa �78 48,000 1.05
a98.6/1.4, v/v-%
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quantitatively obtained. Under each of the above conditions, the polymers that

exclusively consisted of 1,4-contents were produced and their geometries of cis/
trans (that is, Z/E in this case) were estimated to be 9/1 based on the 13C NMR

spectra. Interestingly, the resulting polymers usually became insoluble in THF and

benzene during isolation of the polymers by reprecipitation or upon standing for a

few hours, due to the crystallization by their highly stereoregulated structures and

the π-π interaction among the phenyl rings. This behavior seems not to be due to the

cross-linking, since the polymers are still soluble in hot o-dichlorobenzene.
Unlike the living PB and PI, the living anionic polymer of 2,3-diphenyl-1,3-

butadiene cannot initiate the polymerization of styrene, possibly due to the stabi-

lization of the chain-end anion by a long conjugation system via the two phenyl

groups. On the other hand, the more reactive MMA was readily and quantitatively

polymerized with this living polymer, resulting in an expected poly(2,3-diphenyl-

1,3-butadiene)-b-PMMA with well-defined structures.

Quirk et al. reported that 1,3,5-hexatriene (see Fig. 28) was polymerized with

BuLi in THF at 0 �C for 30 min [117]. However, the structure of the resulting

polymer was indicated by the SEC analysis to be branched and complicated.

Approximately equal amounts of all three types of microstructures (1,2-, 1,4-, and

1,6-enchainments), as shown in Fig. 30, were observed in the resulting polymer.

3.2 Amine-Substituted 1,3-Butadiene Derivatives

A series of 2-dialkylaminomethyl-1,3-butadiene derivatives shown in Fig. 31 were

newly synthesized and their anionic polymerizations were carried out under various

conditions [118]. All these monomers could be polymerized with sec-BuLi in
benzene at room temperature. A 4,1 addition manner of the monomer to the

chain-end anion was suggested based on the NMR analysis. However, the poly-

merization of each monomer was not controlled and far from quantitative (13–

55 %) even after 48 h. The resulting polymers were always lower in Mn value than

( CH2-CH )

CH=CH-CH=CH2

( CH2-CH=CH-CH )

CH=CH2

( CH2-CH=CH-CH=CH-CH2 )

1,2- 1,4- 1,6-

Fig. 30 Microstructure of poly(1,3,5-hexatriene)

N N N N NN N

Fig. 31 2-Dialkylaminomethyl-1,3-butadiene derivatives
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those expected and possessed rather broad molecular weight distributions

(Mn¼ 2,500–8,000 g/mol, Mw/Mn ~ 1.5). On the other hand, the polymer was not

obtained under the conditions with sec-BuLi either in THF at �78 �C, or

1,4-dioxane at room temperature. Thus obviously, serious side reactions indeed

occurred in all of the polymerization systems.

Although the obtained polymers all consisted of high 1,4-contents (>90 %), the

ratio of cis:trans was observed to be dependent on the bulkiness of the alkyl

substituent in the tert-amino group. The polymers having more than 95 % cis-4,1-
repeating units were produced by the polymerization of 1,3-butadiene derivatives

2-substituted with bulky and branched di(isopropyl)aminomethyl-, di(isobutyl)

aminomethyl-, and 2,6-cis-dimethylpiperidylmethyl groups. Thus, the polymeriza-

tion of such monomers regioselectively proceeded as well as stereoselectively. The

polymers obtained from other monomers contained a mixture of cis- and trans-4,1-
units (24–52 % cis and 43–68 % trans) in addition to small amounts of the 3,4

content (5–13 %).

As new trimethylsilyl-protected amine-2-substituted 1,3-butadienes, 2-bis

(trimethylsilyl)aminomethyl-1,3-butadiene (SAMB) and 2-(4-bis(trimethylsilyl)

amino)butyl-1,3-butadiene (SABB) were synthesized and their anionic polymeri-

zations were carried out [119] (see Fig. 32). Although a sufficient stability of the

Si-N bond toward sec-BuLi and carbanionic species was confirmed by the success-

ful living anionic polymerization of 4-bis(trimethylsilyl)aminoalkylstyrene deriva-

tives, as mentioned before [39], SAMB could not undergo the polymerization in

cyclohexane with sec-BuLi or PSLi at 20–40 �C. The MALDI-TOF-MS analysis of

the PS recovered by the reaction of PSLi with SAMB revealed that the PS contains

one isoprene unit at the chain end. This strongly suggests that the isomerization of

the chain-end anion with elimination of the bis(trimethylsilyl)amide anion might

occur, as shown in Scheme 8.

In contrast, SABB was found to be polymerized with sec-BuLi in toluene at

40 �C to yield a polymer in 100 % yield. However, the resulting polymer possessed

a bimodal distribution and a higher Mn value of 17,900 g/ml than the calculated

value (Mn¼ 6,200 g/mol), indicating the occurrence of side reactions. The micro-

structure was determined to be a mixture of 86 % 1,4- and 14 % 3,4-contents,

N Si

Si
N

SiSi

Fig. 32 2-Trimethylsilyl-protected aminoalkyl-1,3-butadiene derivatives
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although the cis/trans geometry was not determined yet. On the other hand, PSLi

quantitatively initiated the polymerization of SABB to afford the expected diblock

copolymer of PS-b-poly(SABB) (Mn¼ 10,200 g/mol and Mw/Mn¼ 1.09). There-

fore, the polymerization conditions should be optimized in order to discuss the

anionic polymerizability and the polymerization control in detail.

3.3 Silyl-Substituted 1,3-Butadiene Derivatives

The anionic polymerizations of 2-trimethylsilyl-1,3-butadiene (TMSB) [120],

2-triethylsilyl-1,3-butadiene (TESB) [121], 2-(trimethylsilyl)methyl-1,3-butadiene

[122] (TMSMB), and 2,3-bis(trimethylsilyl)-1,3-butadiene ((TMS)2B) [123] shown

in Fig. 33 were previously reported. It was observed that TMSB underwent the

anionic polymerization in a living manner to yield the polymers with predictable

molecular weights (Mn ~ 16,300 g/mol) and relatively narrow molecular weight

distributions (Mw/Mn ~ 1.15) with oligo(α-methylstyryl)lithium, sodium, or potas-

sium in THF at �78 �C. Although the polymer was obtained with sec-BuLi in
hexane at 20 �C, the polymerization was not controlled under such conditions. The

addition of TMEDA to the above polymerization system rendered the polymeriza-

tion rate slower and the conversion of 59 % was obtained even after 48 h.

Under the conditions in THF that provide polyisoprene with 12 % 1,4-, 29 %

1,2-vinyl, and 59 % 3,4-vinyl microstructures, poly(TMSB)s of high 1,4-contents

N Si

Si

N
Si

Si
+

Scheme 8 Possible reaction between living PS and SAMB

Si Si
Si Si

Si

Fig. 33 Trialkylsilyl-substituted 1,3-butadiene derivatives
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(~70 %) (cis/trans¼ ca. 6/4) with 1,2-vinyl structures (~30 %) were obtained. As

expected, the microstructure of the polymer produced in hexane was predominantly

the cis-1,4 unit (84 %) in addition to small amounts of the trans-1,4 (4 %) and

1,2-vinyl (12 %) structures. The cis 1,4 content decreased to 67 % with the addition

of TMEDA.

TESB was anionically polymerized under various conditions (BuLi in hexane at

25 �C, BuLi in hexane/N,N,N0,N0,N00,N00-hexamethylphosphortriamide (HMPT)

(20/1) at �25 �C, and THF at �78 �C). However, the polymerization was far

from under control for each of these conditions. Interestingly, the polymerization

with BuLi in hexane regioselectively and stereoselectively proceeded to yield only

a cis-1,4-regulated polymer. On the other hand, the polymer obtained in

THF/HMPT consisted of a mixture of cis-1,4 and trans-1,4 contents (cis/
trans¼ 56/44). In this polymer, neither 1,2- nor 3,4-vinyl structures were found.

Thus, high cis-1,4-microstructures in both poly(TMSB) and poly(TESB) obtained

in hydrocarbon media were similar to those of the polymers of the 2-alkyl-1,3-

butadienes and 2-phenyl-1,3-butadiene obtained in hydrocarbon media.

TMSMB was also anionically polymerized with BuLi in hexane at room tem-

perature to yield a low-molecular-weight polymer (Mn¼ 7,050 g/mol and Mw/

Mn¼ 1.4) that consisted of cis-1,4 (47 %), trans-1,4 (23 %), and 3,4-vinyl (30 %)

units. Very recently, it was reported that a well-defined diblock copolymer of PS-b-
poly(TMSMB) was synthesized by sequentially adding styrene and TMSMB with

sec-BuLi in cyclohexane at 40 �C [124]. Both blocks were 54,200 and 14,100 g/mol

inMn value, respectively, and theMw/Mn value was 1.02. Since this result suggests

the possibility of the living anionic polymerization of TMSMB, the polymerization

seems worthwhile to be reexamined.

The anionic polymerization of (TMS)2B proceeded with BuLi either in THF or

hexane/HMPT (10/1) at �25 �C. Somehow unexpectedly, this monomer cannot be

polymerized with only BuLi in hexane and HMPT is an essential additive to

promote the polymerization. Although the polymerization control was not satisfac-

tory under both conditions, the resulting polymers were observed to exclusively

consist of the trans-1,4 structure, which was special for the anionic polymerization

of the 1,3-butadiene derivatives.

As mentioned for the anionic polymerization of alkoxysilyl-substituted styrene

derivatives [39], the alkoxysilyl substituents were found to be compatible with the

anionic initiators and the chain-end anions. Indeed, both 2-trimethoxysilyl-1,3-

butadiene (TMOSB) and 2-triisopropoxysilyl-1,3-butadiene (TIPOSB) (see

Fig. 34) were reported by Takenaka et al. to undergo the living anionic polymer-

ization in THF at �78 �C with alkali-metal naphthalenides to yield the polymers

with predictable molecular weights (Mn¼ 8,000–46,000 g/mol) and narrow molec-

ular weight distributions (Mw/Mn¼ 1.07–1.14) [125, 126]. Very surprisingly, the

anionic polymerization of both monomers was observed to proceed in a complete

1,4-addition mode even with the initiators bearing Na+ and K+ in THF. More

surprisingly, the geometry of the repeating unit in the poly(TIPOSB)s obtained

under such conditions was exclusively regulated to the cis configuration

(E configuration in this case), while the cis/trans, that is, the E/Z ratios of 9/1
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(Li+) and 7/3 (Na+ and K+) were observed in the polymers of TMOB (see Fig. 35).

Thus, the anionic polymerization of TIPOSB was the first successful polymeriza-

tion system that proceeded not only in a living manner, but also regioselectively as

well as stereoselectively. Although the reason could still not be understood, steric

hindrance of the isopropoxy substituent on the Si atom and stabilization of the

chain-end anion by the Si atom through a pπ-dπ interaction might play important

roles to facilitate the stereoregularity, as shown in Fig. 36.

Both 2-diisopropoxymethylsilyl-1,3-butadiene and 2-isopropoxydimethylsilyl-

1,3-butadiene were also synthesized and subjected to the anionic polymerization for

comparison with that using TIPOSB as already mentioned. The polymerization was

observed to proceed in a living manner to afford the polymers with predictable

molecular weights (Mn ~ 17,000 g/mol) and relatively narrow molecular weight

distributions (Mw/Mn <1.2) [120]. Although the resulting polymers consisted of

high 1,4 structures, the complete cis-1,4 stereoregularity observed in the poly

(TIPOSB)s was lost and the trans-1,4 and 1,2-vinyl contents gradually increased

with progressive replacement by a methyl group (see Table 14).

Hirao et al. reported the synthesis and anionic polymerization of a series of

2-dialkylaminodimethylsilyl-1,3-butadiene derivatives shown in Fig. 37
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Fig. 34 2-Alkoxysilyl-substituted 1,3-butadiene derivatives
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Fig. 35 Microstructures of poly(TMOSB) and poly(TIPOSB)
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[127]. Like the alkoxysilyl group, dialkylaminosilyl groups are also regarded as the

protected functionality for silanol and readily removed under mild acidic condi-

tions. All these monomers were observed to undergo the living anionic polymeri-

zation in THF at �78 �C to yield polymers with predicable molecular weights

Si
O

O
O

Si
O

O
O

C

Si

d orbital

p orbital

Fig. 36 Anion stabilization through interaction between chain-end anion and Si atom

Table 14 Microstructures of poly(2-alkoxysilyl-substituted 1,3-butadiene)s produced in THF

-SiR3 Counter ion cis-1,4 trans-1,4 1,2-vinyl 3,4-vinyl

OMe OMe OMe Li+ 90 10 0 0

OMe OMe OMe Na+ 75 25 0 0

OMe OMe OMe K+ 73 27 0 0

OPri OPri OPri Li+ 100 0 0 0

OPri OPri OPri Na+ 100 0 0 0

OPri OPri OPri K+ 100 0 0 0

OPri OPri Me Li+ 91 3 6 0

OPri OPri Me Na+ 67 17 16 0

OPri OPri Me K+ 62 19 19 0

OPri Me Me Li+ 65 15 20 0

OPri Me Me Na+ 45 30 23 0

OPri Me Me K+ 43 23 34 0

Me Me Me Li+ 43 23 34 0

Me Me Me Na+ 44 28 28 0

Si
Me

Me
N

Si
Me

Me

N
Si

Me
Me

N
Si

Me
Me

N
N

Fig. 37 2-Dialkylaminodimethylsilyl-1,3-butadiene derivatives
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(Mn¼ 6,000–20,000 g/mol) and narrow molecular weight distributions (Mw/

Mn¼ 1.06–1.09). On the other hand, unwanted side reactions occurred to some

extents during the anionic polymerization in heptane at 40 �C, since polymers with

higher molecular weights than those expected and multimodal distributions were

obtained.

The polymers obtained in THF mainly consisted of 1,4-microstructures (83–

91 %) (cis/trans¼ ca. 1/2) containing small amounts of 1,2-vinyl units (9–17 %),

while the polymers obtained in heptane were exclusive 1,4-addition products,

which were mixtures of cis-1,4 (16–32 %) and trans-1,4 (68–84 %). Interestingly,

the polymer of 2-(2-dimethylaminoethyl)methylaminosilyl-1,3-butadiene was

found to have a microstructure totally composed of the cis-1,4 unit without any

other structures. Thus, high 1,4-microstructures and, in some cases, exclusive cis-
1,4 contents were observed in the polymers of the 2-alkoxysilyl- and 2-dialkyla-

minosilyl-1,3-butadiene derivatives obtained in THF. These results were in sharp

contrast to the microstructures of poly(1,3-butadiene) and polyisoprene produced

under the same conditions.

3.4 Dialkylamide-Substituted 1,3-Butadiene Derivatives

In general, 1,3-butadiene is significantly activated to become unstable by directly

introducing the electron-withdrawing group (EWG) into the butadiene skeleton and

occasionally undergoes dimerization by the Diels-Alder reaction. In fact,

2-ethoxycarbonyl-1,3-butadiene cannot exist at ambient temperature. Likewise,

the synthesis and isolation of 2-formyl-, 2-acetyl, and 2-cyano-1,3-butadienes

have not yet been reported, because of the instability at room temperature.

Among such 2-EWG-substituted 1,3-butadiene derivatives, the 2-dialkylamide-

substituted 1,3-butadiene derivatives are exceptionally stable and isolated even at

room temperature. As the amide-substituted butadiene, N,N-diethyl-2-methylene-3-

buteamide shown in Fig. 38 was synthesized and anionically polymerized

[128]. The polymerization was observed to proceed using either potassium

naphthalenide or Ph2CHK in THF at �78 �C. However, the polymerization rate

very slowly reached an 80 % conversion even after 30 days. Under such conditions,

only a low-molecular-weight polymer (Mn¼ 5,100 g/mol and Mw/Mn¼ 1.09) was

obtained. Raising the polymerization temperature with the use of the initiator

bearing Li+, like lithium naphthalenide and Ph2CHK/LiCl, increased the polymer-

ization rate and the polymers with Mn values of around 10,000 g/mol and narrow

NO

Fig. 38 N,N-diethyl-2-
methylene-3-buteamide
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molecular weight distributions (Mw/Mn¼ 1.03–1.09) were obtained in 75–92 % at

0–20 �C for 24 h. The microstructure of the polymer obtained with Ph2CHK at

�78 �C was a 1:1 mixture of cis-1,4 and 1,2-vinyl contents, while the 1,4-content

(cis/trans¼ ca. 1/1) slightly increased to 68 % in the polymers produced using the

initiators bearing Li+.

For the polymerization of other dialkyl amide-substituted monomers, similar

slow polymerization rates and microstructures were observed. A higher molecular

weight polymer of over 12,000 g/mol could not be obtained even after longer

polymerization times to 240 h.

3.5 [3]Dendralene Derivatives

Acyclic branched polyene compounds having cross-conjugated diene structures are

called [n]dendralenes, in which “n” is the number of C¼C bonds in a molecule, as

shown in Fig. 39. The lowest dendralene of the family, namely [3]dendralene, was

first synthesized in 1955. Since then, a variety of dendralene derivatives up to [8]

dendralene has been systematically synthesized [129]. On the other hand, the

polymerization behavior of these interesting polyene molecules has not yet been

reported.

Very recently, the synthesis and anionic polymerization of 2-phenyl[3]

dendralene (P3D) and 2-(4-methoxyphenyl)[3]dendralene (MOP3D) were first

reported by Takenaka et al. [130]. The anionic polymerization of both monomers

with potassium naphthalenide in THF at �78 �C for 1–2 h proceeded in a living

manner to quantitatively afford the polymers with predictable molecular weights

(Mn¼ 4,500–12,700 g/mol) and narrow molecular weight distributions (Mw/

Mn¼ 1.04–1.07). An additional proof for the living character of the polymerization

of P3D and MOP3D was provided by the successful synthesis of the expected

triblock copolymers of P2VP-b-poly(P3D)-b-P2VP and P2VP-b-poly(MOP3D)-b-
P2VP by sequentially adding P3D or MOP3D and 2VP to potassium naphthalenide

in THF at �78 �C. Broadening of the molecular weight distribution to the higher

molecular weight side was observed by allowing the polymerization mixture for a

longer time up to 20 h or raising the temperature even to�40 �C. This may possibly

n-2

[n] dendralene

OMe

Fig. 39 [n]Dendralenes and 2-phenyl-substituted[3]dendralenes
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be attributed to the addition reaction between the chain-end anion and the conju-

gated diene structure(s) in the polymer chain.

As shown in Fig. 40, five possible microstructures of the resulting poly(P3D) and

poly(MOP3D) can be considered. Based on the careful 1H and 13C NMR analyses,

the microstructure of the poly(MOP3D) was determined to be an almost 1:1 mixture

of 1,4- and 4,6-units via the 4,1 and 4,6 anions as illustrated in Scheme 9, since no

vinyl groups present in the 1,2- and 5,6 structures were detected. A similar

microstructure was observed in the poly(P3D).

It is surprising that such specific triene monomers successfully undergo anionic

polymerization in a living manner to afford well-defined linear polymers, although

their molecular weights are not sufficiently high. This success strongly suggests the

anionic polymerization possibility of other [n]dendralene derivatives with higher

numbers of conjugated C¼C bond units. It is of special interest to know the

stereochemistry of the resulting polymers under various conditions, especially in

hydrocarbon media, if the polymerization can be possible. Furthermore, the

resulting polymers are regarded as quite new and unique functional polymers,

since they possess highly reactive conjugated diene structures incorporated in

each monomer unit, which can undergo a variety of characteristic reactions for

conjugated diene compounds like the Diels-Alder reaction.

In this section, functional 1,3-butadiene derivatives capable of undergoing

anionic polymerization and the stereochemistry of the resulting polymers were

introduced. The number of functional groups introduced into the 1,3-butadiene

Ph

Ph:-C6H5,-C6H4-OMe

Ph Ph
Ph Ph Ph

1,2- 3,4- 5,6- 1,4- 4,6-

Fig. 40 Possible microstructures of phenyl-substituted [3]dendralenes

Ph

Ph PhPh

4,1-anion 4,3-anion 4,6-anion

Scheme 9 Formation of 4,1- and 4,6-anions via 4,3-anion
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framework has been so far limited as compared to the significant number of

functional styrene derivatives. Unfortunately, the anionic polymerization of several

functional 1,3-butadienes could not be satisfactorily controlled, especially in hydro-

carbon media, except for 2-phenyl-1,3-butadiene and 2-methyl-1,3-pentadiene. On

the other hand, a certain number of functional 1,3-butadienes were reported to

undergo the living anionic polymerization in polar media like THF. However,

molecular weights of the resulting polymers were often around 10,000 g/mol or

even smaller, which were not sufficiently high to conclude whether the living

anionic polymerization practically occurred. Furthermore, the block copolymeri-

zation of styrene, 1,3-butadiene, or isoprene with such functional monomers were

not carried out in many cases. Since the chain-end anions derived from

1,3-butadiene and isoprene are roughly similar in reactivity to the living polysty-

rene and the sophisticated living anionic polymerizations of 1,3-butadiene and

isoprene are well established in both hydrocarbon and polar media, the anionic

polymerization of functional 1,3-butadiene derivatives should be further optimized

to achieve the living polymerization. After that, the protective strategy successful

for the living anionic polymerization of functional styrene derivatives may be

applied to 1,3-butadienes carrying the same protected functionalities. Conse-

quently, the range of functionalities amenable to the living anionic polymerization

of 1,3-butadiene derivatives can significantly expand.

Regarding the stereochemistry of the resulting polymers, certain interesting and

valuable anionic polymerization systems that proceeded regioselectively or

stereoselectively have been reported. Furthermore, the achievement of both selec-

tivities was found in the anionic polymerizations of 2-triethyl-1,3-butadiene, three

1,3-butadiene derivatives 2-substituted with di(isopropyl)aminomethyl-, di

(isobutyl)aminomethyl-, and 2,6-cis-dimethylpiperidylmethyl groups, 2-triisopro-

poxysilyl-1,3-butadiene, and (2-(2- dimethylamino)ethyl)methylaminosilyl-1,3-

butadiene.

There seems to be a general trend that high 1,4-, especially the cis-1,4 micro-

structures, are obtained using the 2-substituted 1,3-butadiene derivatives with

structurally bulky groups in hydrocarbon media. However, understanding the

structural effect of the substituent on the microstructure seems very difficult at

the present time, because various polymerization conditions have so far been

employed and the resulting microstructures cannot be directly compared. There-

fore, it is essential that the consistent polymerization conditions including initiator,

solvent, temperature, and concentration are adjusted.

4 Functional 1,1-Diphenylethylene Derivatives

Although 1,1-diphenylethylene (DPE) is a member of the styrene family, highly

reactive anionic initiators used for the polymerization of styrene, 1,3-butadiene, or

isoprene, such as BuLi, sec-BuLi, and cumylpotassium, quantitatively react with

DPE in a 1:1 addition manner (Scheme 10). Neither the polymerization nor even
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oligomerization takes place under normal conditions due to the steric hindrance of

the α-phenyl substituent and a very low ceiling temperature. The reaction of lithium

or other alkali-metal naphthalenides with DPE produces an anion radical interme-

diate via an electron transfer pathway, followed by coupling to each other, to

produce a dimeric dianion product (see also Scheme 10). Again, no further addition

reaction of DPE to the dimeric dianion occurs by the same reason. Accordingly,

DPE is not usually used as the polymerizable monomer.

The anion derived from DPE polymerizes not only styrene and 1,3-butadiene but

also more reactive monomers such as 2VP, alkyl methacrylates, tert-butyl acrylate,
N,N-dialkylacrylamides, and some cyclic monomers like ethylene oxide and cyclic

siloxanes. Many functionalized anions can be prepared by the 1:1 addition reaction

of RLi to the functional DPE derivatives and used as the initiators in the living

anionic polymerization of such monomers. Almost all the functionalities used for

the living polystyrene can be employed for this purpose, because the anion derived

from DPE is somewhat less reactive than the living chain-end anion of styrene due

to the stabilization via the anion delocalization through the two phenyl group. Thus,

many functional DPE derivatives have now been used as the general agents for the

chain-end functionalization of living anionic polymers, as shown in Scheme 11

[131–136]. With this reaction, the functional groups can quantitatively be intro-

duced at the initiating chain end, that is, α-terminus.

The functional DPE derivative also readily and quantitatively reacts with the highly

reactive living anionic polymer of styrene, 1,3-butadiene, or isoprene in a 1:1 addition

manner, resulting in the introduction of the functional group at the terminating chain

end (ω-terminus in this case). If the α-chain-end-functionalized living PS is used in

place of the living PS and subsequently reacts with another functional DPE, an

α,ω-asymmetric difunctional PS can be obtained, as shown in Scheme 12.

With the use of a living polymer with the anion at both ends, the functional group

can be introduced at both ends. The reaction of the functional DPE with lithium

naphthalenide, followed by polymerization of an appropriate monomer, resulted in

the chain-end-di-functionalized polymer, in which the two functional groups were

placed exactly at the middle of the polymer chain, as shown in Scheme 13.

RLi
R Li

Li

Radical

Coupling
Li LiLi

1:1Addition

•

•

Scheme 10 Reaction of DPE with either RLi or lithium naphthalenide
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Scheme 12 Synthesis of ω-chain-end-functionalized PS and α,ω-chain-end-di-functionalized PS

by the addition reaction of living anionic PS with functional DPE
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Scheme 11 α-Chain-end functionalization by living anionic polymerization with functionalized

anion from RLi and functional DPE
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Scheme 13 Synthesis of α,ω-chain-end-di-functionalized PS and in-chain-di-functionalized PS

using functional DPE
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The addition reaction of the living PS with the functional DPE derivative is not a

simple termination reaction. After the reaction, a new chain-end anion derived from

the DPE is generated. The subsequent addition of styrene or another monomer

results in an in-chain-functionalized PS or a block copolymer with the functional

group introduced between the two blocks, as shown in Scheme 14. The position of

the introduced functional group can be intentionally placed by changing the molec-

ular weight of the polymer formed during the first or second stage.

As illustrated in Scheme 15, two or more functional groups can also be intro-

duced at the α- or ω-terminal chain end simply by the addition reaction of the highly

reactive living polymer of styrene, 1,3-butadiene, or isoprene with a DPE derivative

substituted with multiples of the same or even different functional groups. A more

general and versatile iterative strategy was developed by Hirao et al., as illustrated

in Scheme 16 [137]. For example, PSLi reacts with 1,1-bis(3-tert-butyldimethylsi-

lyloxymethylphenyl)ethylene (TBSOM-DPE) and the two introduced 3-tert-
butyldimethylsilyloxymethylphenyl (TBSOMP) groups are subsequently

transformed into two BnBr functions by treatment with Me3SiCl/LiBr. The reaction

was observed to cleanly and quantitatively proceed to afford a chain-end-(BnBr)2-

functionalized PS. Thus, the highly reactive two BnBr functions were successfully

introduced at the PS ω-chain-end. In the next step, the functionalized anion pre-

pared from TBSOM-DPE and sec-BuLi reacted with the above PS with two BnBr

termini. As a result, four TBSOMP groups transformable into four BnBr termini

could be quantitatively introduced at the ω-chain-end. By repeating the two reaction
steps four more times, the BnBr termini successively increased from 4 to 8, 16,

32, and even a large number of 64 in number. The almost quantitative introduction

1:1Addition

F

Li

F styrene

other monomer

F

F

Scheme 14 Synthesis of in-chain-functionalized PS and block copolymer in-chain-functionalized

between the two blocks

1:1Addition

F1

Li

F2

F1

F2

MeOH
F1 F2

Scheme 15 Synthesis of chain-end-di-functionalized polymer with different functional groups
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of many BnBr termini in each stage is confirmed by the characterization results

listed in Table 15. In each step, the same number of other functional groups can be

introduced by the reaction of the chain-end-(BnBr)n-functionalized polymer with

the anion prepared from another functional DPE and sec-BuLi, as illustrated in

Scheme 17.

The functional anion prepared from TBSOM-DPE and sec-BuLi could also be

used as the initiator in the living anionic polymerization of MMA [138]. In such a

case, the number of BnBr functions was introduced from 2, 4, 8, 16, etc., at the

α-chain-end. The synthesis of in-chain-(BnBr)n-functionalized PS is also possible

using the same iterative strategy starting from an in-chain-(BnBr)2-functionalized

PS, which is prepared by the reaction of the TBSOM-DPE end-capped PSLi with

the chain-end-BnBr-functionalized PS, followed by transformation to two BnBr

functions, as shown in Scheme 18 [139].

The typical functional DPE derivatives used for the chain functionalization are

shown in Fig. 41 [137–159]. Among them, the following functional groups are

appropriately masked by the same protective groups as those used in the living

1) 2) 1) 2) 1)

2) 1) 2) 1)

32

2) 1)

64

O-SiMe2But

= =

Br 1) Me3SiCl/LiBr

2) R

Scheme 16 Synthesis of chain-end-(BnBr)n-multi-functionalized PS by a new iterative strategy

(n¼ 2, 4, 8, 16, 32, and 64)

Table 15 Synthesis of chain-end-(BnBr)n-multi-functionalized PSs

Polymer

Mn (g/mol) Mw/Mn BnBr

Calculated 1H NMR SEC Calculated Observed

PS-(BnBr)2 4,790 4,800 1.03 2 2.00

PS-(BnBr)4 5,470 5,420 1.03 4 3.92

PS-(BnBr)8 6,850 6,780 1.03 8 8.08

PS-(BnBr)16 9,590 9,640 1.03 16 15.9

PS-(BnBr)32 15,000 14,800 1.03 32 32.0

PS-(BnBr)64 25,600 24,700 1.03 64 64.2
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Scheme 18 Synthesis of in-chain-(BnBr)n-multi-functionalized PSs
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anionic polymerization of functional styrenes: OH, CH2OH, NH2, C�CH, CHO,

and COOH groups.

The 2-alkyl-1,3-butadienyl and α-methylstyryl groups can be used for the same

purpose because the anions derived from their DPEs are compatible with such

functionalities.

Moreover, DPE itself is also used as a functional group, because the anion

derived from DPE cannot further react with DPE. Thus, the chain functionalization

of living anionic polymers has now been well-established, with which the desired

number of almost all the functional groups can be introduced at the α- or ω-chain-
end and at any in-chain position. The resulting polymers are used as not only chain-

functionalized polymers applicable in various fields, but also highly versatile

precursor polymers for the synthesis of well-defined multiblock, exactly defined

graft, multiarmed and multicomponent star-branched, and dendrimer-like star-

branched polymers. These topics are described in some review articles [160–162].

5 Living Anionic Polymerization of Styrene and MMA:
Purification and Practice

In this section, we describe the practical synthetic aspects of the living anionic

polymerizations of styrene and MMA. In our laboratory, the polymerizations (and

subsequent reactions) are performed under high vacuum conditions (10�6 Torr)

using an all-glass hand-made apparatus equipped with break seals. Although skilled

glass-blowing techniques are required to make the apparatus with careful handling

during small-scale experiments (0.1–10 g), the polymerization results are highly

reproducible and reliable. On the other hand, large-scale experiments (10 g or more)

can be carried out under a nitrogen or argon atmosphere with the usual care. Many

researchers believe that the living anionic polymerization is very difficult to be

carried out due to the extremely rigorous purification of the monomers, solvents,

and other reagents to be used as well as complete removal of oxygen, water, and

some impurities from the polymerization system. This is true, but there are certain

convenient and useful techniques under a nitrogen atmosphere.

For the anionic polymerization of styrene, 1,3-diene monomers, or their deriv-

atives, the polymerization rate is slow in hydrocarbon media, such as cyclohexane,

hexane, benzene, and toluene, with RLi. An induction period is also present prior to

initiating the polymerization. If impurities including water and oxygen are rela-

tively low, they usually react with RLi during the mixing of the monomer and RLi

before the polymerization. As a consequence, the living anionic polymerization

smoothly proceeds to quantitatively afford a polymer with a narrow MWD. The

molecular weight is slightly shifted to a higher value than that expected because a

small amount of RLi is lost due to the presence of impurities. For example, even

commercially available styrene, after only drying over molecular sieves without

distillation, smoothly undergoes the anionic polymerization with sec-BuLi in
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commercially available dry benzene at 40 �C for a few hours. A series of polymer-

izations with different molar ratios of styrene and sec-BuLi were carried out under

the same conditions. In each case, PS was quantitatively obtained. The resulting

PSs showed nearly monodisperse distributions (Mw/Mn <1.05) with the

SEC-observed Mn values of 11,000, 27,000, and 60,000 g/mol. Their calculated

Mn values were 10,000, 25,000, and 52,000 g/mol, respectively. Thus, well-

controlled polystyrenes could readily be prepared by the simple treatment of a

commercially available styrene monomer without distillation.

In contrast, the polymerization of styrene is very fast and completed within a few

seconds in THF with sec-BuLi even at �78 �C. PSs with relatively broad MWDs

(Mw/Mn¼ 1.1–1.3) were obtained using the above treated styrene because the

propagation and termination with impurities simultaneously occurred. In this sys-

tem, the addition of a small amount of Bu2Mg (commercially available from

Aldrich) to the same treated styrene, before mixing the initiator, is very effective

in achieving the living anionic polymerization. The presence of Bu2Mg during the

polymerization had no influence at all. For instance, the PSs (Mw/Mn <1.05) of the

observed Mn values of 54,000 and 110,000 g/mol were quantitatively obtained and

the Mn values were in good agreement with the calculated values.

For the living anionic polymerization of (meth)acrylate and N,N-dialkyla-
crylamide monomers, the addition of a small amount of Et2Zn to either of the

monomers, after drying over molecular sieves, is effective prior to the polymeri-

zation. Water, oxygen, and other impurities in each monomer react with Et2Zn and

then the resulting purified monomer is mixed with an initiator to start the polymer-

ization. The presence of excess Et2Zn does not interfere with the polymerization,

but is instead a benefit to narrow the MWD of the resulting polymer. In practice, the

low Mw/Mn values (<1.05) along with the good agreement between the Mn values

calculated (Mn ~ 50,000 g/mol) and those observed by RALLS in the resulting

polymers indicate that the living anionic polymerization proceeds as desired.

6 Conclusions

In this chapter, the anionic polymerization behavior of styrene, 1,3-butadiene, DPE,

and their functional derivatives was described. In addition, ethylene and trimethyl-

vinylsilane also belong to the group of nonpolar monomers. Ethylene can be

anionically polymerized with the tert-BuLi-TMEDA complex in hydrocarbon

media, but the resulting polyethylene is always precipitated during the early stage

of the polymerization to yield a low-molecular-weight polymer (Mn ~ a few thou-

sands g/mol) [163, 164]. The anionic polymerization of trimethylvinylsilane with

sec-BuLi in hexane was also reported. As shown in Scheme 19, the polymerization

was observed to proceed in a normal manner with the occurrence of the isomeri-

zation. The ratio of the isomerization reaction was significantly increased by the

addition of TMEDA [165].
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Recently, two interesting monomers in this category have been reported. The

first example is a P¼C bond containing phosphaalkene monomer. Gates

et al. demonstrated that treating phosphaalkene (PA1 or PA2) with BuLi in

dimethoxyethane at 25 �C gives a quite new living anionic poly(methylene-

phosphine) composed of a P-C main chain, as shown in Scheme 20 [166–

168]. Under such conditions, polymers with controllable molecular weights and

narrow molecular weight distributions were obtained, as listed in Table 16. A

further evidence for the living polymerization is provided by a linear plot of Mn

value versus conversion as well as the successful formation of PS100-b-poly(PA1)50
(Mn Calculated¼ 26,300 g/mol, Mn GPC¼ 29,600 g/mol, and Mw/Mn¼ 1.06).

Thus, living anionic polymerization systems common for C¼C bonds have

been extended to P¼C bonds. This chemistry further illustrates the remarkable

parallel between P¼C and C¼C bond to construct new P-C main chain homo-

polymers and block copolymers.

The second example is benzofulvene (BF, α-methyleneindene), an

exomethylene monomer having a fixed transoid 1,3-diene moiety. Ishizone

et al. successfully polymerized BF in a living manner with sec-BuLi or Ph2CHK

CH2=CH

Si CH3

CH3

CH3

sec-BuLi
CH2-CH

Si CH3

CH3

CH3

CH2-CH2

Si CH2

CH3

CH3

CH2=CH

Si CH3

CH3

CH3 CH2-CH2

Si CH2

CH3

CH3 CH2-CH

Si CH3

CH3
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CH2=CH
Si CH3

CH3

CH3

CH2-CH

Si CH3
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Scheme 19 Polymerization of trimethylvinylsilane, followed by isomerization
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Scheme 20 Living anionic polymerization of phospaalkenes
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in THF at�78 �C for 1 h, as illustrated in Scheme 21 [169]. The resulting polymers

were observed to possess the predictable Mn values and narrow molecular weight

distributions (see Table 17).

Thus, BF acted as a novel polymerizable transoid 1,3-diene in the anionic

polymerization. A remarkable high anionic polymerizability of BF was realized

by the fact that a well-defined PMMA-b-poly(BF) could be synthesized by the

sequential polymerization of BF with a low nucleophilic living PMMA in quanti-

tative efficiency.

Throughout this chapter, we have emphasized the living anionic polymerization

of functional styrene derivatives. With the finding of anion-stable functionalities

and the development of two strategies using protective and EWG groups, many

styrene derivatives carrying almost all the useful functionalities now acquire the

ability to undergo the living anionic polymerization. Most of such functionalities

were believed to be incompatible with highly reactive anionic initiators like RLi

and alkali-metal naphthalenides and living polystyrenes until the 1980s. Most

importantly, anion-stable functionalities and two successful strategies for the living

anionic polymerization of styrene may possibly be applied to the living anionic

polymerization systems of other functional monomers, whose monomer frame-

works are 1,3-butadiene, 2VP, alkyl methacrylates, tert-butyl acrylate, N,N-

Table 16 Anionic

polymerization of PA1 and

PA2 in dimethoxyethane at

25 �C

Monomer

Mn (g/mol) Mw/Mn

Calculated laser-LS SEC

PA1 8,000 8,900 1.08

PA1 10,500 10,500 1.08

PA1 15,900 14,800 1.04

PA1 31,700 29,600 1.15

PA2 11,500 11,500 1.09

PA2 17,400 14,600 1.11

sec-BuLi

THF,-78�C

0.41 0.59

1,2-addition 1,4-addition

Scheme 21 Living anionic polymerization of BF

Table 17 Anionic

polymerization of BF in THF

at �78 �C Initiator

Mn (g/mol) Mw/Mn

Calculated laser-LS SEC

sec-BuLi 8,900 8,900 1.11

sec-BuLi 16,000 18,000 1.03

sec-BuLi 27,000 28,000 1.11

Ph2CHK 11,000 13,000 1.05
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dialkylacrylamides, and several cyclic monomers, since their living chain-end

anions are similar to or lower in reactivity than the living polystyrene. This will

enable the synthetic range of available living anionic polymers with functional

groups to be significantly broadened. The success of the living anionic polymeri-

zation of functional monomers can lead to the precise synthesis of block polymers

and macromolecular architectures carrying such functional groups.

Abbreviations

(NCA)s α-Amino acid N-carboxyanhydrides
(TMS)2B 2,3-Bis(trimethylsilyl)-1,3-butadiene

2VP 2-Vinylpyridine

BF Benzofulvene

CHD 1,3-Cyclohexadiene

DPE 1,1-Diphenylethylene

DVB 1,4-Divinylbenzene

EWGs Electron-withdrawing groups

HMPT N,N,N0,N0,N00,N00-hexamethylphosphortriamide

KOBut Potassium tert-butoxide
MMA Methyl methacrylate

MOP3D 2-(4-Methoxyphenyl)[3]dendralene

MWD Molecular weight distribution

P3D 2-Phenyl[3]dendralene

PA Phosphaalkene

PB Poly(1,3-butadiene)

PI Polyisoprene

PS Polystyrene

PSLi Poly(styryl)lithium

RLi Organolithium

SABB 2-(4-Bis(trimethylsilyl)amino)butyl-1,3-butadiene

SAMB 2-Bis(trimethylsilyl)aminomethyl-1,3-butadiene

SEC Size exclusion chromatography

sec-BuLi sec-Butyllithium
TBDMS tert-Butyldimethylsilyl

TBDMSOS 4-tert-Butyldimethylsilyloxystyrene

TBSOM-DPE 1,1-Bis(3-tert-butyldimethylsilyloxymethylphenyl)ethylene

TBSOMP 3-tert-Butyldimethylsilyloxymethylphenyl

TESB 2-Triethylsilyl-1,3-butadiene

TGIC Temperature gradient interaction chromatography

TIPOSB 2-Triisopropoxysilyl-1,3-butadiene

TMEDA N,N,N0,N0-Tetramethylethylenediamine

TMOSB 2-Trimethoxysilyl-1,3-butadiene

TMS Trimethylsilyl
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TMSB 2-Trimethylsilyl-1,3-butadiene

TMSMB 2-(Trimethylsilyl)methyl-1,3-butadiene
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CJ, Sakamoto J (eds) Synthesis of polymers: new structures and methods, vol 1. Wiley-VCH,

Singapore, pp 81–133

5. Szwarc M (1956) ‘Living’ polymers. Nature 178:1168–1169

6. Morton M, Bostick EE, Clarke RG (1963) Homogeneous anionic polymerization. III. Molec-

ular weight of polyisoprene initiated by butyllthiums. J Polym Sci A 1:475–482

7. Morton M, Bostick EE, Livingni RA, Fetters LJ (1963) Homogeneous anionic polymeriza-

tion. IV. Kinetics of butadiene and isoprene polymerization with butyllithium. J Polym Sci A

1:1735–1742

8. Morton M, Fetters LJ (1975) Anionic polymerization of vinyl monomers. Rubber Chem

Technol 48:359–409

9. Quirk RP (1996) Living polymerizations: definitions, consequences, and criteria. In: Hsieh

HL, Quirk RP (eds) Anionic polymerization: principles and practical applications. Marcel

Dekker, New York, pp 71–92

10. LeeW, Lee H, Cha J, Chang T, Hanley KJ, Lodge TP (2000) Molecular weight distribution of

polystyrene made by anionic polymerization. Macromolecules 33:5111–5115

11. Sakellariou G, Baskaran D, Hadjichristidis N, Mays JW (2006) Well-defined poly

(4-vinylbenzocyclobutene): synthesis by living anionic polymerization and characterization.

Macromolecules 39:3525–3530

12. Kobayashi S, Matsuzawa T, Matsuoka S, Tajima H, Ishizone T (2006) Living anionic

polymerizations of 4-(1-adamantyl)styrene and 3-(4-vinylphenyl)-1,1’-biadamantane. Mac-

romolecules 39:5979–5986

13. Kobayashi S, Kataoka H, Ishizone T, Kato T, Ono T, Kobutaka S, Ogi H (2008) Synthesis and

properties of new thermoplastic elastomers containing poly[4-(1-adamantyl)styrene] hard

Segments. Macromolecules 41:5502–5508

14. Sugiyama K, Hirao A, Hsu JC, Tung YC, Chen WC (2009) Living anionic polymerization of

styrene derivatives para-substituted with π-conjugated oligo(fluorine) moieties. Macromol-

ecules 42:4053–4062

15. Senshu K, Kobayashi M, Ikawa N, Yamashita S, Hirao A, Nakahama S (1999) Relationship

between morphology of microphase-separated structure and phase restructuring at the sur-

face. Langmuir 15:1763–1769

16. Whiteham GH (1979) Comprehensive organic chemistry. In: Stoddart JF

(ed) vol 1. Pergamon Press, Oxford, pp 154–155

118 A. Hirao and K. Takenaka



17. Baily WF, Patricia JJ (1988) The mechanism of the lithium-halogen interchange reaction. J

Organomet Chem 352:1–46

18. Zhang H, Ruckenstein E (1999) Selective living anionic polymerization of a novel bifunc-

tional monomer 4-(vinylphenyl)-1-butene. Macromolecules 32:5495–5500

19. Hirao A, Kubota S, Sueyoshi T, Sugiyama K (2001) Living anionic polymerization of

functionalized monomers. 2. Macromol Chem Phys 202:1044–1052

20. Lutz P, Beinert G, Rempp P (1982) Anionic polymerization and copolymerization of 1,3- and

1,4-diisoprepenylbenzenes. Makromol Chem 183:2787–2797

21. Hirao A, Imai T, Watanabe K, Hayashi M, Sugiyama K (2006) Living anionic polymerization

of 4-(α-alkylvinyl)styrene derivatives. Chem Mon 137:855–867

22. Hayashi M, Inagaki K, Sugiyama K, Hirao A (2006) Synthesis of well-defined poly

(4-isopropenylstyrene) by living anionic polymerization and its application to graft copoly-

mers using styrene-butadiene copolymer anions. Kautsch Gummi Kunstst 7(8):396–398

23. Sugiyama K, Watanabe K, Hirao A, Hayashi M (2008) Living anionic polymerization of

4-(α-alkylvinyl)styrene derivatives. Macromolecules 41:4235–4244

24. Hirao A, Kitamura M, Loykulnant S (2004) Living anionic polymerization of

4-(4-(2-isopropylphenoxy)butyl)styrene, A new dual functionalized styrene derivatives hav-

ing α-methylstyrene functionality. Macromolecules 37:4770–4775

25. Hirao A, Kitamura M, Hayashi M, Loykulnant S, Sugiyama K (2005) Anionic polymerization

of new dual-functionalized styrene and α-methylstyrene derivatives having styrene and

α-methylstyrene moiety. Macromol Symp 226:35–50

26. Hirao A, Tanaka S, Goseki G, Ishizone T (2011) Living anionic polymerization of

1,4-divinylbenzene. Macromolecules 44:4579–4582

27. Tanaka S, Matsumoto M, Goseki R, Ishizone T, Hirao A (2013) Living anionic polymeriza-

tion of 1,4-divinylbenzene and its isomers. Macromolecules 46:146–154

28. Tanaka S, Goseki R, Ishizone T, Hirao A (2014) Synthesis of well-defined novel reactive

block polymers containing a poly(1,4-divinylbenzene) segment by living anionic polymeri-

zation. Macromolecules 47:2333–2339. doi:10.1021/ma402657t

29. Ishizone T, Uehara G, Hirao A, Nakahama S (1998) Anionic polymerizations of 2-, 3-, and

4-(3,3-dimethyl-1-butynyl)styrenes, 2-, 3-, and 4-(1-hexynyl)styrenes, and 4-(phenylethynyl)

styrene. Macromolecules 31:3764–3774

30. Se K, Watanabe O, Isono Y, Fujimoto T (1989) Synthesis and characterization of model

block-graft copolymers via anionic polymerization. Macromol Symp 25:249–261

31. Se K, Kijima M, Fujimoto T (1988) Anionic polymerization of tertiary aminostyrenes and

characterization of the polymers. Polym J 20:791–799

32. Kopolow S, Hogen-Esch TE, Smid J (1973) Poly(vinyl macrocyclic polyethers). Macromol-

ecules 6:133–142

33. Higashihara T, Ueda M (2009) Living anionic polymerization of 4-vinyltriphenylamine for

synthesis of novel block copolymers containing low-polydisperse poly(4-vinyltriphe-

nylamine) and regioregular poly(3-hexylthiophene) segments. Macromolecules

42:8794–8800

34. Kang BG, Kang NG, Lee JS (2010) Living anionic polymerization of styrene derivatives

containing triphenylamine moieties through introduction of protecting group. Macromole-

cules 43:8400–8408

35. Hirao A, Shione H, Ishizone T, Nakahama S (1997) Anionic polymerization of monomers

containing functional groups 9. Anionic polymerization of 4-vinylphenyl methyl sulfide and

2-(4-vinylphenyl)ethyl methyl sulfide. Macromolecules 30:3728–3731

36. Sugiyama K, Ishizone T, Hirao A, Nakahama S (1995) Anionic polymerization of

fluorostyrenes. Acta Polym 46:424–431

37. Chaumont P, Bernert G, Herz JE, Rempp P (1982) Synthesis and properties of poly( p-
trimethylsilylstyrene). Makromol Chem 183:1181–1190

38. Saigo K, Watanabe F (1989) Synthesis of nearly monodisperse poly(α-methylstyrene)s

containing two Si atoms and an allyl group. J Polym Sci A Polym Chem 27:2611–2624

Nonpolar Monomers: Styrene and 1,3-Butadiene Derivatives 119

http://dx.doi.org/10.1021/ma402657t


39. Hirao A, Nakahama S (1992) Anionic living polymerization of monomers with functional

silyl groups. Prog Polym Sci 17:283–317

40. Hirao A, Loykulnant S, Ishizone T (2002) Recent advance in living anionic polymerization of

functionalized styrene derivatives. Prog Polym Sci 27:1399–1471

41. Hirao A, Ando Y, Ishizone T, Nakahama S (2003) Anionic polymerization of p-
pentamethyldisilyl-, p-heptamethyltrisilyl-, and p-nonamethyltetrasilylstyrenes. Macromole-

cules 36:5081–5087

42. Yamazaki N, Nakahama S, Hirao A, Goto J, Shiraishi Y, Martinez F, Phung HM (1981)

Anionic polymerization of p-triphenyltinstyrene. J Macromol Sci Chem A16:1129–1144

43. Hirao A, Shiraishi Y, Martinez F, Phung HM, Nakahama S, Yamazaki N (1983) Anionic and

radical polymerizations of p-triphenyl- and p-tributylgermylstyrenes. Makromol Chem

184:961–967

44. Kase T, Imahori M, Kazama T, Isono Y, Fujimoto T (1991) Anionic living polymerization of

an α-methylstyrene derivative containing the bis(diethylamino)phosphino group.

Makromolecules 21:1714–1719

45. B€orner HG, Heitz W (2000) Anionic block copolymerization of vinyl functionalized

triphenylphosphines with styrene. Macromol Chem Phys 201:740–746

46. Nakahama S, Hirao A (1990) Protection and polymerization of functional monomers: anionic

living polymerization of protected monomers. Prog Polym Sci 15:299–335

47. Hirao A, Nakahama S (1994) Recent developments in anionic living polymerization. Trends

Polym Sci 2:267–271

48. Hirao A, Nakahama S (1996) Anionic polymerization. In: Archady R (ed) Desk reference of

functional polymers. ACS, Washington, DC, pp 19–34

49. Hirao A, Nakahama S (1998) Anionic living polymerization of functionalized monomers.

Acta Polym 49:133–144

50. Hirao A, Yamaguchi K, Takenaka K, Suzuki K, Nakahama S, Yamazaki N (1982) Synthesis

of poly(4-vinylphenol) by means of anionic living polymerization. Makromol Chem Rapid

Commun 3:941–946

51. Hirao A, Takenaka K, Packirisamy S, Yamaguchi K, Nakahama S (1985) Studies on anionic

living polymerization of 4-(tert-butyldimethylsilyloxy)styrene. Makromol Chem

186:1157–1166

52. Hirao A, Kitamura K, Takenaka K, Nakahama S (1993) Syntheses of well-defined poly

(vinylphenol), poly((vinylphenyl)methanol), and poly(2-(vinylphenyl)ethanol) by means of

anionic living polymerization of styrene derivatives containing tert-butyldimethylsilyl ethers.

Macromolecules 26:4995–5003

53. The living anionic polymerization of the protected 4-vinylphenols with methoxymethoxy and

tetrahydropyranyl ethers quantitatively proceeded with oligo(α-methylstyryl)potassium in

THF at �78�C for 1 h to afford polymers with predictable molecular weights and narrow

molecular weight distributions (Mn¼ 35,000 g/mol and 14,000 g/mol, Mw/Mn¼ 1.05 and

1.09)

54. Hirao A, Takenaka K, Yamaguchi K, Nakahama S, Yamazaki N (1983) Synthesis of poly

(2-(4-vinylphenyl)ethanol) by anionic living polymerization. Polymer 24:339–341

55. Hirao A, Yamamoto A, Takenaka K, Yamaguchi K, Nakahama S (1987) Anionic living

polymerization of 4-(2-trialkylsilyloxyethyl)styrene as protected 4-(2-hydroxyethyl)styrene.

Polymer 28:303–310

56. Hirao A, Shione H, Wakabayashi S, Nakahama S (1994) Anionic polymerization of

4-vinylphenyl tert-butyldimethylsilyl sulfide and 2-(4-vinylphenyl)ethyl tert-
butyldimethylsilyl sulfide. Macromolecules 22:2607–2611

57. Hirao A, Kato K, Nakahama S (1992) Synthesis of well-defined poly(vinylacetophenone)s by

means of anionic living polymerization of tert-butyldimethylsilyl enol ethers of vinylaceto-

phenones. Macromolecules 25:535–540

120 A. Hirao and K. Takenaka



58. Yamaguchi K, Hirao A, Suzuki K, Takenaka K, Nakahama S, Yamazaki N (1983) Anionic

living polymerization of p-N, N-bis(trimethylsilyl)aminostyrene. J Polym Sci Polym Lett Ed

21:395–401

59. Suzuki K, Hirao A, Yamaguchi K, Nakahama S (1989) Synthesis of well-defined poly

(4-aminostyrene) by means of anionic living polymerization of p-N, N-bis(trimethylsilyl)

aminostyrene. Macromolecules 22:2607–2611

60. Suzuki K, Hirao A, Nakahama S (1989) Anionic living polymerization of 4-N, N-bis

(trimethylsilyl)aminomethylstyrene and 4-(2-N, N-bis(trimethylsilyl)amino)ethylstyrene.

Makromol Chem 190:2893–2901

61. Ishizone T, Hirao A, Nakahama S, Kakuchi T, Yokota K, Tsuda K (1991) Anionic living

polymerization of 4-trimethylsilylethynylstyrene. Macromolecules 24:5230–5231

62. Tsuda K, Ishizone T, Hirao A, Nakahama S, Kakuchi T, Yokota K (1993) Synthesis of well-

defined poly(ethynylstyrene)s by means of anionic living polymerization of trimethylsily-

lethynylstyrenes. Macromolecules 26:6985–6991

63. Ishizone T, Hirao A, Nakahama S, Tsuda K (1996) Synthesis of well-defined poly

(4-(3-butynylstyrene)s) by means of anionic living polymerization of 4-(4-trimethylsilyl-3-

butynyl) styrene. Macromol Chem Phys 197:1781–1791

64. Hirao A, Ishino Y, Nakahama S (1986) Synthesis of linear poly(4-vinylbenzaldehyde) by

means of anionic living polymerization of 1,3-dimethyl-2-(4-vinylphenyl)imidazolidine and

subsequent hydrolysis. Makromol Chem 187:141–147

65. Ishizone T, Tominaga T, Kitamura K, Hirao A, Nakahama S (1995) Synthesis of well-defined

polystyrene bearing a triol functionality by means of anionic living polymerization of

4-(4-(4-vinylphenyl)butoxy)methyl-1-methyl-2,6,7-trioxabicyclo[2.2.2]octane. Macromole-

cules 28:4829–4836

66. Hirao A (1989) Unpublished results

67. Ishizone T, Kato R, Ishino Y, Hirao A, Nakahama S (1991) Anionic living polymerization of

2-(3-vinylphenyl)-1,3-dioxolane and related monomers. Macromolecules 24:1449–1454

68. Ishizone T, Okamoto K, Hirao A, Nakahama S (1999) Syntheses of well-defined poly

((4-vinylphenyl)acetic acid), poly(3-(4-vinylphenyl)propionic acid), and poly

(3-vinylbenzoic acid) by means of anionic living polymerization of protected monomers

bearing bicyclic ortho ester moieties. Macromolecules 32:1453–1462

69. Hirao A (1990) Unpublished results. The tert-butyl ether- and acetal-protected monomers

were observed to undergo living anionic polymerization in THF at �78�C with oligo

(α-methylstyryl)lithium for 1 h to quantitatively yield the polymers with predictable molec-

ular weights (Mn¼ 26,700 g/mol and 20,500 g/mol) and narrow molecular weight distribu-

tions (Mw/Mn¼ 1.03 and 1.04), respectively

70. Moss RJ, Rickborn B (1984) α-Methoxy-o-xylylene: formation by LiNR2-induced

1,4-elimination of o-tolualdehyde dimethyl acetal. J Org Chem 49:3694–3701

71. Moss RJ, White RO, Rickborn B (1984) α, α-Dimethoxy-o-xylylene: formation by

1,4-elimination and electrocyclic routes and reactions. Org Chem 50:5132–5139

72. Hirao A, Negishi Y, Hayashi M, Seko K, Ryu SW, Loykulnant S, Matsuo A, Sugiyama K

(2001) Anionic polymerization and reaction of styrene and DPE derivatives substituted with

alkoxymethyl groups. Macromol Chem Phys 202:3590–3605

73. Loykulnant S, Hayashi M, Hirao A (1998) Anionic living polymerization of styrene deriv-

atives containing acetal-protected monosaccharide residues. Macromolecules 31:9121–9126

74. Hirao A, Hayashi M, Loykulnant S (2000) Precise synthesis of various functionalized poly-

styrenes with monosaccharide residues by anionic living polymerization and living

functionalization. Macromol Symp 161:45–52

75. Loykulnant S, Yamashiro M, Hirao A (2001) Living anionic polymerization of styrene

derivatives m, m’-disubstituted with acetal-protected monosaccharide residues. Macromol

Chem Phys 202:1791–1798

76. Loykulnant S, Hirao A (2000) Living anionic polymerization of 4-alkylstyrenes containing

acetal-protected monosaccharide residues. Macromolecules 33:4757–4764

Nonpolar Monomers: Styrene and 1,3-Butadiene Derivatives 121



77. Hirao A, Hayashi M (1999) Synthesis of well-defined functionalized PSs with a definite

number of chloromethylphenyl groups at chain-end or in-chains by means of living anionic

polymerization in conjunction with functional group transformation. Macromolecules

32:6450–6460

78. Ryu SW, Hirao A (2000) Anionic synthesis of well-defined poly(m-halomethylstyrene)s and

branched polymers via graft-onto methodology. Macromolecules 33:4765–4771

79. Ryu SW, Hirao A (2001) Synthesis of well-defined highly branched polymers and graft

copolymers having one branch per repeating unit using poly(m-halomethylstyrene)s as

backbone polymers. Macromol Chem Phys 202:1727–1736

80. Nakahama S, Ishizone T, Hirao A (1993) Anionic living polymerization of styrenes

containing electron-withdrawing groups. Macromol Symp 67:223–236

81. Ishizone T, Hirao A, Nakahama S (1996) Anionic living polymerization of styrenes

substituted with electron-withdrawing groups. Kobunshi Ronbunshu 54:829–842

82. Ishizone T, Hirao A, Nakahama S (1993) Anionic block copolymerization of styrenes

derivatives para-substituted with electron-withdrawing groups. Macromolecules

26:6964–6975

83. Hirao A, Nakahama S (1986) Anionic living polymerization of 4-vinyl(N, N-diisopropyl-

benzamide). Polymer 27:309–312

84. Ishino Y, Hirao A, Nakahama S (1986) Anionic living polymerization of 2-(4-vinylphenyl)-

4,4-dimethyl-2-oxazoline. Macromolecules 19:2307–2309

85. Hirao A, Nakahama S (1987) Synthesis of well-defined poly(4-vinylbenzaldehyde) by the

anionic living polymerization of N-((4-ethenylphenyl)methylene)cyclohexamine. Macromol-

ecules 20:2968–2972

86. Hirao A, Ishino Y, Nakahama S (1988) Synthesis of well-defined poly(4-vinylbenzoic acid)

by means of anionic living polymerization of 2-(4-vinylphenyl)-4,4-dimethyl-2-oxazoline.

Macromolecules 21:561–565

87. Ishizone T, Hirao A, Nakahama S (1989) Anionic living polymerization of tert-butyl
4-vinylbenzoate. Macromolecules 22:2895–2901

88. Ishizone T, Wakabayashi S, Hirao A, Nakahama S (1991) Anionic living polymerization

of N, N-dialkyl 4-vinylbenzamides. Macromolecules 24:5015–5022

89. Ishizone T, Hirao A, Nakahama S (1991) Anionic living polymerization of 4-cyanostyrene.

Macromolecules 24:625–626

90. Ishizone T, Tsuchiya J, Hirao A, Nakahama S (1992) Anionic living polymerization of N,

N-dialkyl-4-vinylbenzenesulfonamides. Macromolecules 25:4840–4847

91. Ishizone T, Sugiyama K, Hirao A, Nakahama S (1993) Anionic polymerization of 2-, 3-, and

4-cyanostyrenes. Macromolecules 26:3009–3018

92. Ishizone T, Sueyasu N, Sugiyama K, Hirao A, Nakahama S (1993) Anionic polymerization of

N-alkyl-N-(4-vinylbenzylidene)amines. Macromolecules 26:6976–6984

93. Ishizone T, Kurosawa H, Hirao A, Nakahama S (1994) Synthesis of well-defined poly

(4-vinylbenzoic acid) by means of anionic living polymerization of N-(4-vinylbenzoyl)-N’-
methylpiperazine, followed by deprotection. Macromol Chem Phys 195:3173–3187

94. Ishizone T, Utaka T, Ishino Y, Hirao A, Nakahama S (1997) Anionic polymerization of N-
aryl-N-(4-vinylbenzylidene)amines. Macromolecules 30:6458–6466

95. Ishizone T, Okazawa Y, Ohnuma K, Hirao A, Nakahama S (1997) Anionic living polymer-

ization of 4-cyano-α-methylstyrene. Macromolecules 30:757–763

96. Ishizone T, Tsuchiya J, Hirao A, Nakahama S (1998) Synthesis of well-defined poly

(4-vinyl-α-methylcinnamic acid) by means of anionic living polymerization of

2-(1-methyl-2-(4-ethenylphenyl)ethenyl)-4,4-dimethyl-2-oxazoline. Macromolecules

31:5598–5608

97. Ishizone T, Ohnuma K, Okazawa Y, Hirao A, Nakahama S (1998) Anionic equilibrium

polymerization of 4-cyano-α-methylstyrene. Macromolecules 31:2797–2803

98. Ishizone T, Kato H, Yamazaki D, Hirao A, Nakahama S (2000) Anionic polymerization of

aryl 4-vinylbenzoate. Macromol Chem Phys 201:1077–1087

122 A. Hirao and K. Takenaka



99. Driva P, Pickel DL, Mays JW, Baskaran D (2010) A new approach to the living anionic

polymerization of 4-cyanostyrene. Macromolecules 43:6915–6918

100. Hattam P, Gauntlett S, Mays JW, Hadjichristidis N, Young RN, Fetters LJ (1991) Confor-

mational characteristics of some model polydienes and polyolefins. Macromolecules

24:6199–6209

101. Ohno R, Tanaka Y, Kawakami M (1973) Synthesis and characterization of 2-alkylbtadiene

polymers. Polym J 4:56–60

102. Asami R, Higaki T (1970) Anionic polymerization of 1-tert-butyl- and 2-tert-butyl-1,3-
butadiene. Polym Prepr Jpn 19:8

103. Asami R, Higaki T (1971) Substituent effect in the anionic polymerization of tert-butyl- and
phenyl-substituent butadienes. Polym Prepr Jpn 20:261–264

104. Natori I (1997) Synthesis of polymers with an alicyclic structure in the main chain. Living

anionic polymerization of 1,3-cyclohexadiene with the n-BuLi/TMEDA system. Macromol-

ecules 30:3696–3697

105. Natori I, Inoue S (1998) Living anionic polymerization of 1,3-cyclohexadiene with the

n-BuLi/TMEDA system. Copolymerization and block copolymerization with styrene, buta-

diene, and isoprene. Macromolecules 31:982–987

106. Hong K, Wan Y, Mays JW (2001) Near monodisperse star and star-block polymers based on

poly(1,3-cyclohexadiene). Macromolecules 34:2482–2487

107. Williamson DT, Elman JF, Madison PH, Pasquale AJ, Long TE (2001) Synthesis and

characterization of poly(1,3-cyclohexadiene) homopolymers and star-shaped polymers. Mac-

romolecules 34:2108–2114

108. Quirk RP, You F, Wesdemiotis C, Arnould MA (2004) Anionic synthesis and characteriza-

tion of ω-hydroxy-functionalized poly(1,3-cycloheadiene). Macromolecules 37:1234–1242

109. Kobayashi S, Kataoka H, Ishizone T (2009) Synthesis of well-defined poly(ethylene-alt-
vinyladamantane) via living anionic polymerization of 2-(1-adamantyl)-1,3-buadiene,

followed by hydrogenation. Macromolecules 42:5017–5026

110. Kobayashi S, Kataoka H, Ishizone T, Kato T, Ono T, Kubotaka S, Arimoto K, Ogi H (2009)

Synthesis of well-defined random and block copolymers of 2-(1-adamantyl)-1,3-buadiene

with isoprene via anionic polymerization. React Funct Polym 69:409–415

111. Yuki H, Okamoto Y, Takano H (1971) Anionic polymerization of 2,3-dimethylbutadiene.

Polym J 2:663–669

112. Xu Z, Mays JW, Chen X, Hadjichristidis N, Schilling FC, Bair HE, Pearson DS, Fetters LJ

(1985) Molecular characterization of poly(2-methyl-1,3-pentadiene) and its hydrogenated

derivative, atactic polypropylene. Macromolecules 18:2560–2566

113. Suzuki T, Tsuji Y, Takegami Y (1978) Microstructure of poly(1-phenylbutadiene) prepared

by anionic initiator. Macromolecules 11:639–644

114. Suzuki T, Tsuji Y, Takegami Y, Harwood HJ (1979) Microstructure of poly

(2-phenylbutadiene) prepared by anionic initiators. Macromolecules 12:234–239

115. Kase T, Imahori M, Komiyatani T, Ito K, Isono Y, Fujimoto T (1990) Molecular character-

ization of poly(2-phenyl-1,3-butadiene) prepared by anionic living polymerization. Kobunshi

Ronbunshu 47:17–24

116. Hirao A, Sakano Y, Takenaka K, Nakahama S (1998) Anionic living polymerization of

2,3-diphenyl-1,3-buadiene. Macromolecules 31:9141–9145

117. Quirk RP, Bhatia R (1989) Alkyllithium-initiated polymerization of trans-1,3,5-hexatriene

and copolymerization with styrene. Rubber Chem Technol 62:332–342
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Anionic Polymerization of Polar Vinyl
Monomers: Vinylpyridines, (Meth)acrylates,
(Meth)acrylamides, (Meth)acrylonitrile,
Phenyl Vinyl Sulfoxide, Benzofulvene,
and Other Monomers

Takashi Ishizone, Yuki Kosaka, and Raita Goseki

Abstract The living anionic polymerizations of various polar vinyl monomers,

such as vinylpyridines, acrylates, methacrylates, N,N-dialkylacrylamides, N,N-
dialkylmethacrylamides, N-isopropylacrylamide, α-methylene-N-methylpyr-

rolidone, methacrylonitrile, vinyl sulfoxide, and benzofulvene, quantitatively

proceeded and gave the polymers having predicted molecular weights and narrow

molecular weight distributions. The effective anionic initiator systems were newly

developed to prevent the inherent side reactions derived from the polar substituents

during the polymerizations of these monomers. The stereospecific anionic polymer-

izations were realized for several monomers including methacrylates and N,N-
dialkyl(meth)acrylamides by choosing the suitable initiator systems. The polar

monomers possessing electron-withdrawing groups showed high anionic

polymerizabilities, and the resulting living polymers had low nucleophilicities

because of the stabilization effects of the substituents.

Keywords Polar monomer • Electron-withdrawing group • Methacrylates •

Acrylates • Acrylamides • Vinylpyridines • N-Isopropylacrylamide •

Methacrylonitrile • Benzofulvene • Backbiting • Dormant species • Anionic

polymerizability

1 Introduction

In this chapter, the anionic polymerization behaviors of polar vinyl monomers

[1–4], such as (meth)acrylates, N,N-dialkylacrylamides, (meth)acrylonitriles, and

vinylpyridines, are described. These polar monomers possess electron-withdrawing

substituents including COOR, CONR2, and CN groups and pyridine rings, and the
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electron densities of their vinyl (isopropenyl) groups are remarkably reduced by the

substituent effects. This means that the vinyl groups in the polar monomers are

fairly electrophilic and easily attacked by the nucleophiles to initiate the polymer-

ization (Scheme 1). In other words, these polar monomers carrying electron-

withdrawing groups show high anionic polymerizabilities. In fact, the anionic

polymerizations of most polar monomers dealt with in this chapter can be initiated

using relatively weak bases or nucleophiles, such as Grignard reagents and enolate

anions, which are known to be entirely ineffective with hydrocarbon monomers

including styrene and 1,3-butadiene.

The relationship between a monomer and its growing chain-end anion is also

very important in order to understand the anionic polymerization behavior of polar

vinyl monomers. In general, the less reactive chain-end anions are derived from the

more reactive monomers and vice versa, because they are the conjugated bases and

the corresponding acids to each other [5]. A typical example is the anionic copo-

lymerization behavior of methyl methacrylate (MMA) and styrene. MMA is a

typical polar monomer and much more reactive than styrene because the electron

density on the C¼C bond of MMA is considerably reduced by the electron-

withdrawing ester carbonyl group, while that on the C¼C bond of styrene is not

as significantly influenced by the phenyl group. This means that the C¼C bond of

MMA is more electrophilic than that of styrene. On the other hand, the electron

density of the propagating carbanion (enolate anion) derived fromMMA is remark-

ably reduced by the similar electron-withdrawing effect of the COOMe group, thus

the poly(MMA) anion becomes much less reactive than that derived from styrene.

In fact, the chain-end enolate anion from MMA (pKa¼ 25, ethyl acetate) [6, 7] has

no ability to polymerize styrene, while the chain-end anion from styrene (pKa¼ 41,

toluene) [6, 7] can polymerize styrene and the more reactive MMA, as shown in

Scheme 2. This polymerization behavior can be correlated to the relative acidity

(pKa values) of the conjugate acids of the propagating chain ends. From more acidic

compounds, less nucleophilic (or less basic) anions form and vice versa.

Thus, these relationships are very important when one considers the synthesis of

block copolymers by the sequential anionic copolymerizations [5]. The addition

order of comonomers is essential for the success of block copolymerization in

CH2 CH

EWG

Nu

δ+

CH2 CH

EWG

Nu

EWG: Electron-Withdrawing Groups

–COOR, –CONR2, –C N,

High electrophilicity Low nucleophilicity

N

Scheme 1 Anionic polymerization of polar vinyl monomers carrying electron-withdrawing

groups
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addition to the livingness of the polymerization system. From a synthetic view-

point, styrene can be used as the first monomer, but MMA is not suitable as the first

monomer due to the low nucleophilicity of the propagating carbanion for the

synthesis of block copolymer of styrene and MMA by the sequential anionic

copolymerization. Thus, the anionic polymerizations of polar vinyl monomers

include interesting features on the polymerizability. This chapter mainly focuses

on the living anionic polymerization of polar vinyl monomers from the viewpoints

of molecular weight control and molecular design of the block copolymers.

2 Anionic Polymerization of Vinylpyridines

It is well known that both 2-vinylpyridine (2VP) and 4-vinylpyridine (4VP) have

higher anionic polymerizability than those of styrene and 1,3-diene monomers,

because the electron-deficient pyridine ring significantly reduces the π-electron
densities of their vinyl groups (Fig. 1) [1–4]. In fact, their relative anionic

polymerizabilities are roughly categorized between hydrocarbon monomers and

alkyl (meth)acrylates [8]. The resulting poly(2-vinylpyridine) (P2VP) and poly

(4-vinylpyridine) (P4VP) have attracted considerable attention, since they are

hydrophilic and soluble in polar solvents, such as methanol. Furthermore, they

possess reactive pyridine rings in the repeating units. The basic and nucleophilic

pyridine rings of polymers can be readily quaternarized by the reactions with acids

or alkyl halides, and the resulting quaternarized pyridinium salts show higher

polarities than those of the starting polymers and are even soluble in water. It is

noteworthy that the cross-linking of poly(vinylpyridine)s is possible, when difunc-

tional alkyl halides, such as 1,4-dibromobutane, are used for the formation of

quaternary ammonium salts [9].
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CHCH2
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Scheme 2 Crossover reaction between MMA and styrene
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The anionic polymerizations of 2VP and 4VP have been investigated under

various conditions [1–4, 10–24], in particular, for the preparation of block copol-

ymers with other comonomers. The choice of a polar solvent, such as THF, DMF,

and HMPT, is important for the anionic polymerizations of vinylpyridines to realize

homogeneous reaction systems [20, 21, 24], since the resulting polymers are

insoluble in hydrocarbons, such as hexane, cyclohexane, and benzene. It is note-

worthy that the purification of 2VP and 4VP is rather difficult because of their high

anionic polymerizability and hygroscopic property. Although Grignard reagents

and dialkylmagnesiums are effective for the purification of hydrocarbon monomers,

such as styrene and 1,3-dienes, 2VP and 4VP are readily polymerized by these

nucleophiles. In practice, 2VP and 4VP are usually dried over calcium hydride

powder and repeatedly distilled under vacuum prior to the polymerization [5]. The

pretreatment with trialkylaluminum is more effective to remove the protonic

impurities from the monomers due to the homogeneity of the system similarly to

the purification of (meth)acrylates [25].

2VP readily undergoes anionic polymerization in THF at –78 �C with π-stabi-
lized bulky initiators, such as 1,1-diphenylhexyllithium (DPHLi, 1:1 addition

product of 1,1-diphenylethylene (DPE) and n-BuLi, Scheme 3), 1,1-diphenyl-3-

methylpentyllithium (DMPLi, 1:1-addition product of DPE and sec-BuLi),
(1,1,4,4-tetraphenyl)butanedilyldilithium (TPBLi2, dianion of DPE dimer, pro-

duced from lithium naphthalenide and DPE, Scheme 4), fluorenyllithium (FlLi),

diphenylmethyllithium (Ph2CHLi), and diphenylmethylpotassium (Ph2CHK)

(Fig. 2) [1–5]. The reaction systems initiated by these initiators in THF are

homogeneous and show the typical red to orange coloration due to the presence

of the π-conjugated propagating carbanions derived from 2VP. The resulting

P2VPs possess predicted molecular weights based on the molar ratios between

the monomer and initiator and narrow molecular weight distributions (Mw/

Mn¼ 1.1). It should be noted that the molecular weights of P2VPs estimated by

polystyrene standards based on size exclusion chromatography (SEC) measure-

ments in THF are always underestimated compared to the true molecular weights.

The estimated Mn values (estimated from polystyrene standards) of P2VP are

roughly two thirds of the true values, since the hydrodynamic volume of P2VP in

THF is considerably smaller than that of polystyrene. Stronger nucleophilic initi-

ators including n-BuLi or sec-BuLi in THF also allow the control of the molecular

weights. Although several reports in organic chemistry suggest that the nucleophilic

CH3CH2CH2CH2   Li CCH2

DPE DPHLi

C   LiCH2CH3CH2CH2CH2

n-BuLi

Scheme 3 Preparation of DPHLi from n-BuLi and DPE
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addition of n-BuLi occurs with a pyridine molecule, the pyridine ring of 2VP seems

inert to these anionic initiators and the propagating chain ends at low temperature

such as –78 �C. However, the addition reactions of living polystyrene and polyiso-

prene to P2VP backbone form the graft copolymers at elevated temperature at 0 �C
[26]. Interestingly, even Grignard reagents showing a lower nucleophilicity can

induce the living anionic polymerization of 2VP in a quantitative manner, while

Grignard reagents cannot generally initiate the polymerization of styrene at all

[27]. Hogen-Esch and his coworkers reported that the anionic polymerization of

2-isopropenylpyridine (2IP), a pyridine analog of α-methylstyrene, also proceeded

in a controlled fashion [28–30].

Li C CH2 C CH2

C CH22 C CH2 CCH2 LiLi

single electron

transfer

radical coupling

TPBLi2

Scheme 4 Preparation of (1,1,4,4-tetraphenyl)butanedilyldilithium from lithium naphthalenide

and DPE

HC Li HC K

Ph2CHLi Ph2CHK

C   Li CH2 C    LiCH2CH3CH2CH2CH2 CH3CH2CH

CH3

CH2 C    LiC CH2Li

DPHLi DMPLi TPBLi2

Li

FlLi

Fig. 2 π-Stabilized bulky anionic initiators for 2VP
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Since the polymerization systems of 2VP show the typical living characters, the

living P2VP can be used as a macromolecular initiator to synthesize block copol-

ymers. In fact, block copolymers, such as P2VP-b-PMMA and P2VP-b-PtBMA

[17], have been synthesized by the sequential anionic copolymerization of 2VP

with other comonomers showing a high anionic polymerizability. However, since

the propagating carbanion of P2VP shows a low nucleophilicity, the addition of

hydrocarbon monomers, such as isoprene or styrene, to the living P2VP results in

the recovery of the homopolymer of 2VP or the insufficient initiation of the

crossover reaction [5]. The latter case means the formation of a block copolymer

with ill-defined chain structures. On the other hand, 2VP can be employed as a

second monomer for the sequential anionic copolymerization with styrene,

1,3-butadiene, and isoprene because of the high anionic polymerizability [5, 12–

16]. In these cases, well-defined PS-b-P2VP, PBd-b-P2VP, and PIsp-b-P2VP were

successfully synthesized, and the micelle formation properties in selective solvents

and the characteristic morphologies in bulk were investigated.

In contrast to the polymerization behaviors of 2VP, the anionic polymerization

of 4VP often suffers from extremely rapid propagation and poor polymer-solubility.

Even in polar THF at the low temperature of –78 �C, the red-colored precipitates

instantaneously formed upon the addition of 4VP to the anionic initiators, indicat-

ing the very rapid polymerization. This causes poor control of the molecular weight

of the resulting polymer and the difficulty in the subsequent sequential copolymer-

ization due to the heterogeneous system. An improved procedure for the anionic

polymerization of 4VP has been proposed to prevent polymer precipitation using a

mixed solvent of pyridine and THF (9/1) [20, 21]. At 0 �C, the polymerization

homogeneously proceeded to yield P4VP with well-defined chain structures. On the

other hand, a macromolecular initiator, such as living polystyrene, also provides a

homogeneous polymerization system of 4VP in THF to afford a tailored block

copolymer, PS-b-P4VP [23].

The anionic polymerization of 4-(2-pyridiyl)styrene, a pyridine analog of

4-vinylbiphenyl, was also performed with Ph2CHK in THF at –78 �C [31]. The

para-substituted 2-pyridinyl group acts as an electron-withdrawing group and pro-

vides an extended π-conjugation system. Both the monomer and the resulting living

polymer showed a reactivity similar to those of 2VP and the living P2VP, but not

styrene and the living polystyrene.

3 Anionic Polymerization of (Meth)acrylates

3.1 Anionic Polymerization Behavior of (Meth)acrylates

The esters of (meth)acrylic acids, (meth)acrylates, are well known as typical α,-
β-unsaturated carbonyl compounds, which readily allow the nucleophilic conjugate

addition, that is, the 1,4-addition. It has been demonstrated that the (meth)acrylate

monomers are highly electrophilic and show a higher anionic polymerizability than
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those of styrene, 1,3-dienes, and vinylpyridines [1–4, 32–35]. In fact, the anionic

polymerizations of the (meth)acrylates can be initiated not only with organolithium

and organopotassium reagents, but also with organomagnesium compounds, such

as R2Mg and RMgX, LiAlH4, NaAlEt4, amide anions (R2N
�) [36, 37], and enolates

derived from carbonyl compounds. The latter initiators are usually inert to the

polymerization of hydrocarbon monomers, such as styrene and 1,3-butadienes,

because of the low nucleophilicity or basicity. However, the living anionic poly-

merization of the (meth)acrylate monomers is not so straightforward, since the ester

carbonyl attack and α-proton abstraction (in the case of acrylate monomers) with

anionic initiators and growing chain-end enolate anions occasionally occur during

the polymerization [38–43]. For example, a strong nucleophile, such as n-BuLi,
directly attacks the C¼O moieties of (meth)acrylates to a considerable extent and

not the C¼C bonds to decrease the concentration of the anionic initiators

(Scheme 5). These acyl substitution reactions between (meth)acrylates and n-
BuLi are considered as the termination reactions, since the resulting lithium

alkoxides are usually unreactive to reinitiate the polymerization of the residual

(meth)acrylate monomers. Furthermore, it is well known that the intramolecular

Claisen-type condensation between the propagating enolate anion and the carbonyl

group at the antepenultimate monomer unit, the so-called backbiting reaction,

occasionally occurs to form the six-membered β-ketoester at the polymer terminal

during the anionic polymerization of the (meth)acrylate monomers (Scheme 6)

[39–43]. This reaction is not negligible during the final stage of polymerization and

is also recognized as a unimolecular termination reaction, since the resulting

alkoxides cannot usually reinitiate the polymerization of the (meth)acrylates. In

addition, this side reaction should be more significant for acrylates because of the

reduced steric hindrance around the propagating chain ends and the antepenultimate

ester moieties compared to the methacrylates. Furthermore, for the acrylates,

another propagating anion is immediately deactivated by the proton abstraction,

since the resulting cyclic β-ketoester possesses a highly acidic hydrogen (pKa ~ 11,

similar to acetylacetonate), as shown in Scheme 6 [39–43]. This means that two

polymer chains are successively deactivated during the polymerization of the

acrylates once this backbiting reaction occurs. In fact, the molecular weight control

during the anionic polymerizations for acrylates are much more difficult compared

to those for the methacrylates.
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O
OMe
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O
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Scheme 5 Reactions of (meth)acrylates with n-BuLi
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It is also noted that the exothermic rapid propagation and the partially aggregated

propagating species often cause broadening of the molecular weight distribution of

the poly(meth)acrylates. Furthermore, in practice, the purification of (meth)acrylate

monomers is quite difficult due to their high anionic polymerizability. (Meth)

acrylate monomers are rather hygroscopic and may contain a trace amount of

starting materials, such as the corresponding alcohols and carboxylic acids. Vacuum

distillation over calcium hydride is not sufficient to thoroughly remove such

impurities from the monomers. A more effective purification of the (meth)acrylates

has been achieved by the distillation in the presence of Lewis acidic trialkyla-

luminums to eliminate the protonic impurities from the monomers [25].

3.2 Living Anionic Polymerization of (Meth)acrylates

As described above, the anionic polymerization of alkyl (meth)acrylates has

occasionally encountered the above-described serious problems on the yields

and the molecular characteristics, such as molecular weights and the molecular

weight distributions. Therefore, a number of novel polymerization systems for the

(meth)acrylate monomers have been developed to overcome such drawbacks by

suitably modifying the initiator, counter ion, solvent, additive, and polymerization

temperature [44–61]. This important issue has been reviewed in detail in several

articles [32–35].

The most established system so far developed is the polymerization with bulky

π-stabilized organolithium compounds, such as DPHLi, DMPLi, and Ph2CHLi, in

THF at a temperature lower than –40 �C [44, 45, 49] (Fig. 3). A very low
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polymerization temperature, such as –78 �C, is more preferable to suppress the

above-mentioned intramolecular backbiting termination. It is noteworthy that these

anionic initiators are also effective for the living polymerizations of vinylpyridines,

as already described. In fact, these bulky π-stabilized carbanions exclusively attack
the C¼C double bonds of MMA not the C¼O bonds to initiate the polymeriza-

tion. In these cases, poly(MMA)s having the predicted molecular weights were

quantitatively obtained, indicating the quantitative initiation efficiency of the poly-

merizations. The polydispersity indices, Mw/Mn, were between 1.1 and 1.2, indi-

cating the rather narrow molecular weight distributions. Very interestingly, the

addition of 3- or more-fold of LiCl to the initiator system drastically reduces the

Mw/Mn values of poly(MMA) from 1.2 to 1.05, in particular, less than 1.02 [49]. It

is considered that the added LiCl acts as a common salt to dissociate the aggregated

propagating chain ends in THF. In the presence of common salts, the dissociated

unimolecular propagating species allow the slow propagation of the active species

to achieve a uniform polymer chain length. With this system, similar to MMA,

isopropyl, tert-butyl, and other alkyl methacrylate monomers underwent the living

anionic polymerization to yield well-defined polymers up to 105 g/mol inMn values

with extremely narrow molecular weight distributions (Mw/Mn< 1.05). Very inter-

estingly, the addition of LiCl also induces the living anionic polymerization of tert-
butyl acrylate (tBA) in THF at –78 �C [45]. Although theMw/Mn values of the poly

(tBA)s produced in the absence of LiCl were around 2, they were drastically

reduced to within 1.2 for the polymerization of tBA in the presence of LiCl.

Similar additive effects have been observed for LiClO4 [52, 53], LiOC(CH3)3
[54], KOC(CH3)3, and lithium 2-(2-methoxyethoxy)ethoxide [51] during the

anionic polymerizations for MMA. The bulkiness around the chain-end anions

provided by the coordination of such metal salts may prevent the above-mentioned

backbiting termination reaction and ester carbonyl attacks. The chain-end enolate

anion is stabilized in order to avoid side reactions by shifting the equilibrium to a

less reactive species via the common salt effect.

Another effective initiator system is to add weak Lewis acids, such as R3Al, R3-

n(R’O)nAl, diethylzinc (Et2Zn), and trialkylborane (R3B), to the anionic polymer-

ization system to stabilize the propagating chain-end anions [55–61]. For instance,

the simple addition of Et2Zn to the organopotassiums including Ph2CHK and K

C   Li CH2 C    LiCH2CH3CH2CH2CH2 CH3CH2CH

CH3

DPHLi DMPLi

HC Li

Ph2CHLi

Fig. 3 Effective anionic initiator systems for (meth)acrylates [44, 45, 49]
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(C6H5)2C(CH2)2C(C6H5)2 K (dianion of DPE dimer, produced from potassium

naphthalenide and DPE) in polar THF allowed the living anionic polymerization

of various polar monomers including tBA [56], alkyl methacrylates [55], and N,N-
dialkylacrylamides [62]. It is believed that the added Et2Zn acts as a Lewis acid to

dissociate the aggregated propagating carbanions and to form the single active

species after shifting the equilibrium state. The undesirable backbiting might be

eliminated upon the formation of stable and less-nucleophilic active chain ends. In

addition to the precise molecular weight control of the resulting polymers, retarda-

tion of the propagation was apparently observed in the presence of Et2Zn even in the

polar basic solvent of THF. These results indicated that the Lewis acidic Et2Zn may

predominantly coordinate with the propagating chain-end enolate anions rather than

other Lewis bases, such as the carbonyl groups of the monomers and THF.

A more drastic retarding effect of Lewis acidic organoboranes, such as

triethylborane (Et3B) and triphenylborane (Ph3B), was first observed in the anionic

polymerizations of tBA [57]. In this system, added organoboranes strongly coordi-

nate to the anionic initiator and/or the propagating chain-end anion and no appre-

ciable polymerization occurs at –78 �C even after 24 h. In contrast, the coordinated

species, so-called dormant species, barely dissociates at a higher temperature

around 0 �C to afford the active chain ends (Scheme 7). The polymerization then

slowly proceeded at 0 �C to give poly(tBA)s with predictable molecular weights

and narrow molecular weight distributions (Mn¼ 24,000 g/mol, Mw/Mn¼ 1.07)

(Table 1) [57]. In other words, tBA smoothly undergoes the living anionic poly-

merization initiated with Ph2CHK/Et3B in THF at 0 �C. Similar drastic additive

effects of R3B were also observed in the polymerizations of N,N-dialkyla-
crylamides [63] and methacrylonitrile [64].

The polymerization systems of (meth)acrylate monomers initiated with

organolithiums in the presence of Lewis acidic R3Al and R3-n(R’O)nAl also

afforded well-defined polymers [65–67]. In these polymerization systems, the

polymerization rate often increased in nonpolar solvent, such as toluene, by the

monomer activation, since the electron density of C¼C group might be reduced by

the coordination of added Lewis acids with the carbonyl groups of the (meth)

acrylate monomers (Fig. 4).
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Scheme 7 Anionic polymerization of tBA in the presence of Et3B [57]
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These polymerization systems in hydrocarbon solvents are very attractive for

producing new materials based on poly((meth)acrylate)s from an industrial view-

point, since these systems allow the polymer production under milder conditions

compared to those in polar solvents carried out at very low temperatures. Recently,

Kuraray Co., Ltd., in Japan, successfully developed the living anionic polymeriza-

tion system for (meth)acrylate monomers at ambient temperature on an industrial

scale by designing the above initiator system containing the bulky Lewis acidic

diphenoxyalkylaluminum reagent [68, 69]. This is actually the first example in

which polyacrylates and polymethacrylates are industrially produced by the living

anionic polymerization. More interestingly, all (meth)acrylic ABA type triblock

copolymers, for instance, poly(MMA)-b-poly(n-butyl acrylate)-b-poly(MMA),

were synthesized as a promising thermoplastic elastomer showing an elasticity

and process ability. In this case, the poly(MMA) terminals are hard segments

showing a high Tg, and poly(n-butyl acrylate) is a soft middle segment showing a

low Tg. It should be emphasized that the anionic polymerization of acrylates

carrying a primary alkyl group can be controlled by this initiator system.

The significant effects of counter cations in the anionic polymerization have

been observed in the metal-free anionic polymerizations [70–73]. Reetz and

coworkers first used metal-free anionic initiators for the polymerization of primary

acrylates at room temperature (Scheme 8). The tetrabutylammonium malonate

derivative as an initiator produced poly(n-butyl acrylate) with a relatively

Table 1 Anionic polymerization of tBA with Ph2CHK in THF in the presence of Et3B [57]

Initiator Et3B/M
+

Temp. Time Yield Mn� 10�3

Mw/Mn
a�C h % calcd.b obsd.c

Ph2CHK –78 0.08 100 17 49 2.64

Ph2CHK/Et3B 2.8 –78 24 Traced – – –

Ph2CHK/Et3B 2.4 0 1 57 5.4 4.1 1.05

Ph2CHK/Et3B 2.7 0 6 100 8.7 9.8 1.08

Ph2CHK/Et3B 2.5 0 24 100 19 24 1.07

Ph2CHK/Et3B 17 0 6 32 3.1 2.7 1.06

Ph2CHK/Et3B 19 0 72 96 12 11 1.04
aMw/Mn was determined by the SEC calibration using PMMA standards
bMn(calcd)¼ (MW of monomer)� yield/100� [monomer]/[initiator] + (MW of initiator)
cMn(obsd) was determined by the 1H NMR
dLess than 4 %

Al
Otert-BuLi /

Al
OOsec-BuLi // Toluene / Toluene 

Fig. 4 Anionic initiator systems for (meth)acrylates in hydrocarbons [68, 69]
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narrow molecular weight distribution (Mw/Mn ~ 1.20) even at room temperature

[71]. Similarly, the quaternary ammonium salts of thiolate anions induced the

controlled anionic polymerization of alkyl acrylates at ambient temperature

[72]. Seebach reported that the polymerization of MMA proceeds in THF at

60 �C with 1-tert-butyl-4,4,4-tris(dimethylamino)-2,2-bis(tris(dimethylamino)

phosphoranylidenamino)-2Ʌ5,4Ʌ4-catenadi(phosphazene), P4-t-Bu phosphazene

base, to give a poly(MMA) with an Mn value of 15,200 g/mol and an Mw/Mn

value of 1.11 [74].

The living anionic polymerization of MMA was also attained by Hogen-Esch

and his coworkers using a bulky tetraphenylphosphonium cation (Ph4P
+) under

mild conditions [75–79]. The reaction of Ph3CK and Ph4P
+Cl� provided a

triphenylmethyl anion possessing the Ph4P
+ cation, Ph3C

� Ph4P
+, in situ

(Scheme 9). The resulting Ph3C
� Ph4P

+ can initiate the anionic polymerization of

MMA in THF at ambient temperature around 20 �C to afford poly(MMA)s with

predictable molecular weights (Mn¼ 8,500–29,100 g/mol) and narrow molecular

weight distributions (Mw/Mn¼ 1.04–1.20). The bulky and conjugated Ph4P
+ cation

may play important roles to attain the controlled molecular weight probably by

reducing the rate of the side reactions.

The polymerization of alkyl (meth)acrylates using silyl ketene acetal as the

initiator is well known as the group transfer polymerization (GTP) developed by

Webster at DuPont [80–89]. Since the GTP is a repeating Michael addition reaction

of silyl ketene acetal (silyl enolate) with α,β-unsaturated carbonyl compounds in the

presence of a nucleophilic or Lewis acidic catalyst, it can be categorized as one of

the related anionic polymerizations. In this polymerization, the trialkylsilyl group

act as a counter cation for the propagating enolate anion derived from the (meth)

acrylates (Scheme 10). From a synthetic viewpoint, the GTP is a very attractive

method, since it can produce various poly((meth)acrylate)s with relatively narrow

molecular weight distributions (Mw/Mn¼ 1.2) at ambient temperature. However,

the controllable range of molecular weights of polymers produced by the GTP has

been usually less than 10 kg/mol and rather limited.

A significant improvement in the GTP system has been recently reported

using 1-triisopropylsiloxy-1-methoxy-2-methyl-1-propene in conjunction with
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pentafluorophenylbis(triflyl)methane (C6F5CHTf2) as the organocatalyst

(Scheme 11). With this system, the polymerization of methyl acrylate (MA) rapidly

and quantitatively proceeded to afford a well-defined poly(MA) (Mn¼ 108,000 g/

mol, Mw/Mn¼ 1.07) at room temperature in toluene [90]. The use of the bulky

triisopropylsilyl group in the silyl ketene acetal initiator may play an important role

in precisely controlling the polymerization of the alkyl acrylate monomer. The GTP

of MMA using either trifluoromethanesulfonimide (HNTf2) as a strong Brønsted

acid [91] or P4-t-Bu [92] as an organic superbase catalyst afforded the poly(MMA)s

with predicted Mn values higher than 50 kg/mol and narrow molecular weight

distributions (Mw/Mn ~ 1.1).

It is thus demonstrated that the metal-free anionic polymerization and GTP of

polar monomers are versatile for controlling the polymer architectures including the

molecular weights and end-functionalities. In particular, these polymerization
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methods allow milder reaction conditions, such as ambient temperature and wide

solvent range, compared to the conventional anionic polymerizations with

organolithium initiators. However, the advantages of the metal-free anionic poly-

merization and GTP are not true for the synthesis of block copolymers, since these

polymerization systems are not applicable for the polymerization of hydrocarbon

monomers, such as styrene and 1,3-butadiene. On the other hand, the sequential

copolymerization using binary initiator systems including RLi/LiCl, RLi/Et2Zn,

and RK/Et2Zn readily allows the synthesis of well-defined block copolymers of

(meth)acrylates and other comonomers, such as styrene, 1,3-dienes, and 2VP in the

proper addition order. In fact, a number of well-defined block copolymers have

already been synthesized by the RLi/LiCl, RLi/Et2Zn, and RK/Et2Zn initiator

systems. Furthermore, these binary initiator systems can be utilized for the living

anionic polymerizations of methacrylates carrying a variety of functional groups,

also indicating their superiority compared to other initiator systems.

3.3 Stereospecific Anionic Polymerization of Methacrylate
Monomers

Needless to say, the stereoregularity or configuration of the vinyl polymer is very

important to determine the thermal and/or mechanical properties of the final

materials. One of the important features of the anionic polymerization is the

potential to vary the stereoregularity of the resulting polymers. In the anionic

polymerization, a variety of factors, such as solvent, counter cation, additive, and
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temperature, can change the states of the propagating species and tend to affect the

stereoregularity of the resulting polymers.

As the most reliable and established example, Hatada and Kitayama have

succeeded in the stereospecific living anionic polymerizations of MMA under the

specific conditions. In fact, a series of well-defined poly(MMA)s with highly

isotactic, syndiotactic, and heterotactic configurations were successfully obtained

by choosing the appropriate initiator systems and solvents (Scheme 12) [58–60,

93]. In these cases, organolithium or the Grignard reagent was used as the initiator

in nonpolar hydrocarbon media, and the Lewis acidic compounds were added to

optimize the stereoregularity and to narrow the molecular weight distribution.

Control of the primary structures of the resulting polymers, such as molecular

weights, molecular weight distributions, and high stereoregularities of the repeating

units, was simultaneously attained in the resulting poly(MMA)s. In particular, an

almost perfect isotactic poly(MMA) with the mm triad content higher than 99.5 %

could be synthesized with a novel binary initiator system consisting of

α-lithioisobutyrate (lithium ester enolate) and lithium trimethylsilanolate (Me3SiOLi)

in toluene [93]. These well-defined stereoregular poly(MMA)s are recognized as

ideal model polymers to clarify the basic properties and characters. In fact, the

differences in the glass transition temperatures (Tg) and the hydrodynamic volumes

were discussed by changing the stereoregularity [34, 35]. In addition, these poly

(MMA)s with a high stereoregularity might also be useful to study the stereocomplex

formation behavior, since a mixture of isotactic and syndiotactic poly(MMA)s has

been known to intermolecularly form a stereocomplex [94–96]. Not only MMA, but
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also various alkyl methacrylate monomers could be converted into highly

stereoregulated polymers by specific initiator systems and/or solvents.

3.4 Anionic Polymerization of Functional Methacrylates

It should be noted that chain-end enolate anions derived from methacrylates are

less reactive and less basic than chain-end carbanions generated from styrene and

1,3-butadiene derivatives. Therefore, methacrylates bearing a variety of functional

groups can tolerate the anionic polymerization to form polymers without serious

side reactions. This means that many monomer designs are possible for the

methacrylate monomers carrying functional groups compared to the functional

styrenes. In fact, the functional methacrylate monomers shown in Fig. 5 undergo

the living anionic polymerization by the above-mentioned initiator systems

(organolithium/LiCl and organopotassium/Et2Zn) in THF at –78 �C. The mono-

mers included glycidyl, 3-oxetanylmethyl, 2-chloroethyl, 2-bromoethyl, 2,2,2-

trifluoroethyl, 2-(perfluorobutyl)ethyl, 3-(3,5,7,9,11,13,15-heptaisobutyl-

pentacyclo-[9.5.1.3,915,1517,13]octasiloxan-1-yl)propyl (POSS), allyl,

2,4-hexadienyl-, 2-(1-aziridinyl)ethyl, 2-(vinyloxy)ethyl, 1-adamantyl, 3-(1,1’-
-biadamantyl), and ferrocenylmethyl methacrylates, and methacrylate monomers

bearing several mesogenic moieties [97–120].

Some of these functional groups, such as epoxide, alkyl halides, perfluoroalkyl,

conjugated 1,3-diene, and ferroceny moieties, are usually incompatible with the

anionic polymerization of styrene monomers because of their high reactivities. On
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the other hand, the methacrylates possessing these functional groups can tolerate

the anionic polymerization, since the propagating enolate anions of the methacry-

lates are much less reactive or nucleophilic than those of the styrene monomers.

The typical polymerization behavior was found in the anionic polymerization of

4-vinylbenzyl methacrylate (VBM) carrying a styrene framework in the side chain

(Scheme 13) [121]. When the anionic polymerization of VBM was initiated with

DPHLi in the presence of LiClO4 in THF at –40 �C, the initiation and propagation

exclusively proceeds on the methacrylate framework to give a polymer with a

predicted molecular weight and a narrow molecular weight distribution (Mw/

Mn¼ 1.1). The 1H NMR of the poly(VBM) showed the presence of styrene moieties

in every repeating unit. These results indicated that the styrene skeleton in the side

chain is stable during the anionic polymerization of the methacrylate framework of

VBM. However, at a higher temperature around –20 �C, the molecular weight

distribution of the resulting polymer became fairly broad (Mw/Mn ~ 1.8), indicating

the occurrence of some side reactions. It is suggested that the careful choice of the

polymerization conditions is necessary to achieve the living anionic polymerization

of functional methacrylate monomers.

3.5 Anionic Polymerization of Methacrylates Carrying
Protected Functional Groups

It has been described in chapter “Nonpolar Monomers: Styrene and 1,3-Butadiene

Derivatives” that the protection of functional groups is essential for the achieve-

ment of the anionic polymerization of several functional styrene derivatives, such

as 4-hydroxystyrene, 4-vinylbenzoic acid, and 4-formylstyrene [122, 123]. This

protective strategy is also applicable to methacrylate monomers carrying acidic

functional groups, such as OH, C�CH, and� SiOH groups [124–133] (Fig. 6).

As the most established example, the hydroxyl group of 2-hydroxyethyl meth-

acrylate (HEMA) could be masked with various protective groups, such as

trimethylsilyl [124], tert-butyldimethylsilyl [125], and methoxymethyl groups

[125], and the resulting protected monomers were subjected to the anionic poly-

merization. Scheme 14 shows a successful example of the precise synthesis of poly
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(2-hydroxyethyl methacrylate), poly(HEMA), by the living anionic polymerization

of 2-(tert-butyldimethylsilyloxy)ethyl methacrylate and the following deprotection.

An acidic alcoholic OH group of 2-hydroxyethyl methacrylate (HEMA) was

initially protected with a bulky tert-butyldimethylsilyl (TBS) group, and the

resulting trialkylsilyl ether monomer (HEMA-TBS) was employed for the poly-

merization under anionic conditions [125]. The polymerization of the protected

HEMA-TBS was initiated with DPHLi or DMPLi in the presence of LiCl in THF

at –78 �C. The polymerization of HEMA-TBS quantitatively proceeded at –78 � C

within 10 min. After termination with methanol, the poly(HEMA-TBS) with the

predicted molecular weight based on the molar ratio between the monomer and

initiator and narrow molecular weight distribution (Mw/Mn< 1.1) was obtained in

quantitative yield. The propagating carbanion derived from the trialkylsilyl ether

monomer was stable in the presence of protective groups, and showed a reactivity

similar to that of the living poly(MMA). After the termination with methanol, the

TBS protective groups were completely removed from the resulting polymers to give

a poly(HEMA) by treating with aqueous hydrochloric acid or tetrabutylammonium

fluoride. After complete removal of the protective groups, the resulting poly(HEMA)

still maintained the predicted molecular weight and narrow molecular weight
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distribution. The SEC curve of the deprotected polymer maintained a unimodal and

narrow distribution after the deprotection (Mw/Mn< 1.1). It was clearly demonstrated

that a well-defined poly(HEMA) was obtained by the quantitative deprotection of

poly(HEMA-TBS). Thus, the protective strategy is very effective to synthesize the

tailored polymethacrylates bearing functional groups.

It is evident that there are two significant requirements for the protective groups

in the monomers. One requirement is that they must be stable toward the basic and

nucleophilic propagating enolate anions, and the other is that they must be

completely removable without any chain degradation and cross-linking reaction

under the suitable deprotection conditions. In addition, since the resulting

polymethacrylates possess the ester linkage in each repeating unit, the deprotection

must proceed without cleavage (hydrolysis) of the ester linkage. In fact, the 1,2-diol

moiety of 2,3-dihydroxypropyl methacrylate was effectively masked with a cyclic

acetal (1,3-dioxolane) form prior to the anionic polymerization [129, 130]. The

cyclic acetal protective groups could be quantitatively hydrolyzed to give a tailored

poly(2,3-dihydroxypropyl methacrylate) under acidic conditions without interfer-

ing ester moieties. In the case of the C�CH function of propargyl methacrylate, a

trimethylsilyl protective group was employed to mask the acidic acetylene proton

(pKa¼ 25) [132]. The C�CSiMe3 moiety in the polymer was quantitatively

converted into a C�CH group by treating with tetrabutylammonium fluoride.

The SiOR groups in 3-(trialkoxysilyl)propyl methacrylate were stable under the

basic conditions of the anionic polymerization, but those in the resulting polymers

were readily hydrolyzed under acidic conditions to form an insoluble gel by cross-

linking [133]. The reaction proceeded by the formation of SiOH groups and the

subsequent intermolecular condensation resulting in the SiOSi linkages.

On the other hand, it is well known that esters themselves are often used as

protective groups for carboxylic acids. This means that the esters of (meth)acrylic

acids are considered as precursors for (meth)acrylic acids. In fact, a well-defined

poly(acrylic acid) and a poly(methacrylic acid) were obtained by the living anionic

polymerization of tBA and tBMA, followed by their acid hydrolyses. It is noted that

poly(tBMA) was also readily transformed into the poly(methacrylic acid) by

treating with trimethylsilyl iodide under neutral conditions (Scheme 15) [134,

135]. The living anionic polymerizations of trimethylsilyl ester [136, 137] and

1-alkoxyethyl ester [138–140] of methacrylic acid, shown in Fig. 7, and the

subsequent deprotections of the resulting polymers were successfully conducted

for the preparation of the well-defined poly(methacrylic acid).
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3.6 Synthesis of Water-Soluble Thermoresponsive
Polymethacrylates by Anionic Polymerization

Water-soluble polymers have attracted significant attention due to the wide poten-

tials in industrial and medical applications. In the cases of polymethacrylates, the

water-solubility is dependent on the polar functionalities in the side chains, which

can be widely designed [141–150] (Fig. 8). Interestingly, several water-soluble

polymethacrylates are known to show a thermoresponsive character in their aque-

ous solutions along with the reversible sol-gel transitions. In order to clarify the

relationship between the macromolecular structures and water-solubility or

thermoresponsive property, the synthesis of well-defined polymethacrylates has

been intensively examined by the anionic polymerizations of the corresponding

methacrylate monomers.

It is well known that the OH functional group is hydrophilic and provides a

strong polarity to the molecules. As described in Sect. 3.5, the well-defined poly

(HEMA), an ester of ethylene glycol, carrying an OH group in the side chain can be

synthesized by the living anionic polymerization of the protected HEMA and the

following deprotection [124–128]. Poly(HEMA) is highly hydrophilic because of

the polar OH functions, but it is hardly soluble in water. On the other hand, the

anionically synthesized poly(2,3-dihydroxypropyl methacrylate) [129, 130], an

ester of glycerin, possesses two OH groups in each monomer unit and shows a

water-solubility. This indicates that the number of OH groups in the monomer unit

is important to realize the water-soluble polymethacrylates. The living anionic
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polymerization of 2-(dimethylamino)ethyl methacrylate having a polar tertiary

amino group smoothly proceeds to produce a polymer in quantitative yield

[141–143]. Poly(2-(dimethylamino)ethyl methacrylate) is a water-soluble polymer

and shows an inverse temperature solubility behavior with the cloud point (Tc) in an
aqueous solution.

In the past decade, polymethacrylates having oligo(ethylene glycol) side chains

attracted great attention [131, 144–150], as they are water-soluble and often

undergo a reversible sol-gel transition in water. Ishizone and his coworkers

succeeded in the living anionic polymerization of a series of oligo(ethylene glycol)

alkyl and tert-butyldimethylsilyl ether methacrylates with the above-mentioned

initiator systems (organolithium/LiCl and organopotassium/Et2Zn) in THF at –

78 �C [131]. In the cases of vinyl and tert-butyldimethylsilyl ethers, the resulting

polymers could be converted into the corresponding poly(oligo(ethylene glycol)

methacrylate)s possessing OH groups in the side chains by the subsequent

deprotection reactions (Scheme 16). The obtained poly(oligo(ethylene glycol)

methacrylate)s, poly(OEGMA), were soluble in water at any temperature from

0 to 95 �C. On the other hand, the corresponding methyl and ethyl ethers had a

water-solubility and reversible thermosensitivity depending on the molecular struc-

tures of the repeating units including the side chain lengths and ω-functionalities
(Fig. 9) [144, 145]. In fact, the Tc values in water ranged from 4 to 68 �C, and a clear
relationship between the Tc and molecular structures of the repeating units is

observed. The anionically produced polymers having narrow molecular weight

distributions are considered to be good candidates for understanding the polymer

properties. Polymers possessing longer side chains show higher Tc values than the

shorter ones, and the Tcs of the methyl ethers are ca. 25 �C higher than those of the

corresponding ethyl ethers with the same side chain length, indicating the signifi-

cant effect of the ω-functions. The ω-functionality effect is clear from the fact that

the poly(OEGMA)s possessing OH terminal groups are completely soluble in

water. In addition, the effect of the ω-functions is also observed in that the vinyl

ethers are not soluble in water, while the corresponding ethyl ethers are soluble in
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water [146]. Thus, the introduction of hydrophilic oligo(ethylene glycol) units is

also very effective to attain the water-solubility of polymethacrylates as well as the

introduction of several OH groups. It should be emphasized that significant effects

of the side chain length of the oligo(ethylene glycol) unit and the ω-functionality on
the water-solubility and the thermosensitivity of the polymethacrylates are

observed.

3.7 Anionic Block Copolymerization of (Meth)acrylates

The most important advantage of the living anionic polymerization is that a well-

defined block copolymer can be synthesized by the sequential addition of comono-

mers. In fact, a number of block copolymers containing polymethacrylate segments

have been synthesized by the sequential anionic polymerization of methacrylates

and used for the fundamental research of the solution property, micelle structure,

microphase separation in the bulk and at the surface, and mechanical property.

From a synthetic viewpoint, the anionic living polymers derived from hydrocar-

bon monomers, such as styrene, α-methylstyrene, 1,3-butadiene, and isoprene, are

known to be excellent macroinitiators (initiators with high molecular weights) for

(meth)acrylates. Usually, these living polymers were reacted (or masked) with

Fig. 9 Relationship between Tc and side chain length [144, 145]
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nonpolymerizable DPE derivatives prior to the addition of the (meth)acrylate

monomers to reduce their nucleophilicities, since the resulting sterically hindered

π-stabilized 1,1-diphenylalkyl anions (Scheme 17), similar to DPHLi and Ph2CHLi,

did not cause any serious side reactions with the carbonyl groups in the (meth)

acrylates during the crossover reactions. On the other hand, the (meth)acrylate

monomers can be directly added to the anionic living P2VP to form well-defined

block copolymers, because the nucleophilicity is lower than those of styrene and

1,3-dienes. The block copolymers containing polymethacrylate and P2VP segments

usually show amphiphilic properties, since the latter P2VP segment is hydrophilic

and basic in character. Very interestingly, a series of well-defined block copoly-

mers, AB (BA), ABA, and BAB, were synthesized by the sequential copolymeri-

zation of tert-butyl methacrylate (tBMA) and ethylene oxide by organopotassium

initiators irrespective of addition order of monomers [151].

In principle, a block copolymer possessing a predictable composition and a

molecular weight will be quantitatively produced by the sequential addition of

comonomers, if a polymerization system of a monomer is living and the propagat-

ing chain end is stable. This is true for the monomers showing comparable anionic

polymerizabilities. However, there is a strict limitation in the addition order of

comonomers for the formation of block copolymer via the sequential anionic

copolymerization, if the anionic polymerizabilities are significantly different from

each other. One must polymerize a less (or least) reactive monomer first and add a

more (or most) reactive monomer later for a successful block copolymerization. For

example, only an ABC triblock terpolymer, polystyrene-b-P2VP-b-poly(MMA),

can been synthesized by the sequential anionic copolymerization of three mono-

mers with largely different polymerizabilities. Other triblock terpolymers, such as

polystyrene-b-poly(MMA)-b-P2VP and P2VP-b-polystyrene-b-poly(MMA), are

difficult to synthesize under similar conditions, although three types of copolymers,

ABC, ACB, and BAC, can be considered in the three component block copolymers.

The low nucleophilicity of the living polymers of 2VP and MMA prohibits the

effective crossover reaction with other comonomers to prepare other block copol-

ymers (Scheme 18) [5].
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Scheme 17 Reaction of living polystyrene with 1,1-diphenylethylene
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Very recently, Hirao and his coworkers have succeeded in the systematic

synthesis of other two ACB and BAC block copolymers with different sequences

and well-defined structures by the novel effective coupling reactions of anionic

living polymers (Scheme 19) [152]. In this method, a 1:1 addition reaction between

low nucleophilic poly(MMA) anions and the highly electrophilic α-phenylacrylate
(PA) moiety in the end-functionalized polymers is used to link the polymer

segments. This linkage reaction can be used for the precise synthesis of a series

of architectural polymers, such as multiblock copolymers [153], multiarm star

polymers [154], and exact graft copolymers [155], as described in the other

chapters. For example, a series of multiblock copolymers composed of polystyrene

(A) and poly(MMA) (C), ACA, ACAC, ACACAC, ACACACAC, and

ACACACACAC, have been synthesized by the 1:1 addition reaction of PA-end-

functionalized polymers and anionic living poly(MMA) [153].

On the other hand, the sequential anionic copolymerizations between methac-

rylate monomers smoothly proceed in any addition order, since the methacrylate

monomers usually have comparable polymerizabilities regardless of the alkyl sub-

stituents. The anionic copolymerizations of the various methacrylates shown in

Figs. 5, 6, and 8 afforded a number of well-defined block copolymers containing
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functional polymethacrylate segments with attractive properties, such as electro-

philicity, basicity, hydrophilicity, hydrophobicity, high Tg, redox activity, and

liquid crystallinity. For example, the anionic copolymerizations of

2-(perfluorobutyl)ethyl methacrylate (FMA), tert-butyl methacrylate (tBMA), and

2-(trimethylsilyloxy)ethyl methacrylate (HEMA-TMS) and the subsequent

deprotection of the trimethylsilyl group successfully afforded a series of well-

defined ABC triblock terpolymers, such as poly(FMA)-b-poly(tBMA)-b-poly
(HEMA), poly(FMA)-b-poly(HEMA)-b-poly(tBMA), and poly(tBMA)-b-poly
(FMA)-b-poly(HEMA), by changing the addition order of the three comonomers

[102, 103] (Fig. 10). The poly(FMA) segment containing a hydrophobic and

lipophobic perfluoroalkyl side chain was introduced in the ABC triblock terpoly-

mers, since it was incompatible with the hydrophilic poly(HEMA) and lipophilic

poly(tBMA) segments. In fact, the 1H NMR spectra of the resulting triblock

terpolymers suggested the formation of their micelles in selective solvents. The

contact angle and X-ray photoelectron spectroscopic (XPS) measurements of the

triblock terpolymer films confirmed the enrichment of the poly(FMA) segment at

the film surface in the dry state. On the other hand, the surface rearrangement was

also observed by changing the environmental conditions to the hydrophilic state. It

was suggested that the segmental sequence in the ABC triblock terpolymers

affected the structures in solution and at the surface due to the strong character of

the poly(FMA) segment in the copolymers. The surface nanostructures and their

reconstruction behavior of the polymer film were also investigated by altering the
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outer environment. A series of amphiphilic ABC triblock terpolymers were also

synthesized by GTP of the methacrylate monomers in order to investigate their

solution properties [88, 156].

Various well-defined amphiphilic block copolymers composed of hydrophilic

polymethacrylate segments have been synthesized by the sequential anionic block

copolymerization with RLi/LiCl or RK/Et2Zn initiator systems [126–128,

130]. Typical examples are polystyrene-b-poly(HEMA) [126, 127], polyisoprene-

b-poly(HEMA) [128], and polystyrene-b-poly(2,3-dihydroxypropyl methacrylate)

[130]. The outermost surface of the as-cast film of various amphiphilic block

copolymers under dry conditions was usually covered with the hydrophobic poly-

mer segments, and the restructuring of the surface occurred in response to the

environment change [126–128, 130]. These reconstructed surfaces of the amphi-

philic block copolymers containing hydrophilic poly(HEMA) segments often

showed an excellent nonthrombogenic activity [157].

Similarly, a series of well-defined amphiphilic block copolymers containing

water-soluble poly(OEGMA) segments with pendant OH groups were synthesized

by the sequential anionic copolymerization of styrene and trialkylsilyl-protected

oligo(ethylene glycol) methacrylates followed by deprotection [147–150]

(Scheme 20). The corresponding methyl ethers of the oligo(ethylene glycol) meth-

acrylates (MOEGMA) were also used to synthesize the amphiphilic block copoly-

mers of styrene and MOEGMA, polystyrene-b-poly(MOEGMA). A small-angle
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X-ray scattering (SAXS) analysis indicated that the block copolymers containing

poly(OEGMA) segments displayed a strongly segregated lamellar structure with

sharp interfaces. On the other hand, the poly(MOEGMA) counterparts showed

either weakly segregated lamellar or disorder structures. The angle-dependent

XPS measurement of the films of block copolymers with poly(OEGMA) segments

revealed that hydrophobic polystyrene segments exclusively covered the outermost

surfaces, as expected. In contrast, enrichment of the oligo(ethylene glycol) units at

the film surface was unexpectedly observed in the XPS measurement of polysty-

rene-b-poly(MOEGMA). The contact angle measurement also indicated that the

film surface was covered with hydrophilic poly(MOEGMA) segments rather than

hydrophobic polystyrene segments in contrast to the case for polystyrene-b-poly
(OEGMA). Interestingly, the as-cast and annealed films of polystyrene-b-poly
(MOEGMA) presented hydrophilic properties and showed a good biocompatibility

including blood-compatibility [148]. The nature of the terminal moiety on the oligo

(ethylene glycol) side chain, OH or OCH3, played a very important role in deter-

mining the surface structure of the amphiphilic block copolymer films. Yokoyama

and Ishizone reported that the hydrophobic terminal methyl groups of the hydro-

philic oligo(ethylene glycol) side chain of the poly(MOEGMA) segment predom-

inantly covered the surface to reduce the free energy of the system by the increased

configurational entropy by exposing many chain ends to the surface [147, 149–150].

sec-BuLi

CHCH2
CH  LiCH2

DPE Et2Zn

CH3

C

COO

CH2

CH2CH2O R
x

MeOH
CHCH2 CH2 Csec-Bu CH2

Ph

Ph

C

CH3

COO CH2CH2O R
x

m n

(2N HCl)

R = SiMe2But, x = 1, 2, 3
R = CH3, x = 1, 2, 3

Poly(OEGMA): R = H, x = 1, 2, 3
Poly(MOEGMA): R = CH3, x = 1, 2, 3

Living polystyrene
THF, -78 oC

Scheme 20 Synthesis of polystyrene-b-poly(OEGMA) and polystyrene-b-poly(MOEGMA) by

anionic polymerization [147–150]
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4 Polymerization of (Meth)acrylamides

4.1 Polymerization of N,N-Dialkylacrylamides

The anionic polymerizability of N,N-dialkylacrylamides is fairly high and roughly

categorized into the same level as the (meth)acrylate monomers, since they are also

electrophilic α,β-unsaturated carbonyl compounds activated by the electron-

withdrawing amide substituents. Historically, although it has been reported that N,
N-dialkylacrylamides readily undergo the anionic polymerization with strong nucle-

ophiles, such as n-BuLi and sec-BuLi, these reports have mainly focused on the

stereoregularity of the resulting polymers [158, 159]. Later studies have revealed that

the π-stabilized bulky anionic initiators, such as DPHLi, DMPLi, Ph2CHLi, and

Ph2CHK, are effective to realize the quantitative initiation efficiency in the anionic

polymerization of N,N-dialkylacrylamides, similar to the (meth)acrylate monomers.

As a first reliable study of the molecular weight control, Hogen-Esch reported the

living anionic polymerization of N,N-dimethylacrylamide (DMA) with π-stabilized
bulky organocesium initiators, such as triphenylmethylcesium (Ph3CCs) and (1,1,4,4-

tetraphenyl)butanediyldicesium in THF [160]. The resulting poly(DMA) is an attrac-

tive polymer because of its solubility in water.

On the other hand, Nakahama and Ishizone first succeeded in the stereospecific

living anionic polymerization of N,N-diethylacrylamide (DEA) with binary initia-

tor systems [62, 63, 161, 162]. Interestingly, poly(DEA)s possessing syndiotactic-

rich (rr¼ 88 %, Mw/Mn¼ 1.12) and isotactic-rich (mm¼ 88 %, Mw/Mn¼ 3.00)

configurations were produced in THF with π-conjugated organolithium initiator

systems, RLi/Et2Zn and RLi/LiCl, respectively (Scheme 21). The isotactic poly

Isotactic poly(DEA)
mm = 88%

Mw/Mn = 3.00
soluble in water

at – 78 �C

EtCHCH2

C
O

N

DEA

Et

Ph2CHLi/LiCl/THF

t-BuMgBr/Et2Zn/THF

Ph2CHK/Et2Zn/THF

DMPLi/Et2Zn/THF

Isotactic poly(DEA)
mm = 95% 
Mw/Mn=2.64

soluble in water

Heterotactic poly(DEA)
mr = 92% 

Mw/Mn=1.10
soluble in water

Syndiotactic poly(DEA)
rr = 88%

Mw/Mn= 1.12
insoluble in water

at – 78 �C

at 0 �C 

at – 78 �C

Scheme 21 Stereospecific anionic polymerization of DEA [62, 63, 161, 162]
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(DEA) (mm¼ 95 %) was also obtained with the organomagnesium initiator system,

t-BuMgBr/Et2Zn, in THF at –78 �C, while the molecular weight distribution was

still very broad (Mw/Mn¼ 2.64). On the other hand, the addition of Et2Zn to

Ph2CHK in THF at 0 �C induced the heterotactic-specific anionic polymerization

of DEA (mr¼ 92 %). Similar to Ph2CHK, 1,1-bis[(4’-trimethylsilyl)phenyl]-3,3-

diphenylpropylpotassium (SiPK, 1:1-addition product of Ph2CHK and 1,1-bis

[4-(trimethylsilyl)phenyl]ethylene) was used for the polymerization of DEA as a

monofunctional organopotassium initiator in THF (Table 2). The resulting mr-rich
poly(DEA)s possessed the predicted molecular weights, and the SEC curves of the

polymers showed sharp unimodal shapes, indicating their narrow molecular weight

distributions (Mw/Mn¼ 1.10). The addition of Et2Zn (11–19 equivalents) to the

polymerization systems significantly lowered the polymerization rate and drasti-

cally reduced the polydispersity indices of the polymers [62]. The persistence of the

propagating carbanion derived from DEA was also confirmed by the quantitative

efficiency of the postpolymerization (monomer addition experiment) using

Ph2CHK/Et2Zn. The results confirmed that the propagating species of poly(DEA)

maintained the living character for at least 1 min even at 0 �C in THF, strongly

indicating the tolerance of the amide carbonyl groups.

Table 2 Anionic Polymerization of N,N-Dialkylacrylamides with Ph2CHK or SiPKa in THF [62]

Initiator Monomer

Et2Zn/

K+

Temp. Time Yield Mn� 10�3
Mw/

Mn
d�C H % calcd.b obsd.c

SiPK DMA –78 1 100 11 14 2.85

SiPK DEA –78 1 100 10 15 2.37

SiPK DEA –78 15 s 97 21 23 1.63

SiPK A5 –78 15 min 100 7.9 8.0 3.03

SiPK A6 –78 0.5 100 9.9 11 1.60

SiPK/Et2Zn DMA 15 –78 1 60 8.5 5.6 1.07

SiPK/Et2Zn DMA 18 0 0.5 100 11 9.8 1.07

SiPK/Et2Zn DEA 15 –78 1 57 10 7.8 1.12

SiPK/Et2Zn DEA 15 –40 1 100 10 8.6 1.09

SiPK/Et2Zn DEA 17 0 20 min 100 41 45 1.05

SiPK/Et2Zn EMA 17 0 0.5 100 10 8.0 1.12

Ph2CHK/

Et2Zn

A3 11 –78 1 85 6.0 6.9 1.18

Ph2CHK/

Et2Zn

A4 14 –78 2 100 5.4 7.0 1.08

SiPK/Et2Zn A5 16 0 15 min 100 9.6 8.2 1.10

SiPK/Et2Zn A6 19 0 0.5 100 10 10 1.07

SiPK/Et2Zn AMO 16 0 1 100 10 10 1.09
a1,1-Bis[(4’-trimethylsilyl)phenyl]-3,3-diphenylpropylpotassium
bMn(calcd)¼ (MW of monomer)� yield/100� [monomer]/[initiator] + (MW of initiator)
cMn(obsd) was determined by the 1H NMR
dMw/Mn was determined by the SEC calibration using PMMA standards

Anionic Polymerization of Polar Vinyl Monomers: Vinylpyridines, (Meth)acrylates. . . 155



Similar to DEA, the living polymerizations of DMA, N-ethyl-N-
methylacrylamide (EMA), N-acryloyl-2-methylaziridine (A3), N-acryloylazetidine
(A4), N-acryloylpyrrolidine (A5), N-acryloylpiperidine (A6), and N-acryloyl-
morpholine (AMO) were achieved by the binary initiator system of Ph2CHK/

Et2Zn in THF at 0 to –78 �C [62] (Table 2). In particular, the polymers derived

from DMA, DEA, EMA, A5, A6, and AMO formed at 0 �C possessed narrow

molecular weight distributions (Mw/Mn< 1.12), as well as the predicted molecular

weights. In addition to the attainment of the livingness of the polymerization

system, the stereospecific anionic polymerizations of several acrylamide monomers

were achieved in the presence of Et2Zn even in a polar Lewis basic solvent, such

as THF.

The anionic polymerization of the N,N-dialkylacrylamides can be initiated using

low nucleophilic enolate anions. For example, the polymerization of DEA with

ethyl α-lithioisobutyrate (ester enolate) in the presence of the Lewis acidic AlEt3
afforded a well-defined mr-rich poly(DEA) in THF at –78 �C (Mn¼ 30,800 g/mol,

Mw/Mn¼ 1.05) [163]. On the other hand, Ishizone and his coworkers prepared a

novel α-potassio-enolate (DEPrK) by the proton abstraction reaction from N,N-
diethylpropionamide (DEPr) with potassium naphthalenide, as shown in

Scheme 22 [164].

Since DEPrK can be recognized as a model for the active chain end of poly

(DEA), the polymerization results provide useful information on the stability and

the reactivity of the propagating chain ends of poly(DEA). It is generally known

that the amide-derived enolates have a greater stability than the enolates of esters,

indicating the tolerance of the amide moiety toward nucleophilic attack compared

to the labile ester function. In fact, the resulting DEPrK can be stored in THF at

least 1 year without degradation. The anionic polymerization of a series of mono-

mers, such as styrene, 2VP, MMA, and DEA was performed with DEPrK in THF to

confirm the initiation ability of the potassium amide enolate, as shown in Table 3

[164]. Interestingly, the polymerizations of all monomers could be directly initiated

with DEPrK to give polymers in 100 % yields in THF at –78 �C within 1 h, while

the molecular weight controls were not achieved in most cases. The high nucleo-

philicity of DEPrK was thus demonstrated, since even styrene, having a low

reactivity in the anionic polymerization, could be polymerized regardless of the

C

C

H

HCH3

NEt2O

DEPr

K-Naph

THF

C   K

C

H

CH3

NEt2O

DEPrK

C   K
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NEt2O
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Scheme 22 Synthesis of amide enolate (DEPrK) [164]
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low initiation efficiency (~2 %) [165]. On the other hand, the initiation efficiency

(nucleophilicity) of DEPrK apparently decreased in the presence of Et2Zn (12–16

equivalents). No polymerization of styrene virtually occurred with DEPrK/Et2Zn in

THF at –78 �C. Although 2VP could be polymerized with DEPrK/Et2Zn at –78
�C,

the initiation efficiency decreased from 67 to 27 % after the addition of Et2Zn. In

contrast, this novel binary initiator system of DEPrK/Et2Zn could initiate the

anionic polymerizations of MMA and DEA with quantitative efficiencies in THF

at –78 �C resulting in the formations of the tailored poly(MMA) and poly(DEA). In

particular, significant narrowing of the molecular weight distribution and increasing

of the triad mr values were achieved in the poly(DEA)s produced with DEPrK/

Et2Zn at 0 �C, in addition to the molecular weight control.

It is thus demonstrated that the ability of the DEPrK/Et2Zn system as the anionic

initiator is almost comparable to that of the Ph2CHK/Et2Zn system. In addition, the

nucleophilicity of the amide enolate is found to be higher than that of the ester

enolate based on the polymerization result of styrene.

Compared to the initiator system in the presence of Et2Zn, the additive effect of

Et3B is more drastic in the polymerization systems of DMA and DEA, as shown in

Table 4 [63]. No apparent polymerization was observed at –78 �C within 1 h after

the addition of Et3B (2–6 equivalents) to DMPLi or Ph2CHK. At the higher

temperatures of 0 or 30 �C, the polymerization of DMA and DEA certainly

proceeded in the presence of Et3B to form polymers with controlled molecular

characteristics (Mw/Mn< 1.13). The most significant effect was observed in

retarding the polymerization. The rate of polymerization for DEA was very slow

even at 0 �C, since only 56 % of DEA was consumed with Ph2CHK/Et3B after 24 h.

A prolonged polymerization time of 96 h was required for the completion of the

polymerization of DEA at 0 �C, while a quantitative propagation was achieved

within 6 h at 30 �C. Similar to the polymerization systems of tBA [57] and

methacrylonitrile [64], a possible dormant species like the borate complex might

form at –78 �C by the strong coordination of the Lewis acidic Et3B and the amide

enolate anion, as shown in Scheme 23. At higher temperatures over 0 �C, the

Table 4 Anionic polymerization of N,N-dialkylacrylamides in THF in the presence of Et3B [63]

Initiator Monomer Et3B/M
+

Temp. Time Yield Mn� 10�3

Mw/Mn
c�C h % calcd.a obsd.b

DMPLi DMA –78 0.02 100 5.3 6.5 3.41

DMPLi/Et3B DMA 5.9 –78 1 0 – – –

DMPLi/Et3B DMA 2.1 0 4 100 16 16 1.13

Ph2CHK DEA –78 0.02 100 12 11 1.51

Ph2CHK/Et3B DEA 2.4 –78 1 0 – – –

Ph2CHK/Et3B DEA 2.3 0 24 56 6.5 4.7 1.07

Ph2CHK/Et3B DEA 2.3 0 96 100 11 8.9 1.08

Ph2CHK/Et3B DEA 3.4 30 6 100 28 30 1.06
aMn(calcd)¼ (MW of monomer)� yield/100� [monomer]/[initiator] + (MW of initiator)
bMn(obsd) was determined by the 1H NMR
cMw/Mn was determined by the SEC calibration using PMMA standards
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equilibrium shifts from the dormant species toward the active amide enolate to

propagate the polymerization rather slowly. It is considered that the coordinated

Et3B also prevents the undesirable side reactions, such as α-proton abstraction and

carbonyl attack, and effectively stabilizes the propagating amide enolate anions.

The poly(DEA) obtained with Ph2CHK/Et3B at 0 �C was highly heterotactic (rich

in mr triads).
In addition to the molecular weight control, the added common salts (LiCl) or

Lewis acids (Et2Zn and Et3B) apparently play important roles in varying the stereo-

regularity of the poly(N,N-dialkylacrylamide)s during the course of the anionic

polymerization. In contrast, in the polymerizations of (meth)acrylates in THF, their

additive effects on the stereoregularity are rather limited or even negligible [45, 49,

55–57]. This is probably due to the difference between the ester and amide moieties

in the coordination ability toward the acidic additives and the counter cations. The

ester moieties might not coordinate enough with the additives, while the more polar

amide groups coordinate to the additives as well as the counter cations of the chain-

end anions, resulting in inducing the stereospecific polymerization.

Very importantly, it is evident that the stereoregularity of the poly(DEA)

strongly affects its water-solubility and the Tc value in an aqueous solution.

Although poly(DEA) has been believed to be a representative water-soluble poly-

mer, the syndiotactic poly(DEA) (rr¼ 88 %) produced with DMPLi/Et2Zn is

insoluble in water at any temperature [62]. On the other hand, both the heterotactic

(mr¼ 92 %) and isotactic (mm¼ 88–95 %) polymers are soluble in water and show

Tc values of 28 and 38
�C for the heating processes, respectively. This indicates that

the water-solubility of poly(DEA) tended to increase with the m content in the

repeating units. On the other hand, the poly(DMA)s with a higher polarity were

always soluble in water at any temperature, while their stereoregularities were also

varied by the initiator systems.

Related to the anionic polymerization, several N,N-dialkylacrylamides, such as

DMA and DEA, can also undergo the GTP to provide polymers in good to

quantitative yields. Although the polymerization condition was rather mild, the

molecular weight control in GTP was difficult compared to the conventional

Ph2CHK
Et3B
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Ph2CH-BEt3 K

CH2 CH

C

OR2N BEt3 K 

MeOH
CH2Ph2CH CH
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Scheme 23 Anionic polymerization of DMA and DEA in the presence of Et3B [63]
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anionic polymerization. For example, although poly(DMA) was quantitatively

obtained with dimethylketene methyl trimethylsilyl acetal (DMTA) in the presence

of a nucleophilic catalyst in THF, the number-average molecular weight was

apparently lower than the theoretical one and the molecular weight distribution

was broad (Mw/Mn¼ 1.62) [80]. The GTP of DEA similarly proceeded with DMTA

in THF at 0 �C to afford poly(DEA) with a relatively narrow molecular weight

distribution (Mw/Mn¼ 1.2) in 50–70 % yields [166–168]. Recently, Kakuchi and

his coworkers newly synthesized (Z )-1-(dimethylamino)-1-trimethylsiloxy-1-

propene, (Z )-DATP, the silyl enolate of N,N-dimethylpropionamide, as the new

GTP initiator [169] (Scheme 24). The GTP of DMA quantitatively proceeded with

(Z)-DATP in the presence of an organocatalyst, (CF3SO2)2NH, to afford a tailored

polymer with a high molecular weight (Mn¼ 53,900 g/mol, Mw/Mn¼ 1.07) in

toluene at 0 �C. The living character of the new GTP system for DMA was clearly

demonstrated by the monomer addition experiment and the detailed analysis based

on MAIDI-TOF MS measurements.

4.2 Anionic Polymerization of Protected
N-Isopropylacrylamide

In contrast to the N,N-dialkylacrylamides, both acrylamide and the N-
alkylacrylamides were difficult to anionically polymerize due to the presence of

the acidic amide protons [7] (pKa¼ 25–26). Only under drastic basic conditions, the

hydrogen-transfer polymerizations of these acrylamide monomers proceeded along

with vinyl polymerization to give a complicated polymer consisting of 1,2-addition

and 1,4-addition modes [170, 171] (Scheme 25). Needless to say, the molecular

architectures of the resulting polymers are far from controlled.

Evidently, the protection of the amide protons of acrylamide and N-
alkylacrylamides is required for the exclusive vinyl polymerization and the molec-

ular weight control. Among such acrylamide monomers carrying acidic hydrogen,

N-isopropylacrylamide (NIPAM) is the most popular monomer because of the

strong interest in its polymer, poly(NIPAM). Poly(NIPAM) obtained by the free-

radical polymerization has been well known as a water-soluble and thermore-

sponsive polymer, since the aqueous solution showed a typical reversible cloud

point at around 32 �C. Therefore, the hydrophilic thermoresponsive poly(NIPAM)
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Scheme 24 GTP of DMA catalyzed by (CF3SO2)2NH [169]
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has attracted significant attention for various applications due to its promising

potentials as hydrogels [172, 173], biomedical uses, drug delivery devices [174],

polymer-bound catalyst [175], and permeation membranes [176].

Two protected NIPAM monomers have been synthesized in order to realize the

anionic polymerization (Fig. 11). Kitayama and his coworkers designed O-
trimethylsilyl-N-isopropylacrylamide (TMS-NIPAM), whose amide proton is

protected by the trimethylsilyl group [177]. The conjugation system of C¼C-

C¼O in NIPAM is transformed into a C¼C-C¼N system in TMS-NIPAM.

The anionic polymerization of TMS-NIPAM smoothly proceeded with tert-BuLi
in the presence of trialkylaluminum in toluene, and a highly isotactic poly(NIPAM)

(m¼ 97 %) was quantitatively obtained after quenching with methanol because of

the labile trimethylsilyl protecting group. In this case, the molecular weight of the

resulting poly(NIPAM) was not regulated probably due to the serious side reac-

tions. Interestingly, the resulting isotactic poly(NIPAM) was completely insoluble

in water, as described below. This is consistent with the previous finding regarding

the solubility of the isotactic poly(NIPAM) (m¼ 92 %) obtained by the radical

polymerization of NIPAM in the presence of rare earth metal triflates [178].

The second protected NIPAM, N-methoxymethyl-N-isopropylacrylamide

(MOM-NIPAM), was specifically synthesized by Ishizone and Ito to prevent

termination and chain transfer reactions [179–181] (Scheme 26). This acetal-

protected NIPAM still kept the structure of the acrylamide derivative and readily

underwent the anionic polymerization in THF at –78 �C with either DMPLi,

Ph2CHM (M¼Li, K, and Cs), and Ph3CK in combination with Et2Zn. The resulting
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Fig. 11 Protected NIPAM monomers [177, 179–181]
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poly(MOM-NIPAM)s always had well-defined chain structures including con-

trolled molecular weights and narrow molecular weight distributions (Mw/

Mn¼ 1.1), as shown in Table 5. In contrast, the molecular weight distribution was

very broad (Mw/Mn¼ 2.06) when the polymerization of MOM-NIPAM was

performed with DMPLi in the absence of Et2Zn. The addition of LiCl to the

polymerization system remarkably narrowed the molecular weight distribution

(Mw/Mn¼ 1.19–1.31), while the additive effect of Et2Zn was more significant.

CH2 C

H

C

O

N
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CH2OCH3

N-MOM-NIPAM
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THF, –78 �C
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C
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CH2OCH3

n

CH2 CH

C
O N

Pri

H

nHCl

1,4-dioxane

Poly(NIPAM)

Poly(N-MOM-NIPAM)

Scheme 26 Anionic polymerization of MOM-NIPAM [179–181]

Table 5 Anionic Polymerization of MOM-NIPAM in THF at �78 �Ca [179–181]

Initiator LiCl/Li+ Et2Zn/M
+

Time Mn� 10�3

Mw/Mn
d

Tacticity (%)e

h calcd.b obsd.c m/r

DMPLi 1 11 15 2.06 57/43

DMPLi/LiCl 8.3 1 14 13 1.31 78/22

DMPLi/LiCl 26 1 11 14 1.19 85/15

DMPLi/Et2Zn 17 1.5 11 12 1.11 23/77

DMPLi/Et2Zn 43 1 10 12 1.10 20/80

DMPLi/Et2Zn 54 3 16 18 1.13 17/83

Ph2CHK 2 10 11 1.25 69/31

Ph2CHK/Et2Zn 15 5 min 12 12 1.12 52/48

Ph2CHK/Et2Zn 17 2 12 13 1.12 50/50

Ph2CHK/Et2Zn 18 20 23 23 1.10 50/50

Ph2CHK/Et2Zn 18 3 32 30 1.08 47/53

Ph2CHK/Et2Zn 20 6 52 67 1.06 48/52
aYield ~ 100 %
bMn(calcd)¼ (MW of monomer)� [monomer]/[initiator] + (MW of initiator)
cMn(obsd) was determined by the 1H NMR
dMw/Mn was determined by the SEC calibration using polystyrene standards
eBy 1H NMR
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The methoxymethyl (MOM) protective groups in the polymer were robust under

the polymerization conditions but readily removable under the acidic condition.

The quantitative hydrolysis of the MOM group was attained by treating the polymer

with aqueous hydrochloric acid in 1,4-dioxane at room temperature for 20 h, as

shown in Scheme 26. The 1H and 13C NMR and IR spectra of the deprotected

polymer were consistent with those of the authentic poly(NIPAM) obtained by the

free-radical polymerization of NIPAM. The SEC curve of the deprotected poly

(NIPAM) still maintained the unimodal and narrow shape (Mw/Mn¼ 1.08) and

shifted toward a lower molecular weight region from the original poly

(MOM-NIPAM) (Mw/Mn¼ 1.06). These results indicated that the complete

deprotection of poly(MOM-NIPAM) proceeds to give a well-defined poly

(NIPAM) without side reactions, such as cross-linking and/or main chain

degradation.

The stereoregularity of poly(NIPAM) in the diad level (m or r content) can be

estimated from the integral ratio of the splitting methine proton signals of the main

chain in the 1H NMR spectroscopy. It is noted that the free-radical polymerization

of NIPAM provides an atactic poly(NIPAM) (m¼ 50 %). From the polymerization

system of MOM-NIPAM, syndiotactic-rich, isotactic-rich, and atactic poly

(NIPAM)s could be obtained by selecting the initiator system (Table 5). The

r diad content in poly(NIPAM)s can be significantly changed from 15 to 83 % by

choosing the anionic initiator systems. The Li+/Et2Zn initiator system induced

syndiotactic configurations (r¼ 75–83 %), while the K+/Et2Zn or Li
+/LiCl initiator

system gave either an atactic (r¼ 50 %) or an isotactic poly(NIPAM) (r¼ 15–

22 %), respectively. The highest r content (83 %) of poly(NIPAM) was achieved

using organolithium at –95 �C in the presence of 54-fold Et2Zn, indicating the

effects of the polymerization temperature and the concentration of the Lewis acidic

Et2Zn.

Very interestingly, the stereoregularity of poly(NIPAM) strongly affects the

solubility in water and the thermoresponsive property. In summary, although both

atactic and syndiotactic-rich poly(NIPAM)s were soluble in water as expected, the

isotactic-rich polymers (m> 69 %) were insoluble in water. The configuration of

poly(NIPAM) evidently played a very important role to determine the solubility in

water. The isotactic-rich poly(NIPAM) is no longer a water-soluble polymer

regardless of the presence of highly polar CONH moieties in the repeating units.

On the other hand, the atactic polymers (r¼ 50 %) produced with RK/Et2Zn

showed Tc values at around 32 �C, similar to the polymers obtained by the

conventional radical polymerization. It should be noted that the Tc value slightly,

but certainly increased with the r content and the highest Tc at 37
�C was observed

in a syndiotactic-rich poly(NIPAM) (r¼ 83 %). This tendency in solubility on the

stereoregularity is completely opposite to that of a series of stereoregulated poly

(DEA)s, as described above. Thus, the living anionic polymerization evidently

contributed to the fundamental research on the solution property of the water-

soluble polymer via the precise synthesis of polymers with well-defined chain

structures.
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4.3 Anionic Polymerization of N,N-Dialkylmethacrylamides

As described above, it is well known that N,N-dialkylacrylamides readily undergo

the radical and anionic polymerizations to produce vinyl polymers. In particular,

they act as typical α,β-unsaturated carbonyl compounds and show high anionic

polymerizabilities derived from the electron-withdrawing CONR2 substituents.

Their anionic polymerizations usually quantitatively proceed, and even stable

living polymers form under the suitable polymerization conditions. In contrast,

the corresponding N,N-dialkylmethacrylamides, such as N,N-dimethylmetha-

crylamide (DMMA) and N,N-dibutylmethacrylamide, could not be polymerized

at all under similar anionic polymerization conditions. It has also been reported that

no polymeric product of the N,N-dialkylmethacrylamides was obtained using the

radical initiators [182–184]. Although the observed polymerizability significantly

differs between N,N-dialkylacrylamides and N,N-dialkylmethacrylamides, the dif-

ference in the chemical structures of the α,β-unsaturated amides is only α-CH3

groups in the latter monomers. Needless to say, the α,β-unsaturated esters (acrylates
and methacrylates) and α,β-unsaturated nitriles (acrylonitrile and methacrylonitrile)

can be converted into their vinyl polymers under radical and anionic conditions.

This lack of polymerizability of the N,N-dialkylmethacrylamides is therefore a

long-standing question in polymer chemistry.

Based on several studies using 1H and 13C NMR spectroscopies and molecular

structure calculations of the N,N-dialkylmethacrylamides, a twisted conformation is

estimated between the C¼C and C¼O groups due to the intramolecular steric

repulsion between the α-CH3 or CH2¼ group and N-alkyl substituents [160, 185,
186]. The partially conjugated planar structure of the O¼C-NR2 moiety in DMMA

should also play an important role in reducing the π-conjugation between the C¼C

and C¼O double bonds. Accordingly, it is considered that these structural

demands and the unfavorable electronic environments lead to the observed

nonpolymerizability of the monomers. In addition, the N,N-dialkylmetha-

crylamides might have an extremely low ceiling temperature, which also hinders

their homopolymerizations.

As an exception, the vinyl polymerization of N-methacryloylaziridine (MAz), a

cyclic analog of DMMA, has been reported [187, 188] (Fig. 12). MAz carrying a

highly strained three-membered aziridine ring can be polymerized with either n-
BuLi or AIBN, but the detailed results have not been reported. It is noted that

plausible side reactions including the ring-opening reaction of the aziridine ring are

suggested in the anionic polymerization due to the formation of insoluble polymeric

products.

In order to clarify the polymerizability in detail, Ishizone and his coworkers have

synthesized a series of N,N-dialkylmethacrylamides carrying cyclic substituents,

such as 2-methylaziridine (M3), azetidine (M4), pyrrolidine (M5), and piperidine
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(M6) rings, and subjected them to the anionic polymerization [189, 190] (Table 6).

Interestingly, the polymerization behavior was significantly influenced by the ring

size of the substituent. The anionic polymerizations of monomers with three- and

four-membered rings, M3 and M4, proceeded with DMPLi or Ph2CHLi in THF at –

78 �C to afford polymers with well-controlled primary structures (Mn ~ 50,000 g/

mol, Mw/Mn< 1.1) in quantitative yields either in the absence or presence of LiCl.

Even at 0 �C, the tailored poly(M3) and poly(M4) were similarly produced with

organolithiums in the presence of LiCl. The binary initiator systems of DMPLi/

Et2Zn and Ph2CHLi/Et2Zn also led to the controlled polymerization of M3 and M4,

respectively. The addition of Et2Zn markedly retarded the polymerization of M4

with an organopotassium initiator at –78 �C, and no polymerization proceeded even

after 72 h. Interestingly, at the higher temperature of 0 �C, M4 was completely

consumed by Ph2CHK/Et2Zn within 24 h to afford a polymer with a tailored chain

length. On the other hand, the anionic polymerization of M5 having a five-

membered ring afforded polymers in 44–77 % yields under the same conditions,

but the polymerization was not completed under the various reaction conditions.

Furthermore, M6 carrying a six-membered ring could not be polymerized at all

even under drastic conditions, similar to the polymerization behavior of the N,N-
dialkylmethacrylamides including DMMA.

From a kinetic viewpoint, the relative polymerizability of M3 and M4 has been

compared in the polymerization systems using DMPLi/LiCl in THF [189, 190]. The

kp
ap values for the polymerization of M3 and M4 at –40 �C were estimated to be

0.165 and 0.0157 L mol–1 s–1, respectively. The observed kp
ap value of M3 was

approximately 10 times greater than that of M4 under similar conditions. From the

Arrhenius plots of the kp
ap values, the activation energy of the polymerization,

ΔEa
ap, of M3 and M4 were determined to be 49� 4 and 51� 5 kJ mol–1, respec-

tively. Although these ΔEa
ap values were rather comparable, the slightly larger

ΔEa
ap value of M4 supported the lower polymerizability compared to M3. The

ΔEa
ap values of both M3 and M4 were remarkably larger than the reported values of

the anionic polymerization of MMA (ΔEa
ap¼ 20–25 kJ mol–1) under similar

conditions [53, 54]. The relative anionic polymerizability among M3, M4, and

MMA is thus estimated as follows: M4<M3<<MMA. Besides anionic polymer-

ization, the radical polymerization of M3 and M4 certainly occurred with AIBN in

toluene to give polymers in 77 and 40 % yields, respectively. M3 also underwent
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CH3

CH3
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Fig. 12 N,N-Dialkylmethacrylamides [188].
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the coordination addition polymerization using a transition metal catalyst [191],

further indicating the positive polymerizability.

Thus, the anionic polymerizability of the N,N-dialkylmethacrylamides with

cyclic substituents drastically decreases by increasing the ring size from three to

six members (M3>M4>M5>M6¼DMMA) (Fig. 13). It is noted that M3

smoothly underwent the living anionic polymerization, while some side reactions

were suggested for the polymerization of MAz [188]. As described above, all the

acryloyl counterparts, A3, A4, A5, A6, and DMA, showed high anionic polymeriz-

abilities, as expected for polar monomers. The positive polymerizability of M3 and

M4 can be explained by the effective π-conjugation between the C¼C and C¼O

double bonds estimated from the molecular structure calculations. In the stable

molecular structures for M3 and M4, the planar amide conjugation between the

C¼O and NR2 groups was prohibited and the pyramidal structures of the highly

strained small rings were maintained. In contrast, the C¼C and C¼O double

bonds of M6 may not be on the same plane, since the amide conjugation between

the C¼O and NR2 group is predominant, similar to the cases in the other N,N-
dialkylmethacrylamides lacking polymerizability.

The varied polymerizability of the N,N-dialkylmethacrylamides can be also

correlated with the β-carbon chemical shifts in the 13C NMR spectra, which

reasonably reflect the electron densities of the C¼C bonds accepting the nucleo-

philic attack of the initiator and the propagating carbanion [5]. In fact, the 13C NMR

chemical shifts of the vinyl β-carbons of M3, M4, M5, M6, and DMMA are

observed at 124.5, 119.1, 116.0, 114.6, and 115.4 ppm, respectively (Fig. 14).

The upfield chemical shifts for M5, M6, and DMMA are far from the downfield

values of typical polar monomers, such as methyl acrylate (130.6 ppm), MMA

(125.3 ppm), and DMA (125.8 ppm), but rather comparable to that of styrene

(113.8 ppm).

The stereoregularity of poly(M4) could be estimated from the relative 13C NMR

signal intensity of the α-methyl carbon at around 18.0–21.7 ppm, as shown in

Table 6. Figure 15 illustrates a series of expanded 13C NMR spectra of poly

(M4) measured in DMSO-d6 at 75 �C. It is evident that the tacticity of poly
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Fig. 13 Relative polymerizability of N,N-dialkylmethacrylamides [189, 190]

Anionic Polymerization of Polar Vinyl Monomers: Vinylpyridines, (Meth)acrylates. . . 167



(M4) is definitely changed by the polymerization conditions. The mm content of the

poly(M4)s produced with Ph2CHLi, Ph2CHNa, and Ph2CHK at 0 or –40 �C was

60, 52, and 12 %, respectively, indicating that the smaller cation induced the

isotactic configurations of the polymer. In the presence of Et2Zn, the mr content
of poly(M4) became predominant regardless of the counter cation. In contrast, in

the presence of LiCl, the mm content tended to increase by lowering the polymer-

ization temperature and reached 93 % at –78 �C. The addition of LiCl or Et2Zn to

the organolithium initiator allows the isotactic-specific or atactic polymerization of

M4, respectively. It should be noted that the stereoregulation using LiCl as the

additive is quite exceptional for the anionic polymerization of vinyl monomers. On

the other hand, the tacticities of poly(M3) and poly(M5) were difficult to determine,

since suitable signals in the 1H and 13C NMR spectra were overlapped with other

signals or not well split.

The anionically obtained poly(M4) was readily soluble in water due to its high

polarity, and no thermosensitivity was observed for aqueous solutions between

0 and 95 �C. On the other hand, an aqueous solution of poly(M5) showed a typical

cloud point at 26–28 �C, while poly(M3) was insoluble in water. The exothermic

cross-linking of poly(M3) readily started at around 120 �C due to the ring-opening

reaction of the highly strained aziridine ring, indicating the potential of poly(M3) as

a new thermosetting resin.

Fig. 14 13C NMR spectra of vinyl group region for DMMA, M3, M4, M5, and M6 measured in

CDCl3 at room temperature [190]
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4.4 Anionic Polymerization of α-Methylene-N-
Methylpyrrolidone

When the addition (or vinyl) polymerization of exomethylene compounds occurs,

the resulting polymers should possess unique ring structures perpendicular to the

main chain (Scheme 27). α-Methylene-N-methylpyrrolidone (MMP) is a typical

exomethylene compound containing a polar N-methylpyrrolidone (NMP) ring in

the molecule. Interestingly, MMP is considered to be a cyclic analog of the

nonpolymerizable DMMA based on the chemical structure, but shows a radical

polymerizability under the normal reaction conditions [184]. The C¼C bond and

the adjacent C¼O bond in MMP should be almost flat and effectively conjugate

with each other because of the restricted conformation derived from the cyclic

structure. Therefore, the electronic environment of the C¼C bond in MMP signif-

icantly differs from that of the nonpolymerizable DMMA possessing a less conju-

gated conformation.

Ishizone and his coworkers recently reported that the living anionic polymeri-

zation of MMP proceeded with either Ph2CHK or Ph2CHLi in the presence of Et2Zn

in THF at –78 ~ 0 �C [192] (Scheme 28). The resulting poly(MMP)s possessed

predicted molecular weights based on the molar ratios between MMP and the

initiator. Furthermore, the sharp unimodal SEC curves of poly(MMP)s indicated

narrow molecular weight distributions (Mw/Mn< 1.1). From the polymerizations at

Fig. 15 13C NMR spectra

of α-methyl carbon of poly

(M4)s measured in DMSO-

d6 at 75
�C. (A) DMPLi/

LiCl at –78 �C, mm/mr/
rr¼ 93/7/<1; (B) Ph2CHLi/

LiCl at –40 �C, mm/mr/
rr¼ 70/25/5; (C) Ph2CHLi/

LiCl at 0 �C, mm/mr/
rr¼ 68/27/5; (D) Ph2CHLi

at –40 �C, mm/mr/rr¼ 60/

33/7; (E) Ph2CHNa at –

40 �C, mm/mr/rr¼ 52/42/6;

(F) Ph2CHLi/Et2Zn at –

40 �C, mm/mr/rr¼ 27/54/

19; (G) Ph2CHK/Et2Zn at

0 �C, mm/mr/rr¼ 13/62/25;

(H) Ph2CHK at 0 �C, mm/
mr/rr¼ 12/54/34 [190]
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various temperatures ranging from –50 to –30 �C, a slow polymerization rate of

MMP and high activation energy of the polymerization (ΔEa
ap¼ 57� 5 kJ mol�1)

were observed, while the complete consumptions of MMP were finally realized.

Thus, another molecular design, by introducing the exomethylene group to the

monomer in order to attain an effective π-conjugation between the C¼C and C¼O

bonds, successfully leads to the anionic polymerizability of the N,N-dialkylmetha-

crylamides. It should be noted that the resulting poly(MMP) was highly hydrophilic

and water-soluble between 0 and 95 �C due to the polar N-methylpyrrolidone

(NMP) ring in the molecule.

5 Polymerization of (Meth)acrylonitrile

Acrylonitrile (AN) and methacrylonitrile (MAN) carrying strong electron-

withdrawing cyano groups (Hammett sigma parameter: σp¼ 0.66) [193] are con-

ventional polar vinyl monomers showing an anionic polymerizability. It is well

known that their anionic polymerizability is significantly higher than those of the

(meth)acrylate and N,N-dialkylacrylamide monomers. Although the anionic poly-

merizations of AN and MAN can be initiated with initiators of low reactivities, the

polymerizations often suffer from inherent side reactions based on nucleophilic
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attack of the anionic initiator or the propagating chain-end anion toward the

electrophilic cyano group. In addition, the rapid polymerization of AN and MAN

and low solubility of the poly(acrylonitrile) (PAN) and poly(methacrylonitrile)

(PMAN) resulted in the heterogeneous polymerization systems. Consequently, for

the anionic polymerizations of AN and MAN, low initiator efficiencies, poorly

controlled molecular weights, and broad molecular weight distributions were

observed in the resulting polymers.

Nakahama and Ishizone first succeeded in the living anionic polymerization of

MAN by the addition of Lewis acidic Et3B to the conventional polymerization

system [64]. They confirmed that PMAN with a poorly controlled molecular weight

and a very broad molecular weight distribution (Mw/Mn¼ 3) was quantitatively

obtained with Ph2CHK at –78 �C in THF. On the other hand, no apparent polymer-

ization of MAN occurred with the binary initiator system of Ph2CHK/Et3B at –

78 �C even after 28 h. However, the polymerization immediately took place and

was completed within 1 min by raising the temperature from –78 �C to 0 �C.
Interestingly, PMANs with predicted molecular weights (Mn ~ 32,000 g/mol) and

narrow molecular weight distributions (Mw/Mn< 1.1) were produced in 100 %

yields. The precise controls of the molecular weights indicate that the side reactions

are effectively suppressed in the presence of Et3B. The coordination of Et3B to the

initiator and/or the propagating anion stabilizes the anionic species even in polar

THF, as shown in Scheme 29.

Based on the polymerization behavior at different temperatures, the so-called

dormant species, borate anion, between the propagating polymer anion and Lewis

acidic Et3B might form in the polymerization system. The observed polymerization

behaviors of MAN are similar to those of tBA [57] and the N,N-dialkylacrylamides

[63] in the presence of Et3B. It is noteworthy that Et2Zn does not show any additive

effect on the polymerization of MAN regardless of its Lewis acidity. The polymer-

ization of MAN proceeds with Ph2CHK/Et2Zn even at –78
�C to afford PMANwith

a very broad molecular weight distribution (Mw/Mn¼ 2.5).

On the other hand, even the binary initiator system of Ph2CHK/Et3B could not

attain any degree of molecular weight control of PAN during the polymerization of
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AN [194]. The highly acidic α-hydrogen on the resulting PAN main chain and

extremely low solubility of PAN might prohibit the living anionic polymerization.

A more effective initiation system might be necessary to achieve the living anionic

polymerization of AN.

6 Polymerization of Phenyl Vinyl Sulfoxides

Phenyl vinyl sulfoxide (PVS) shows a remarkably high anionic polymerizability

similar to other polar monomers, since PVS possesses an electron-withdrawing

S¼O group and extended π -conjugation system including the C¼C-S¼O link-

age. Interestingly, a poly(phenyl vinyl sulfoxide), poly(PVS), has been known as a

soluble precursor of polyacetylene. It has been demonstrated that the thermal

degradation of the side chain of poly(PVS) produces a π-conjugated conductive

polyacetylene showing a very low solubility.

It is reported that the anionic polymerization of PVS in THF at –78 �C
afforded polymers with relatively narrow molecular weight distributions

(Mw/Mn¼ 1.1–1.5) [195–200]. AB type diblock and BAB type triblock copoly-

mers, polystyrene-b-poly(PVS) and poly(PVS)-b-polystyrene-b-poly(PVS), were
also synthesized by the sequential addition of styrene (A monomer), followed by

PVS (B monomer) using suitable monofunctional and difunctional initiators. For

the anionic polymerization of 4-methylphenyl vinyl sulfoxide (MPVS), the

molecular weight control of the resulting polymer was attained with DMPLi in

the presence of a 20-fold amount of LiCl in THF at –78 �C [201]. The addition of

the common ion was effective to narrow the molecular weight distribution of the

polymer similar to the polymerizations of alkyl (meth)acrylates. Poly(MPVS)s

with well-controlled molecular weights and narrow molecular weight distribu-

tions (Mw/Mn ~ 1.1) were always obtained. Although the polyacetylene segment is

difficult to directly introduce into the polymer structures via the anionic poly-

merization of acetylene, both poly(PVS) and poly(MPVS) could be quantitatively

converted into polyacetylenes by a thermal treatment at around 150 �C, as shown
in Scheme 30.

Thus, the success of this methodology provides a new synthetic route to incor-

porate the polyacetylene segment into elaborate polymer structures accessible

through anionic polymerization. For instance, a 5-armed star copolymer was

successfully synthesized by the linking reaction of the propagating anion of poly

(MPVS) [201]. The introduced poly(MPVS) segment in the star copolymer was

smoothly converted into the attractive polyacetylene segment. The resulting poly-

mers containing immiscible polyacetylene segments are of significant interest,

since they should be well phase-separated at the molecular level via the strong

segregation derived from rigid rod-coil polyacetylene segments.
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7 Anionic Polymerization of Dibenzofulvene
and Benzofulvene

As described in Sect. 4, it has been clearly shown that the introduction of an

exomethylene group of MMP can allow the nonpolymerizable N,N-dialkylmetha-

crylamide to be polymerized. In other words, the exomethylene monomer, MMP,

shows a significantly higher polymerizability compared to the corresponding vinyl

counterpart, DMMA. A similar relationship between the structure and

polymerizability is observed in the cases of DPE and dibenzofulvene (DBF,

α-methylenefluorene), as illustrated in Fig. 16. Although the C¼C bonds in the

DPE derivatives show a high reactivity in the addition reaction and readily allows

the 1:1 addition with either carbanions or carbocations, the DPE derivatives do not

undergo homopolymerizations under various reaction conditions probably due to

their very low ceiling temperatures. In fact, this particular reactivity of the DPE

derivatives has enabled the quantitative end-functionalizations of anionic living

polymers in numerous reports [202, 203]. However, it is noteworthy that the anionic

copolymerization of DPE and styrene is possible to form a copolymer possessing

alternating sequences [204–206].

On the other hand, DBF, a cyclic analog of DPE, exclusively allowed the radical,

cationic, and anionic homopolymerizations on the exomethylene group [207,

208]. The polymerizations proceeded in a 1,2-addition mode to form a vinyl

polymer possessing fluorene rings vertical to the main chain (Scheme 31). It is

reported that the anionic polymerizations of DBF can be initiated with anionic

initiators with a low nucleophilicity, such as CH3MgBr and t-BuOK, indicating that
the anionic polymerizability of DBF is fairly high. Unfortunately, since the anionic

polymerization of DBF suffered from the low solubility of the resulting poly(DBF)s

the molecular weight controls of the polymers have not been realized. Thus, the

exomethylene monomer, DBF, again shows a higher polymerizability compared to

the acyclic counterpart. In other words, the connection of two phenyl groups

converts DPE into a planar molecule, DBF, and induces the homopolymerizability.
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Very recently, Ishizone and his coworkers succeeded in polymerizing a novel

exomethylene monomer, benzofulvene (BF, α-methyleneindene) [209]. Although

BF possesses a very simple structure, the polymerization behaviors have not yet

been clarified probably due to the extremely high polymerizability. BF indeed

shows a high spontaneous polymerizability after the isolation, but is stable after

dilution with THF. Based on its chemical structure, BF is categorized as a cyclic

analog of 2-phenyl-1,3-butadiene (2PhBd) and possesses a planar fixed transoid

1,3-diene framework including an exomethylene group. In fact, the anionic poly-

merization of BF quantitatively proceeded with sec-BuLi or Ph2CHK in THF at –

78 �C for 1 h to give polymers with predicted molecular weights (Mn ~ 28,000 g/

mol) and narrow molecular weight distributions (Mw/Mn< 1.1). The detailed 13C

NMR analysis of the resulting poly(BF) indicated that the repeating units only

consisted of 1,2-addition units (41 %) and 1,4-addition units (59 %) without

3,4-addition units. It has been substantiated that BF acts as a polymerizable transoid

1,3-diene and the exomethylene group always participates in the propagation

(Scheme 32). The anionic polymerization of BF similarly occurred with sec-BuLi
in benzene at 0 �C to give a well-defined polymer in 100 % yield. The microstruc-

ture of poly(BF) obtained in benzene possessed 24 % of the 1,2-structure and 76 %

of the 1,4-structure, indicating the small effect of the solvent polarity on the

addition mode of the polymerization. Interestingly, BF exhibited an unexpectedly

high anionic polymerizability, while it seems to be a nonpolar hydrocarbon. Similar

to DBF, the anionic polymerization of BF could be initiated with Grignard reagents

and alkoxides to afford polymers in 100 % yields, although the initiation efficien-

cies are far from quantitative. Furthermore, a low nucleophilic enolate anion of poly

(MMA) initiated the polymerization of BF in a quantitative efficiency to afford a

well-defined diblock copolymer, poly(MMA)-b-poly(BF). As can be seen in

Fig. 17, the SEC curve of the block copolymer shifts toward the higher molecular

weight side while maintaining a narrow molecular weight distribution without a
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shoulder at the elution count of poly(MMA). Since 2PhBd could not be polymer-

ized at all with Grignard reagents, alkoxides, and anionic living poly(MMA), the

higher polymerizability of BF was again substantiated by changing the monomer

structure to the corresponding exomethylene type.

8 Polymerization of Other Polar Monomers

As other polar vinyl monomers, vinyl methyl ketone and related monomers are

considered as candidates for the anionic polymerization, since they are typical

Michael acceptors showing a high electrophilicity in organic chemistry. In fact,

CH2 CH2 CH2
0.41 0.59

H

2PhBd BF 1,2-addition 1,4-addition

sec-BuLi

THF, –78 �C

1

2
3

4CH2
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Scheme 32 Anionic polymerization of BF in THF [209]

Fig. 17 SEC curves of

block copolymerization of

MMA (1st monomer) and

BF (2nd monomer).

(A) Poly(MMA),

Mn(calcd)¼ 4700,

Mn(obsd)¼ 4400, Mw/

Mn¼ 1.05; (B) Poly

(MMA)-block-poly(BF),
Mn(calcd)¼ 18,000,

Mn(obsd)¼ 22,000, Mw/

Mn¼ 1.09 [209]
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although the anionic polymerizations of these α,β-unsaturated compounds occurred

using conventional anionic initiators or under the conditions of group transfer

polymerization, such polymerizations cannot be controlled at the moment. Further-

more, the extremely high electrophilicity of α-cyanoacrylates is well known, since
two electron-withdrawing COOR and CN groups are substituted on the C¼C

double bonds. The electron density of the C¼C double bond of the monomer is

remarkably reduced, and the propagating chain ends should be highly stabilized by

these substituents. It is believed that the anionic polymerization of α-cyanoacrylates
is readily initiated with weak basic compounds or weak nucleophiles, such as a

tertiary amine and water. The polymerization behaviors are rather violent due to the

high polymerizability and far from controlled.

Related to the anionic addition polymerization of these highly reactive polar mono-

mers, highly strained cyclic alkanes carrying electron-withdrawing groups, that is,

dialkyl cyclopropane-1,1-dicarboxylates and alkyl 1-cyanocyclopropanecarboxylates,

are found to undergo the anionic ring-opening polymerization [210, 211] (Scheme 33).

A nucleophilic thiophenolate initiator induces the ring-opening polymerization of

these cyclic monomers to give carbon-chain polymers substituted by two electron-

withdrawing groups on every third atom. The propagating species should be enolate

anions highly stabilized by the electron-withdrawing groups, similar to the propagat-

ing anions derived from methylenemalonates and α-cyanoacrylates. In fact, the poly-
merizations certainly proceeded in DMSO at elevated temperatures (60–140 �C) to
afford polymers with controlled molecular weights and relatively narrow molecular

weight distributions (Mn¼ 15,000,Mw/Mn¼ 1.06).

As a new class of monomers capable of anionic addition polymerization, several

phosphaalkenes containing the C¼ P bond (PAE) have recently been synthesized

and attempted to be anionically polymerized. Interestingly, the addition polymer-

ization of phosphaalkenes exclusively proceeded with n-BuLi to yield a well-

defined poly(methylenephosphine) possessing P-C linkages in a regioselective

addition fashion [212–215] (Scheme 34). It is reported that a red-colored

diphenylmethyl carbanion always formed via a nucleophilic attack on the phos-

phorus atom during the course of the polymerization. The anionic polymerizability

of these phosphaalkenes is of great interest for the future design of functional
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polymers. In fact, the resulting polymer containing the trivalent phosphorus atom

could be oxidized to an air- and moisture-stable poly(methylenephosphine oxide)

containing the pentavalent phosphorus atom by treating it with H2O2. The trivalent

dialkylarylphosphine moieties in the poly(PAE) segment are typical Lewis bases

and show the intrinsic binding ability to transition metals. Novel block copolymers,

polystyrene-b-poly(PAE) and polyisoprene-b-poly(PAE), were also successfully

synthesized by the sequential anionic copolymerization.

9 Conclusions

This chapter describes the living anionic polymerization of a series of polar vinyl

monomers including vinylpyridines, acrylates, methacrylates, N,N-dialkyla-
crylamides, N,N-dialkylmethacrylamides, N-isopropylacrylamide, α-methylene-N-
methylpyrrolidone, methacrylonitrile, vinyl sulfoxides, and benzofulvene. All these

polar monomers possess reduced π-electron densities on the C¼C double bonds

and show an anionic polymerizability significantly higher than hydrocarbon mono-

mers, such as styrene and 1,3-butadiene. In most cases, the combinations of π-
conjugated bulky anionic initiators, such as DPHLi, DMPLi, Ph2CHLi, and

Ph2CHK, and suitable additives, such as LiCl, Et2Zn, and Et3B, are very effective

for the success of the living anionic polymerizations of these monomers preventing

the inherent side reactions. These binary initiator systems including organolithium/

LiCl, organolithium/Et2Zn, organopotassium/Et2Zn, and organopotassium/Et3B

indeed allow the living anionic polymerization of various (meth)acrylates carrying

functional groups and produce homopolymers with predictable molecular weights

based on the molar ratios between the monomers and initiators and narrow molec-

ular weight distributions (Mw/Mn< 1.1) as well as the well-defined block copoly-

mers. Among them, Lewis acidic Et3B shows the most drastic effect on the anionic

polymerization to form the so-called dormant species at low temperature. A higher

temperature is necessary for the apparent propagation via the dissociation of the

dormant species. It is noteworthy that the additive effect of Lewis acidic com-

pounds on the stereoregularity is observed only for the anionic polymerizations of

several N,N-dialkyl(meth)acrylamides and not for (meth)acrylates. The polar amide
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moieties in the monomers and the resulting polymers may play a very important

role in regulating the tacticity through possible coordination with the counter

cations and the Lewis acidic additives. Thus, the newly established living anionic

polymerization systems for polar monomers enable further molecular designs and

tailored synthesis of a variety of architectural polymers in addition to the well-

defined homopolymers. These tailored polymers are very important to clarify the

fundamental structure-property relationship of polymers and for the future devel-

opment of functional polymeric materials.
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40. Janata M, Lochmann L, Vlček P, Dybal J, Müller AHE (1992) Mechanism and kinetics of the

anionic polymerization of acrylates, 2. Polymerization of tert-butyl acrylate in a flow tube

reactor and effect of lithium chloride and lithium tert-butoxide. Makromol Chem

193:101–112

41. Janata M, Lochmann L, Müller AHE (1993) Mechanism and kinetics of the anionic poly-

merization of acrylates, 3. Effect of lithium chloride and lithium tert-butoxide on oligomer-

ization of tert-butyl acrylate. Makromol Chem 194:625–636
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alkyl methacrylate-block-sodium methacrylate) micelles. Influence of hydrophobicity and

molecular architecture on the exchange rate of copolymer molecules. Macromolecules

31:681–689

144. Han S, Hagiwara M, Ishizone T (2003) Synthesis of thermally sensitive water-soluble

polymethacrylates by living anionic polymerizations of oligo(ethylene glycol) methyl ether

methacrylates. Macromolecules 36:8312–8319

145. Ishizone T, Seki A, Hagiwara M, Yokoyama H, Oyane A, Deffieux A, Carlotti S (2008)

Anionic polymerization of oligo (ethylene glycol) alkyl ether methacrylates: effect of side

chain length and ω-alkyl group of side chain on cloud point in water. Macromolecules

41:2963–2967

146. Yamanaka J, Kayasuga T, Ito M, Yokoyama H, Ishizone T (2011) Synthesis of water-soluble

poly[oligo(ethylene glycol) methacrylate]s by living anionic polymerization of oligo(ethyl-

ene glycol) vinyl ether methacrylates. Polym Chem 2:1837–1848

Anionic Polymerization of Polar Vinyl Monomers: Vinylpyridines, (Meth)acrylates. . . 185



147. Yokoyama H, Miyamae T, Han S, Ishizone T, Tanaka K, Takahara A, Torikai N (2005)

Spontaneously formed hydrophilic surfaces by segregation of block copolymers with water-

soluble blocks. Macromolecules 38:5180–5189

148. Oyane A, Ishizone T, Uchida M, Furukawa K, Ushida T, Yokoyama H (2005) Spontaneous

formation of blood-compatible surface on hydrophobic polymers: surface enrichment of a

block copolymer with a water-soluble block. Adv Mater 17:2329–2332

149. Ishizone T, Han S, Hagiwara M, Yokoyama H (2006) Synthesis and surface characterization

of well-defined amphiphilic block copolymers containing poly[oligo(ethylene glycol) meth-

acrylate] segments. Macromolecules 39:962–970

150. Zhang R, Seki A, Ishizone T, Yokoyama H (2008) Reduced hydrophobic interaction of

polystyrene surfaces by spontaneous segregation of block copolymers with oligo(ethylene

glycol) methyl ether methacrylate blocks: force measurements in water using atomic force

microscope with hydrophobic probes. Langmuir 24:5527–5533
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Cyclic Monomers: Epoxides, Lactide,
Lactones, Lactams, Cyclic Silicon-Containing
Monomers, Cyclic Carbonates, and Others

Stéphane Carlotti and Frédéric Peruch

Abstract Cyclic monomers constitute a broad family of monomers which are able

to be polymerized by anionic ring-opening polymerization or related nucleophilic

ring-opening mechanism. This chapter presents successively the polymerization of

cyclic ethers, cyclic esters, cyclic amides, cyclosiloxanes and other cyclic silicon-

based compounds, cyclic carbonates, and other cyclic monomers, i.e., cycloalkanes,
cyclic sulfides, cyclic amines, cyclic ureas, depsipeptides, and cyclic phosphorus

monomers. The main synthetic strategies are reviewed in terms of monomer

reactivity, side reactions, and control of macromolecular architectures. Ring-

opening polymerization of cyclic monomers utilizing alkali metal derivatives or

other initiating systems in conjunction or not with activating systems is described.

Emphasis is also put on the use of organic initiators or catalysts to trigger the metal-

free ring-opening polymerization.

Keywords Anionic ring-opening polymerization • Epoxides • Lactones •

Lactams • Cyclosiloxanes

1 Introduction

For many years, efforts in polymer science were directed toward the control of

polymerization methods, a precise control of the structure, topology, and function-

ality of polymeric chains enabling the design of macromolecular scaffolds that may

find applications in high added value domains. For polymers bearing heteroatoms in

their backbone, two pathways are generally possible: step-growth polymerization

and ring-opening polymerization (ROP). The main advantage of step-growth poly-

merization is the easy accessibility of a wide range of monomers of various

structures. Nevertheless, it suffers from limitations. Indeed, high conversions are

needed to get high molar mass polymers, often not controlled, and high polymer-

ization temperatures are generally required. These drawbacks are overcome by the

S. Carlotti (*) • F. Peruch

University of Bordeaux, LCPO, UMR 5629, Pessac F-33600, France

CNRS, LCPO, UMR 5629, Pessac F-33600, France

e-mail: carlotti@enscbp.fr

© Springer Japan 2015

N. Hadjichristidis, A. Hirao (eds.), Anionic Polymerization,
DOI 10.1007/978-4-431-54186-8_5

191

mailto:carlotti@enscbp.fr


implementation of ROP, which has become a powerful tool for the synthesis of

various polymers, mainly polyethers, polyesters, polyamides, polysiloxanes, and

polycarbonates (Scheme 1).

The ring strain, coming from distortion of the ring angles and stretching bonds, is

generally responsible for conversion of monomer into polymer units. The ROP can

be performed according to several mechanisms, namely, anionic, cationic, and

coordination-insertion. In this chapter, we will focus on polymerization for which

the propagating species is an anion. Few exceptions, where the propagating species

are not fully charged, will also be presented. This chapter will be divided into

several sub-chapters, each one focusing on one type of cyclic monomer. It will be

presented successively the anionic ring-opening polymerization of cyclic ethers,

cyclic esters, cyclic amides, cyclic silicon-containing monomers, cyclic carbonates,

and other cyclic monomers, i.e., cycloalkanes, cyclic sulfides, cyclic amines, cyclic

ureas, depsipeptides and cyclic phosphorus monomers. When well established, the

elementary steps involved in the polymerization are given. Recent developments

concerning the synthesis of controlled macromolecular architectures are also

presented.

2 Cyclic Ethers

2.1 Introduction

The anionic ring-opening polymerization (AROP) of cyclic ethers enables the

synthesis of polyethers like poly(ethylene oxide) (PEO) and poly(propylene

oxide) (PPO), often referred to as poly(ethylene glycol) and poly(propylene glycol),

respectively. The worldwide production of these polymers attains several million

tons per year for commodity (precursors for polyurethanes, surfactants, and

lubricants) or high-performance (biomedical or cosmetic domains) applications.

Nucleophiles can initiate the polymerization leading to alkoxides able to attack a
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new monomer enabling the propagation step. Cyclic ethers reactivity and polymer-

ization kinetics are predominantly influenced by their polymerization enthalpy and

ring strain but also by electronic and steric factors associated with the nature of the

ring substituent as well as reaction conditions like temperature and solvent. An

anionic-related mechanism can be considered after preliminary complexation of the

monomer by specific additives (an electrophile), which strongly facilitate nucleo-

philic attack and ring-opening. Based on this chemistry, as well as organic synthetic

tools, many substituted epoxide monomers are able to be polymerized, opening

pathways for well-defined polyether structures and functionalities and allowing the

preparation of materials with various properties.

2.2 Conventional Anionic Polymerization of Epoxides

Propagation may proceed without side reaction in anionic polymerization of ethyl-

ene oxide [1]. Alkali metal derivatives like hydrides, alkyls, aryls, and amides and

mainly alkoxides of sodium, potassium, and cesium represent the most common

initiators used for the AROP of epoxides [2, 3]. Lithium alkoxides do not lead to the

polymerization of such monomers due to strong aggregation between lithium

species after insertion of the first epoxide unit. Polymerizations initiated by alkali

metal alkoxides are generally carried out in aprotic and apolar media or in coordi-

native solvents like dimethylsulfoxide (DMSO) or dimethylformamide (DMF) in

order to dissociate active species. The driving force for the ring-opening reaction is

the relief of the strain energy of the epoxide ring. High temperatures are usually

needed for the AROP of long-chain alkylene oxides.

The different steps of conventional AROP of epoxides are shown in Scheme 2.

The initiation step consists of a nucleophilic substitution – SN2 type – of the

alkoxide species leading to the formation of new alkoxide species able to further

attack monomer molecules resulting in polyether chains with an atactic structure.

The termination step is achieved by addition of an acidic compound with labile

hydrogen. Alcohols and water are the most commonly used termination agents in

order to obtain hydroxyl end groups. The transfer to monomer is observed with

most of the initiating systems when substituted epoxides are polymerized.

2.2.1 Ethylene Oxide

Alkali metal salts of carbanions [4–6] and nitranions [7] are efficient initiators for

the polymerization of ethylene oxide (EO). Alkali metal alkoxides were also

investigated in detail due to the fact that the structure of these derivatives is similar

to the one of propagating species. In aprotic solvents with low to medium polarity,

i.e., ethers, alkali metal alkoxides exhibit a strong tendency to aggregate leading to

complex reaction kinetics. This is particularly significant for small-sized metals

such as lithium or sodium. If the reaction follows a monomer order of 1, the order in
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alkoxide propagating species varies according to counterion and solvent. This can

be related to the presence of aggregates, ion pairs, and free ions of different intrinsic

reactivity (Scheme 3). EO polymerization with alkoxide aggregates is extremely

slow and does not even proceed in most cases.

The combination of alkoxide with its parent hydroxy compound was used to

limit aggregation and preserve solubility [8–10], allowing a better control of the

initiation and propagation, to the detriment of reaction kinetics [11, 12]. This would

be referred today as a “degenerative transfer,” already reported by Flory in the

1940s.

The use of potassium tert-butoxide as initiator was reported to yield living

PEO in DMSO with molar masses controlled by the ratio [monomer]/[initiator]

[13–15]. With K+ and Cs+ salts, EO polymerization in DMSO proceeds almost

exclusively by free ions in agreement with a higher dissociation constant in this

solvent in line with a high DMSO permittivity (ε¼ 48 at 20 �C). With Na+ as

counterion, both ion pairs in equilibrium with a small proportion of free ions

contribute to the propagation. In tetrahydrofuran (THF) (ε¼ 7.6 at 25 �C) and in

the presence of sodium, potassium, and cesium naphthalene as initiators, a living

polymerization takes place, the rate of propagation increasing with the size of the

counterion [16, 17]. However, kinetics are complicated due to the strong associa-

tion of alkoxide end groups.
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2.2.2 Monosubstituted Epoxides

Although alkali metal derivatives are efficient initiators for AROP of ethylene

oxide, they are much less efficient for monosubstituted epoxides, e.g., propylene

oxide (PO), glycidyl ethers, etc. Indeed, as alkoxide species are relatively strong

bases, the abstraction of monomer substituent proton can take place. This side

reaction leads to the formation of polyether chains, initiated by an allyloxy group,

limiting the molar masses of polyethers (Scheme 2) [14, 18].

Similarly to ethylene oxide, the size of the counterion and the temperature were

shown to influence the polymerization rate of monosubstituted epoxides. Increasing

the size of the counterion leads to more dissociated active species and thus to higher

polymerization rate, faster polymerizations being observed with cesium counterion.

Higher temperatures increase the polymerization rate [18, 19] with the time frame

being generally in the magnitude of several hours or days to reach high yields. In the

presence of potassium as counterion (t-BuOK as initiator), the reactivity of racemic

propylene oxide in hexamethylphosphoramide (HMPA) at 40 �C is about four times

lower than that of EO on the basis of overall polymerization rates [20]. The

reactivity of other monosubstituted epoxides depends on both electronic and steric

factors induced by the substituent attached to the epoxide ring [21]. For instance,

the reactivity of 2,2-dimethyloxirane (DMO) is ten times lower than that of PO,

whereas glycidyl ethers such as tert-butyl glycidyl ether (t-BuGE) are more readily

polymerized than PO [20].

Conventional anionic ring-opening polymerization suffers in general from slow

kinetics and, more particularly for substituted epoxides, of transfer reactions. Other

systems were therefore developed.

2.3 Systems for Activated Epoxide Polymerization

2.3.1 Alkali Metal Derivatives Associated to Crown Ether

Addition of complexing agents to alkali metal cations, such as crown ethers or

cryptands (Scheme 4), was shown to drastically increase ethylene oxide propaga-

tion rate in ethereal solvents [8, 22, 23], reducing the aggregation of alkoxide

polymer ends and increasing the proportion of free ions. For example, the dissoci-

ation constant of PEO� K+ at 20 �C in THF is 1,700 times higher when K+ is

n
O- +n
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kp kp
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Scheme 3 Aggregates, ion pairs, and free ions in EO polymerization and their capacity to

contribute to propagation
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complexed by cryptand 222. In this system, the reactivity of free ions is about

60 times higher than that of cryptated ion pairs.

For monosubstituted epoxides, 18-crown-6 was also shown to increase the

reactivity, the propagation rate constant being up to 14 times at 25 �C [10, 24–

26]. In line with the acidic character of hydrogen on the α-carbon of the monomer,

the nature of epoxide substituent plays an important role in the chain transfer

process. For instance, the anionic polymerization of long-chain alkylene oxides

initiated by potassium and cesium alkoxides is much less subjected to chain transfer

processes than alkoxides deriving from PO. However, relatively high temperatures

were needed to reach reasonable polymerization times, which caused residual side

reactions limiting molar masses. The breakthrough of using the additive 18C6 was

associated with a decrease of polymerization temperatures, minimizing transfer

reaction to monomer. This is reflected by the production of poly(2-butyloxirane) of

higher molar masses at 20 �C (Table 1) [19]. The polymerization temperature of

2-butyloxirane and of higher 2-alkyloxiranes like 2-hexyloxirane and

2-octyloxirane could even be reduced below 0 �C, which almost eliminate

completely all side reactions. However, very long reaction times were required,

i.e., 4–8 days, and conversion did not go to completion [19]. Alkali metal hydrides

were also associated to 18C6 for the AROP of glycidyl butyl ether [21,

27]. Polyethers with molar masses lower than 5,000 g/mol and low dispersity

were obtained. For this range of molar masses, polymerization time was consider-

ably reduced, from several days to a few hours, as well as transfer reactions.

2.3.2 Aluminum Systems: From Bulky to Simpler Compounds

In the 1980s, Inoue and coll. usedmetalloporphyrin as catalyst, in particular aluminum-

based porphyrin, for the polymerization of methacrylates [28, 29], lactones [30], and

epoxides [31] and, in some extent, oxetane [32] which is usually polymerized by a

cationic route. The equimolar combination between diethylaluminum chloride and α,
β, γ, δ-tetraphenylporphyrin (TPPAlCl) led to a high catalytic activity in the polymer-

ization of propylene oxide. The covalent nature of the Al-Cl bond suggests a
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polymerization via a coordination mechanism. Synthesized polyethers, by the

so-called “immortal” polymerization, reached molar masses up to 70,000 g/mol

with a narrow distribution [33]. A monomer molecule is first inserted between the

Al-Cl bond of the initiator (Scheme 5). Aluminum porphyrin, due to its nucleophilic

character, was used as initiator enabling coordination with epoxide. Under such

conditions, transfer reactions were considerably decreased, allowing the synthesis

of a series of block copolymers, including poly(PO-b-EO), poly(1,2-butene oxide-
b-PO), poly(PO-b-epichlorohydrin), poly(lactones-b-PO), poly(lactones-b-EO),
etc. [34, 35]. Although EO polymerization could be achieved rapidly (half-time

reaction is about 30 min at room temperature for [EO]/[TPPAlCl]¼ 400 in

dichloromethane), other epoxides exhibited a lower reactivity. In similar

conditions, several hours were required for the polymerization of PO and

1,2-epoxybutane [31] in order to reach complete conversion, whereas for styrene

oxide or 1,2-epoxy-2-methylpropane conversions did not exceed 15 % after 8 days

of reaction [33].

In order to increase polymerization rate of propylene oxide, aluminum porphyrin

was used in association with a bulky Lewis acid [36–38]. For instance,

methylaluminum bis(2,4,6-tri-tert-butylphenolate) (MAlBP) was used to coordi-

nate the epoxide and to activate the monomer substrate toward a nucleophilic

attack. As compared to the previous system, the catalytic species and the initiator

are independent, i.e., employed as a bi-component initiating/activating system.

There is no interaction between these two aluminum derivatives due to their

bulkiness. Polymerization rates of propylene oxide and 1,2-butene oxide were

strongly enhanced due to the presence of the bulky Lewis acid [36]. Only 0.25 %

Table 1 Polymerization conditions and characteristics of poly(2-butyloxirane) synthesized

in presence of K or Cs tert-butoxide in toluene with or without crown ether 18C6 (molar ratio

18C6/metal¼ 3)

Counterion T (�C) Time (h) Conv. (%) Mn th. (g/mol) Mn exp. (g/mol) D

K 80 40 96 14,700 11,200 1.15

Cs 80 18 97 14,800 11,700 1.11

K/18C6 20 19 92 47,000 43,600 1.11

Cs/18C6 20 68 81 39,600 28,000 1.13
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of MAlBP, with respect to propylene oxide concentration, was added to increase the

polymerization rate by a factor of 460. With a [MAlBP]/[TPPAlCl] ratio equal to

0.5, 3 min was enough for propylene oxide to be polymerized with 86 % conver-

sion, leading to a PPO with a molar mass up to 12,000 g/mol. Without MAlBP, in

7 h, the conversion is around 20 % and molar mass reached 3,300 g/mol. The Lewis

acid alone did not initiate the polymerization under similar conditions. The “living”

nature of the polymerization could be demonstrated by the successful formation of

block copolymers based on propylene oxide and 1,2-butene oxide, though complete

conversions could not be obtained.

Using relatively similar systems based on quaternary ammonium and quaternary

phosphonium halides associated to sterically hindered methyl(diphenoxy)alumi-

num, poorly reactive four-membered ring oxetane, e.g., 1,3-propylene oxide, was

polymerized according to a coordinated-anionic mechanism, as a result of strong

monomer activation by complexation with the aluminum derivative [39].

Braune and Okuda used porphyrin-free aluminate complexes for the polymeri-

zation of propylene oxide activated by their neutral Lewis acid precursors [40]. The

nucleophilic species were easily obtained by reaction of a bulky Lewis acid based

on diphenoxyaluminum compounds, with a cesium alkoxide or an ammonium salt.

The ring-opening polymerization proceeds under the synergic interaction of a

phenolate-aluminum-oxirane complex forming an activated monomer with the

corresponding “ate” complex which initiates the reaction (Scheme 6). Ring-

opening takes place by transfer of an alkoxy group from the “ate” complex,

regenerating an aluminate able to activate a new monomer. The synthesis of poly

(propylene oxide)s with molar masses up to 4,000 g/mol was reported following an

anionic (or coordinative) mechanism because of exclusive head-to-tail linkages.

Tsvetanov reported in 1985 the polymerization of ethylene oxide initiated by

sodium tetrabutylaluminate [41]. PEO were prepared in toluene in the range 15–
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70 �C with a high kinetic order with respect to the initiator. The polymer chain

growth was explained by the presence of aggregates of NaAlBu4, predominantly

trimers of the “ate” complex. Interaction between the oxygen atom of EO and the

alkali metal, as well as EO and aluminum to a lesser degree, was shown, in line with

some activation of the epoxide.

Using epoxide monomers and combinations of a Lewis acid – typically a

trialkylaluminum – and alkali metal alkoxides or onium salts [42–47], Carlotti

and Deffieux developed efficient synthesis of various polyethers. An excess of

Lewis acid with respect to the initiator was required. The formation of an “ate”

complex, which was able to ring-open the activated epoxide by the excess of

activator, was observed (Scheme 7).

Propylene oxide polymerization, based on a monomer-activated anionic poly-

merization, occurs at room or lower temperature. Control over the polymerization

strongly depends on the nature of the counterion. Sodium and potassium enable the

polymerization, whereas lithium does not. In few hours, controlled poly(propylene

oxide) chains, up to 20,000 g/mol, were obtained with nevertheless the presence of

some residual transfer reactions, i.e., transfer to monomer leading to allyloxy

groups in the α-position and transfer to triisobutylaluminum (i-Bu3Al), which
generates initiation by a hydride coming from an isobutyl group. Ammonium

salts were more successful as much higher molar masses could be achieved in a

controlled manner, especially at�30 �C, yielding polyethers of low dispersity (e.g.,

Ð¼ 1.34 for Mn ¼ 170,000 g/mol) [45]. The strong decrease of transfer reactions

was explained by the decrease of basicity of the active bi-component complex. The

exclusive preparation of regioregular polymers (head-to-tail) was indicative of an

anionic/coordination type mechanism. Polymerization proceeds at [Al]/[Initiator]

ratio higher than unity, indicating that only complexed PO molecules are suscep-

tible to ring-open, thanks to significant electron-withdrawing effect that makes the

ring carbon atoms much more electrophilic. Increasing trialkylaluminum concen-

tration, at constant monomer and initiator concentrations, was shown to yield a

drastic increase in polymerization rate, whereas the number of PPO chains

remained unchanged.

O

X-Y+

"ate" complex
formation

Monomer activation

X = i-PrO, Br, Cl
Y = Na, NBu4, NOct4
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+
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Scheme 7 Nucleophilic attack of sodium alkoxide or ammonium salts/triisobutylaluminum on

activated propylene oxide
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These initiating systems were also applied to the polymerization of a broad

variety of epoxides including several alkylene oxides and glycidyl ethers, epichlo-

rohydrin (ECH), etc. Compared to conventional alkali metal initiators, the

tetraoctylammonium bromide/i-Bu3Al-initiating system strongly enhanced the

rate of ethylene oxide polymerization while retaining the living character of the

reaction [48]. At a ratio [i-Bu3Al]/[NOct4Br]¼ 1.5, the synthesis of PEO of

20,000 g/mol was completed within 2 h at room temperature in dichloromethane.

By changing the ammonium salt by an alkyllithium, a PEO of 10,000 g/mol was

synthesized at low temperature and in nonpolar media, e.g., toluene [49]. The

presence of trialkylaluminum used in excess with respect to the lithium initiator

permits disaggregation of lithium alkoxide species by forming lithium/aluminate

complexes which are able to ring-open the AlR3-complexed EO molecules. How-

ever, ligand exchanges in the lithium/aluminate complex lead to slow deactivation

of the propagating species during the polymerization which limits the access to high

molar mass PEO.

Monomer-activated anionic polymerization of epichlorohydrin utilizing similar

conditions was also described. In contrast to conventional anionic polymerization,

aluminate species that ensures propagation in AlR3/onium systems selectively react

with activated ECH ring, keeping the chloromethyl function [50]. Syntheses of poly

(glycidyl methyl ether) (PGME) [51], linear poly(2-ethoxyethyl glycidyl ether)

(PEEGE), and poly(tert-butyl glycidyl ether) (PtBuGE) [52] with narrow chain

distribution and controlled molar masses were also reported. The amount of Lewis

acid required to trigger the reaction and achieve quantitative monomer conversions

was shown to increase with the number of oxygen atoms in the monomer.

This anionic living/controlled polymerization, employing onium salt/triisobuty-

laluminum systems and involving a monomer-activated mechanism, was applied to

the synthesis of a series of random and block copolymers. For instance, EO/PO

random copolymers with a gradient structure, molar masses up to 70,000 g/mol, and

narrow dispersity were prepared [48]. PPO-co-PECH [50] and amphiphilic poly

(alkylene oxide-co-glycidol) were also synthesized via the synthesis of PPOx-co-
PEEGE and PBO-co-PtBuGE copolymers [52], followed by the deprotection of

hydroxyl groups under acidic conditions. Despite the determining role of the

monomer complexation in this polymerization process, the copolymerization ratios

remain close to those reported for conventional anionic copolymerization. Different

diblock and triblock copolymers of various compositions and lengths were also

prepared by sequential monomer addition. Synthesis of PEO-b-PPO-b-PEO
triblock copolymers with NOct4Br/i-Bu3Al initiating system was first achieved

[48]. PPO-b-PECH block copolymers with molar masses ranging from 6,000 to

30,000 g/mol and with various PPO and PECH block lengths were also prepared by

sequential addition of the two monomers [50]. The re-initiation efficiency was

shown to be quantitative, no matter the order of addition of the two monomers.

Finally, block copolymerization of EO initiated with lithium derivatives was also

lately described [49]. Although it is known that EO polymerization could not

proceed properly when lithium alkoxide species are involved [53, 54], it was

shown that living polystyryllithium and polyisoprenyllithium chains can play the
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role of a macroinitiator for EO polymerization in presence of trialkylaluminum.

Block copolymers polystyrene(or polyisoprene)-b-poly(ethylene oxide)s were

obtained in hydrocarbon within a few hours with a PEO block molar mass up to

10,000 g/mol and a re-initiation efficiency of about 80 %.

2.3.3 Calcium-Based Systems

The association of two metals was also proposed in 1980 to polymerize ethylene

oxide [55]. A calcium amide/alkali metal alkoxide initiating system was used at

high temperature in order to produce poly(ethylene oxide)s with high molar masses.

EO polymerization involves monomer coordination at the catalyst active site via σ
bond formation between the monomer heteroatom and the catalyst metal atom. It is

followed by a nucleophilic attack of the alkoxide active group [56]. Tsvetanov and

coworkers investigated this combination for the synthesis of poly(propylene oxide)

and miscellaneous copolyethers [57–61]. The authors explained that calcium deriv-

atives are much weaker than other metals, like aluminum or zinc, in the formation

of oxiranes complexes. As a result, Ca-EO complexes are more readily formed in

comparison with substituted epoxides where low-rate polymerizations are

observed. In addition, the polymerization takes place under heterogeneous condi-

tion as the calcium-based initiator is not soluble in the solvents used. As an

example, the synthesis of an amphiphilic poly(ethylene oxide)-b-poly(alkylglycidyl
ether) copolymer with a molar mass up to 106 g/mol and a high dispersity (5–8) was

achieved in relatively short times (several hours, but not days) at 97 �C [59].

In summary, various systems such as metals associated to crown ethers or

metallic activators as well as combinations or organic initiators associated to

organometallic compounds were used to polymerize epoxides affording control

and fast kinetics. Nowadays, complementary challenges concerns metal-free sys-

tems which are able to fulfill all criteria so far discussed.

2.4 Toward Organic Initiating Systems

2.4.1 Tertiary Amines

Amineswere essentially used for the anionic polymerization of di- and polyepoxides,

mainly diglycidyl ether of bisphenol A and its derivatives as well as glycidyl phenyl

ether [62]. Reactionwith amines leads to slow polymerization rates, to long induction

periods, and to the formation of short chains due to transfer reactions. Benzyldi-

methylamine, pyridine, triethylamine, 4-dimethylaminopyridine (DMAP), and

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) are the most common amines used as

initiators. Ammonium salts and imidazoles are also employed to open epoxides by

anionic polymerization. The main drawback of all these compounds is the limitation

in terms of molar masses. Although the initiation mechanism is not well established,
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two pathways are generally considered (Scheme 8) [63, 64]. The addition of alcohol

decreases induction periods and increases polymerization rates but limits molar

masses [62]. The alkoxide formed by the second way (Scheme 8b) is more reactive

than species resulting from usual initiation step (Scheme 8a). Williams and

coll. succeeded to decrease the time of initiating step by using DMAP thanks to its

conjugated structure with a negative charge on the nitrogen atom of the cycle and a

positive charge on the tertiary amine [64]. The molar masses were about 1,000 g/mol

at 80 �C.

2.4.2 N-Heterocyclic Carbenes

N-Heterocylic carbenes (NHCs) can be used as ligands of transition metallic

complexes [65] but also as organic catalysts for various metal-free reactions [66,

67]. Ring-opening polymerization of some epoxides was triggered by NHCs [68–

70]. Taton and coll. showed that 1,3-bis-(diisopropyl)imidazole-2-ylidene is able to

initiate ethylene oxide polymerization according to a zwitterionic mechanism

(Scheme 9) [68]. NHC plays in this case the role of initiator controlling PEO

molar masses and forming zwitterionic imidazolium. It can be released by attack

of functionalizing terminators added to the medium. Polymerizations were

performed at 50 �C in DMSO and required long times, i.e., several days. Molar

masses up to 13,000 g/mol were obtained with narrow distribution and good

agreement between theoretical and experimental molar masses, in line with a

good control of the polymerization. This approach was less effective for the

polymerization of propylene oxide due probably to transfer reactions to monomer.

Poly(propylene oxide) oligomers with a relative low dispersity were nevertheless

prepared [70].
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Controlled EO polymerization was found to proceed also with a catalytic amount

of NHC, in DMSO at 50 �C, and in presence of a variety of chain regulators, e.g.,

benzyl alcohol, propargyl alcohol, or trimethylsilyl azide. They possess a nucleo-

philic part and an electrophilic one (Nu-E). In this case PEO molar masses match

the [EO]/[Nu-E] ratio, typically in molar proportions [NHC]/[Nu-E]/[EO]¼ 0.1/1/

100 [69]. Reversible exchanges with Nu-E molecules, involving the formation of

active and dormant chains, yield α-Nu-ω-E-poly(ethylene oxide) opening a way for
chain-end functionalization.

2.4.3 Ammonium, Phosphonium, and Phosphazene Bases

Ammonium salts were first used by Hemery, Ganachaud and coll. for the AROP of

glycidyl phenyl ether (GPE) in miniemulsion [71]. Didodecyldimethylammonium

hydroxide was used as an inisurf (initiator-surfactant) exhibiting both surface-

active properties and the ability to initiate polymerization. Average molar masses

increased with conversion and were dependent on the initiator concentration.

A critical polymerization degree of 8 was reached. Using a similar initiator, i.e.,

tetrabutylammonium fluoride, in solution polymerization, endo achieved the syn-

thesis of poly(glycidyl phenyl ether) oligomers with controlled molar masses up to

4,000 g/mol (Scheme 10) [72] and the synthesis of poly(ethylene oxide-b-glycidyl
phenyl ether) when the polymerization of glycidyl phenyl ether was performed in

the presence of poly(ethylene glycol) monomethyl ether [73].

As already mentioned, the size of the counterion plays a preponderant role in

epoxide polymerization, in particular on the kinetics. As a result of their bulky size,

some phosphonium and phosphazenium derivatives arising from strong Br€onsted
phosphazene bases, developed by Schwesinger, revealed potential interesting coun-

terions in order to limit aggregation phenomena [74, 75]. Several of these com-

mercially available bases were used as organic deprotonating agents of –OH (�CH,

�SH,�NH, or –COOH) containing initiators, to polymerize epoxides like ethylene

oxide [76–84], propylene oxide [85–87], butene oxide [82, 88, 89], styrene oxide

[90], as well as ethoxy ethyl glycidyl ether [88, 91, 92] and other protected form of

glycidol [93], affording homopolymers, copolymers [94–96], grafted or block

copolymers [81, 84, 93, 97–100], and star-shaped structures [89].

Phosphonium and phosphazene bases can be used with an alcohol to form a

protonated counterion. The use of t-BuP4H
+ enables an increase of the polymeri-

zation rate of propylene oxide, but transfer reactions still occur. Polymerization

O
OPh Bu4N+ -F

F
O-

+NBu4
+NBu4F
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OPh OPh

OPh
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Scheme 10 Polymerization of glycidyl phenyl ether initiated with tetrabutylammonium fluoride
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rates increase when the positive charge is delocalized into the molecule, which is

due to better ion separation [80, 81]. Phosphazene bases were also utilized in order

to complex lithium alkoxides allowing the (co)polymerization of ethylene oxide

and ethoxyethyl glycidyl ether with lithium derivatives (Scheme 11) [76, 79, 88, 91,

92, 101], which is generally not possible because of strong aggregation between

lithium alkoxides except when a trialkylaluminum is added [49]. The base behaves

as a cryptand for Li+ ions via polar amino and imino groups located inside the

globular molecule, and the outer shell is formed by alkyl substituents. The equilib-

rium between complexed lithium alkoxide ion pairs and reactive free anions is thus

shifted toward the latter species allowing polymerization. Copolymers based on

polystyrene and polyethers were prepared without the need of cation exchange.

However, the presence of residual transfer reactions and an induction period

resulting from the slow disaggregation of the lithium alkoxide ends still compli-

cated the epoxide polymerization [79].

A broad range of polyethers can be synthesized leading to an important class of

materials used in many applications. Controlled structures and dimensions as well

as easy, inexpensive, and rapid polymerizations remain the major challenges to be

addressed. Preparation of functional polyethers used as reactive precursors, by an

anionic route, is also of major interest.

2.5 Functionalization of Polyethers Prepared by Anionic
Ring-Opening Polymerization

Functionalization of polyether chains can occur either to chain ends or along the

polymer backbone. In the first case, a functional initiator and/or a termination agent is

employed. Further polymerization or other reactions can be conducted from the

as-introduced functional groups. The functionalization into the chains is carried out

by the use of functional monomers. Hydroxy, amine, epoxide, carbonate, thiol, azide,

as well as double and triple bonds are the most commonly used functions in order to

obtain a versatile range of functional polymers for many applications. Carlotti and

coll. [102], Frey and coll. [103, 104], and Riffle and coll. [105] have reviewed main

syntheses, properties, and applications of various functional polyethers. This part will

focus on the functions introduced into polyethers prepared by AROP.

RO-Li t-BuP4 RO- t-BuP4Li+
t-BuP4Li+n

O
RO

O
n-1

O-

Scheme 11 Ethylene oxide polymerization initiated by lithium alkoxide in the presence of

phosphazene base
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2.5.1 Polyethers with Hydroxyl Functions

Low molar masses polyether polyols are mainly used as precursors of polyure-

thanes [106]. The majority of hydroxy telechelic polyethers are synthesized by

AROP initiated by potassium or cesium hydroxide [18]. Initiation by a hydroxy

group followed by termination reaction using water or an alcohol yields α-,
ω-dihydroxy polyethers. As shown previously, this approach is efficient for ethyl-

ene oxide but much less with monosubstituted epoxides. Branched and star

polyethers were synthesized from tri-, tetra-, penta-, and octa-alkoxides of potas-

sium with molar masses close to 5,000 g/mol and a relatively broad dispersity [107–

114]. With a similar approach and using hyperbranched polyglycerol initiators,

Lutz, Frey and coll. prepared functional multiarm star PEO [9].

Bulkier counterion like phosphazene bases was used as deprotonating agents

with dipropylene glycol as initiator showing some decrease of usual transfer

reactions [86]. Using the monomer activation methodology [45], di-, tri-, and

penta-hydroxy telechelic poly(propylene oxide)s were obtained in very short

times (hours) at room temperature in hydrocarbon solvents with molar masses up

to 80,000 g/mol with a relatively low dispersity (Scheme 12) [115].

Using an organo-catalysis approach described previously (Scheme 9), Taton and

coll. reported that N-heterocyclic carbenes (NHC) could lead to α-,ω-dihydroxy
poly(ethylene oxide) using water as terminating agent. Hydroxide (OH�) was

shown to behave as a nucleophile that displaces the α-imidazolium moiety from

PEO chains, thus releasing the NHC, whereas the terminal alkoxide was

transformed into a ω-hydroxy function [69].

Hydroxyl functions can also be introduced after post-modification of other

reactive functions introduced via initiation. An amino function can lead to an OH

group after reaction with a molecule of ethylene oxide [116]. The use of tetrabuty-

lammonium acetate as initiator proved efficient to introduce acetate-end groups to

poly(glycidyl phenyl ether) [117]. Hydroxyl functions were obtained after hydro-

lysis with an acidic treatment. A narrow molar mass distribution and molar masses

up to 4,000 g/mol were thus obtained.

i-Bu3Al

O Al i-Bu
i-Bu

i-Bu

RO Al
i-Bu

i-Bu
i-Bu

-

RO
O Al i-Bu3

-

Al
i-Bu
i-Bu

i-Bu

INITIATING COMPLEX

MONOMER
ACTIVATION

TERMINATION

O

RO- t -BuP4H
+

ROH + t-BuP4

O
O HOHO HO

OH
OH

n

O O
HHO

HO
n

PROPAGATION

O O
H

R'
O

n

O
Hn

CH3 CH3

CH3

CH3

t -BuP4H
+

t -BuP4H
+

+

Scheme 12 Combination of phosphazene base and i-Bu3Al for the synthesis of polyhydroxy

telechelic PPO

Cyclic Monomers: Epoxides, Lactide, Lactones, Lactams, Cyclic Silicon. . . 205



The introduction of pendant hydroxyl functions is predominantly obtained from

anionic polymerization of glycidol and its derivatives. These polymers are very

attractive for biological and medical applications [118]. Direct reaction of glycidol

with bases such as triethylamine, pyridine, alkali metal hydroxide, and sodium

methoxide leads to two distinct initiation steps at room temperature (Scheme 13)

[119–123]. The first way corresponds to a basic attack toward the hydrogen atom of

the hydroxyl group, and thus an oxyanion bearing an epoxy group is formed. The

second way is the attack of the base over the methylene of the epoxide leading to

ring-opening. Hyperbranched polyethers with a high functionality in hydroxyl

groups were achieved [103, 124–126].

In order to access to well-defined linear polyols derived from glycidol, hydroxyl

functions of that monomer had to be protected. Dworak, Tsvetanov and coll. [114,

127–131], and M€oller and coll. [132–134] investigated the AROP of ethoxyethyl

glycidyl ether using metal alkali alkoxides such as KOH, CsOH, and t-BuOK.
These systems enabled the synthesis of linear polyols up to 30,000 g/mol. Quanti-

tative conversion was obtained between 17 and 48 h, depending on targeted molar

masses, and required high temperatures (up to 120 �C). Due to the initiating systems

used, residual transfer reactions were observed, limiting somehow the control over

the structures [91]. Linear polyglycidols with molar masses up to 85,000 g/mol,

starting from ethoxyethyl glycidyl ether (EEGE), were obtained using NOct4Br/

triisobutylaluminum as initiating system at room temperature in a few hours

[52]. The formation of an initiating and propagating “ate” complex of weak basicity

was proposed to explain the decrease of side reactions. Allyl glycidyl ether or

isopropylidene glyceryl glycidyl ether was also used as a protected form of glycidol

to obtain polyethers polyols [114, 133, 135, 136].

Taking advantages of the anionic route, various well-defined functional block

copolymers were prepared [128, 133, 137–141].

2.5.2 Polyethers with Amine Functions

Jeffamines® represent the most industrially produced polyetheramines. Such

polyamino telechelic polyethers cannot be directly obtained by initiation and

termination steps. They are synthesized from hydroxytelechelic random copoly-

mers of ethylene oxide and propylene oxide via reaction between hydroxyl
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(1)
(2)
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Scheme 13 Initiation mechanisms of glycidol in presence of a base
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functions and ammoniac gas at 300 �C. Considering the nature of the polymeriza-

tion, only polyetheramines with low molar masses can be prepared. They are

thermoresponsive polymers possessing a lower critical solubility temperature

around 30 �C in water. Amino end groups are mainly used as curing agents in

epoxy resins [142, 143] and as chain extenders for polyurethane applications

[144, 145].

The introduction of amino groups at the head of polyether chains is generally

carried out using an initiator bearing a primary amine function and another more

reactive function, i.e., an alcohol, which enables the initiation. Aminoalcohols can

be thus used to polymerize ethylene oxide by an anionic mechanism [116]. In basic

media, both metal alkoxide and amide are formed, and the equilibrium is driven

toward the formation of alkoxide by increasing the size of the counterion. Molar

masses of α-amino-ω-hydroxy functional polyethers reached 1,000 g/mol. Transfer

and termination reactions occur due to the hydrogen of amino groups. Protection of

the primary amino group by a tertiary one was considered to overcome those

limitations [96, 100, 116, 135]. Molar masses increased up to 6,000 g/mol and

required long times, i.e., 150 h [146]. Schlaad used α-methylbenzyl cyanide as a

CH-acidic compound to obtain α-cyano, ω-hydroxy poly(ethylene oxide) with

controlled molar masses up to 2,500 g/mol with narrow distributions [78]. The

cyanide function was then reduced in –NH2 group by LiAlH4.

Polyethers bearing primary amino groups are also generated by using epoxide

monomers with protected amines such as N,N-dibenzyl amino glycidol or

N,N-diallylglycidylamine prepared from epichlorohydrin and N,N-dibenzylamine

or N,N-diallylamine, respectively [147, 148]. The synthesis of copolymers with EO

was next performed using cesium alkoxide as initiator giving controlled

copolyethers with molar masses up to 10,000 g/mol. Pendant amine functions can

also be introduced from chlorine atoms. Statistical or block copolyethers, made by

NOct4Br/i-Bu3Al systems and having both hydroxy and amine pendant groups,

were brought, respectively, by ethoxyethyl glycidyl ether (protected glycidol) and

epichlorohydrin monomers (Scheme 14) [149]. Chlorine atoms were subsequently

transformed into azido groups using sodium azide. Consequent reaction with
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triphenylphosphine enables quantitative formation of amino groups. Such type of

copolymers was proposed to enable selective electrophilic reactions due to the

difference of reactivity between –OH and –NH2 functions.

2.5.3 Polyethers with Alcene Functions

Double bonds are known to be stable toward anionic ring-opening polymerization

conditions but can be further easily modified into various functions which make

them attractive. They can be introduced via initiation with an alcohol bearing such a

function [96, 150–152]. Allyl alcohol and 10-undecen-1-ol can be deprotonated, for

instance, by naphthalene potassium or by sodium hydride, respectively. However,

during polymerization, double bonds can be isomerized into propenyl group to form

CH3CH¼CHO� as initiating species. To avoid this side reaction, polymerization

has to occur between 15 and 20 �C, rather than at high temperatures [151]. As one

example, thiol-ene reactions were applied to PEO oligomers initiated by

10-undecen-1-ol [152]. The synthesis of α,ω-diallyl PEO was achieved by reaction

between α,ω-dihydroxy PEO, deprotonated with diphenylmethyl potassium, and

allyl bromide. Hydrogels were obtained by their post-reaction with octafunctional

silsesquioxanes via hydrosilylation [153, 154].

Monomers bearing allyl functions, like allyl glycidyl ether (AGE), can be

directly used to synthesize polyethers with pendant double bonds through AROP

with alkali metal alkoxides as initiators [21, 133, 155]. Generally, molar masses

lower than 10,000 g/mol and long polymerization times are required. Ammonium

salts/trialkylaluminum systems [156] allowed controlled and high molar mass

structures in a few hours. With potassium alkoxide/naphthalenide initiators, Lynd

and Hawker could also obtain molar masses up to 100,000 g/mol with low

dispersity within 20–144 h [157]. Similarly, ethoxy vinyl glycidyl ether (EVGE)

was shown to be selectively polymerized and copolymerized with ethylene oxide to

give functional polyethers able to be post-modified [158].

2.5.4 Polyethers with Azide Functions

Most of the PEO azidation routes reported in the literature involve the chemical

modification of previously formed hydroxyl-terminated PEO [159–162]. Kataoka

achieved the synthesis of azido-terminated heterobifunctional poly(ethylene oxide)

s in a multistep process, involving ring-opening polymerization of ethylene oxide

initiated by allyl alcohol and subsequent transformation of R-allyloxy and

ω-hydroxy PEO end groups by a series of chemical reactions [163]. The azide

group was introduced by mesylation of the hydroxyl terminus, followed by its

subsequent substitution with sodium azide [164, 165].

The monomer-activated approach allowed the direct synthesis of a broad series

of heterofunctional polyethers bearing an azido head group, and a hydroxy-

terminated chain end, starting from tetrabutylammonium azide in the presence of
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triisobutylaluminum [166]. Poly(alkylene oxide)s, protected polyglycidol, and

polyepichlorohydrin were obtained in this way with a high functionalization effi-

ciency. Reduction reactions can lead to amine functionalization, or Huisgen’s
coupling reaction with alkyne moieties can be applied [167].

2.5.5 Polyethers with Other Functions

Carboxylic acid groups were, for instance, introduced from the initiation step. The

use of dipotassium-3-mercaptopropionate synthesized from 3-mercaptopropionic

acid and two equivalents of potassium naphthalide allowed the direct synthesis of

α-carboxy, ω-hydroxy poly(ethylene oxide) up to 25,000 g/mol with narrow distri-

bution [168]. Only the thiolate was shown to react; the carboxylate did not partic-

ipate in the polymerization (Scheme 15), but the usual way to introduce such a

function is post-modification of chain ends [152, 169–171].

Aldehyde functions in α-position can also be introduced by using an initiator

bearing a protecting group, i.e., 4-(diethoxymethyl)benzyl alcohol [172].

As a last example, polyethers with pendant methacrylate functions were

achieved by selective ring-opening polymerization of glycidyl methacrylate using

a monomer-activated anionic approach affording cross-linkable low Tg

polymers [173].

The method based on chemical modification of previously and anionically

formed polyethers is the most common way to get various functionalized and

reactive structures. In many cases a simple chemistry can be used which makes

this way very attractive. But, in the other cases, the interest is much more limited

particularly for an industrial application. The recent advances in the control of the

anionic polymerization of epoxide offer nowadays direct routes to prepare reactive

and new polymers. The research and development of novel technologies will

certainly contribute to an increasing use of such recent methods.

3 Cyclic Esters

3.1 Introduction

The biodegradability and biocompatibility of aliphatic polyesters render them very

attractive for a wide range of applications as environmental friendly thermoplastics

and biomaterials [174]. Moreover, many of them could be obtained from renewable

resources, which is one of the great challenges for polymer chemists. Three
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Scheme 15 Thiolate-initiated polymerization of ethylene oxide
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different polymerization mechanisms can be implemented to synthesize aliphatic

polyesters: the step-growth polymerization through esterification reaction of

hydroxyl acids or diacids/diols, the ring-opening polymerization (ROP) of cyclic

ketene acetals, and the ROP of cyclic esters. The step-growth polymerization is

highly used as its main advantage is the easy availability of a very wide range of

acid and alcohol precursors. Nevertheless, this polymerization suffers from severe

limitations: extremely high conversion has to be reached to get high molar masses,

high temperatures are generally needed, control of the molar masses is very

difficult, and dispersity is quite large. The ROP of cyclic ketene acetals could

proceed through cationic and radical processes [175]. Even if this polymerization

is known for long, its development remains limited due to many drawbacks: there is

competition between direct vinyl polymerization and indirect ring-opening of the

cycle depending on the ring size, substituents, and temperature; monomers are not

readily accessible; and branching reactions could occur. All these limitations can be

overcome by implementing the ROP of cyclic esters either by ionic (cationic or

anionic) or coordination-insertion mechanisms. Indeed, this technique allows living

and/or controlled polymerization with fast initiation and high molar masses with

low dispersity. Availability of the monomers occupies an intermediate position

between step-growth polymerization and ROP of ketene acetals. The question of

polymerizability of cyclic esters arises since the polymerization rate is highly

dependent on the ring size and the substituents. Moreover, in the case of anionic

mechanism, the active species varies with the ring size. Many recent reviews could

give other details than those presented in this subchapter [175–183].

3.2 Thermodynamics of Cyclic Esters Ring-Opening
Polymerization

The ability of a cyclic ester to be polymerized by the ring-opening mechanism has

to be allowed both thermodynamically and kinetically. Indeed, the monomer-

polymer equilibrium has to be shifted to the polymer formation, and the polymer-

ization time has to be reasonable. ROP of cyclic esters could be sometimes limited

by the presence of a relatively high concentration of the unreacted monomer when

at the equilibrium. This is typically the case for γ-butyrolactone which is hardly

polymerizable. The driving force for the polymerization of the majority of cyclic

esters is their ring strain. As a consequence, large-ring lactones are more difficult to

polymerize than small ones.

3.3 Lactide

The AROP of lactide was not as extensively studied as its coordination-insertion

polymerization, this latter being most investigating because it could enable
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stereoselective polymerization [179, 182, 184–186]. Nevertheless, several types of

initiators were able to perform polymerization of lactide.

3.3.1 Initiators with Alkali Metals

Studies concerning the AROP of lactide with alkali metals initiators were essen-

tially conducted in the 1990s [187–202]. It was shown that strong bases were

needed as carboxylates and phenolates were not able to initiate the polymerization

[192]. On the contrary, potassium tert-butoxide and butyllithium allowed the

polymerization of lactide with yields below 80 % and with the presence of race-

mization, transesterification reactions, and macrocyclics formation whatever the

polymerization conditions [192]. Moreover, it was demonstrated that the initiation

did not proceed through a nucleophilic attack of the strong base but through a

proton abstraction from lactide to give an enolate which was the actual initiator of

the polymerization (Scheme 16). After the nucleophilic attack of the enolate onto a

lactide molecule yielding acyl cleavage, the active species responsible of the

propagation was an alkoxide. Better results were obtained with primary and sec-

ondary lithium and potassium alkoxides as in this case the initiation proceeded

mainly through the nucleophilic attack, but still uncontrolled molar masses were

achieved (Scheme 16) [194, 201]. With potassium methoxide as the initiator,

polymerizations were completed in less than 2 h in THF at room temperature

allowing a good control of the molar masses with dispersities around 1.3 and low

extent of racemization [188–190].

The addition of a crown ether onto potassium tert-butoxide or naphthalenide

potassium revealed beneficial for the dispersity that dropped below 1.2 and for the

reduction of racemization reactions but detrimental for the polymerization rate that

slowed down dramatically [191, 196, 197]. Finally, it was demonstrated that the

AROP of rac-lactide initiated by lithium tert-butoxide could yield to the synthesis

of disyndiotactic polylactide (PLA), provided that yield remained quite low (below

35 %) [199, 200].
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In spite of some side reactions, many studies described the synthesis of block

copolymers with at least one PLA block via AROP of lactide. For example, poly

(ethylene oxide)-b-polylactide synthesis was highly investigated as these copoly-

mers could be used in the biomedical field. They were either synthesized through

the sequential AROP of ethylene oxide and lactide [203–212] or by the AROP of

lactide using commercial poly(ethylene oxide)s [213–217]. Starting from a difunc-

tional (macro)initiator, tri- [218, 219] and penta-blocks [220] copolymers were also

produced. The sequential polymerization allowed also the synthesis of poly(ethyl-

ene oxide)-b-polyglycidol-b-polylactide copolymer [221]. Finally, the synthesis of

polysaccharides-g-polylactide was described [222, 223].

3.3.2 Organocatalyzed Polymerization

Since 2001 and the description of the first nucleophilic organocatalyzed ROP of

lactide [224], this field was highly investigated [225–228], with the use of imidaz-

ole [229], amines [224, 230], amidines [231], phosphines [232], phosphazene [233,

234], or N-heterocyclic carbenes (NHC) [235–250].
Tertiary amines and phosphines are among the simplest metal-free catalysts. The

controlled ROP of lactide was thus performed in the presence of

4-dimethylaminopyridine (DMAP) or 4-pyrrolidinopyridine (PPY) in

dichloromethane at 35 �C or in the melt at 135 and 185 �C yielding PLA with

controlled molar masses and low dispersities [224]. The polymerization was pro-

posed to proceed through a monomer-activated mechanism with a nucleophilic

attack of the amine onto the lactide monomer resulting in a zwitterionic species that

was attacked by the initiating or propagating alcohol chain end (Path A, Scheme 17).

Nevertheless, computational calculation suggested that the propagation occurred

preferentially through an alcohol-activated mechanism (Path B, Scheme 17).

Phosphazenes were described to also induce such an alcohol-activated mecha-

nism to produce polylactides with predictable molar masses, low dispersities, and

high chain-end fidelity [233, 234]. By analogy with cyclic ethers, one can ask about

the mechanism implying the deprotonation of an alcohol by a phosphazene base and

propagation through a phosphazenium alkoxide. With phosphines, polymerizations
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had to be conducted in bulk at high temperature to proceed with at least one

equivalent of phosphine compared to initiator in order to control the polymerization

[232]. A monomer-activated ROP mechanism comparable to that of tertiary amine

was proposed for these catalysts. In the absence of any alcohol, it was shown that

imidazoles [229] and amidines [231] were able to polymerize lactide in bulk at high

temperature or in solution at room temperature, respectively. In both cases, it was

shown that the catalyst was capable of nucleophilic attack onto lactide and that

cyclic polylactides were almost exclusively obtained.

NHCs were also investigated as organocatalysts for lactide ROP. They proved to

be active, with complete monomer conversion in a few hours at room temperature

to afford PLAs with high and controlled molar masses and low dispersities [237,

242]. The mechanism is supposed to be an activated monomer mechanism

(Scheme 18). NHCs can be obtained from ionic liquids, with the advantage that

the use of a biphasic system (THF/ionic liquid) allowed an easy polymer and

catalyst recovery [240, 242]. NHCs can also be produced in situ from thermally

activated NHC adducts, but in this case, lactide racemization occurred [247]. Alco-

hol adducts of NHCs proved to act as single-component catalyst/initiators with

various alcohols as initiators. Some of them are stable solids and readily release the

alcohol and the carbene in solution at room temperature [248], whereas for some

others, polymerization could only take place at 90 �C [236, 238]. In the absence of

an alcohol, NHCs promoted the polymerization of lactide, and the propagating

species was demonstrated to be a zwitterion [241, 245]. Under these conditions,

exclusively cyclic PLAs with rather low dispersities and a good degree of control

were obtained at room temperature. The presence of both even and odd numbers of

lactate units deduced from Maldi-Tof analyses indicated the presence of transester-

ification reactions. Very recently, carbene carboxylates were able to perform the

polymerization of lactide [235]. Finally, the use of bulky NHCs allowed the

synthesis of highly isotactic and heterotactic polylactides from rac-lactide and

meso-lactide, respectively, at low temperatures [244]. In aprotic conditions

(absence of exogenous alcohol), it was shown that sparteine was able to perform

the zwitterionic ROP of L-lactide from both nitrogen atom to end up with macro-

cyclic polylactide [251].
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Finally, the ROP of O-carboxyanhydride catalyzed by NHCs yielded to the

formation of polylactide with controlled molar masses and chain ends when the

polymerization was performed at room temperature in THF [252]. Star-shaped

structures were also successfully obtained.

3.4 β-Lactones

As polymer chemists would like to be able to synthesize polyesters that would

resemble polyhydroxyalkanoates (PHA) that are natural polyesters produced by

many bacteria [253], AROP of β-lactones was by far the most studied ROP of cyclic

esters [188, 189, 193, 254–261]. Besides, β-lactones behave differently than other

larger lactones due to their high polarity and high internal strain. Their polymeri-

zation can occur through the nucleophilic attack onto the carbonyl carbon or onto

the carbon adjacent to the endocyclic oxygen atom (Scheme 19).

Another important difference from other lactones is the easy α-proton abstrac-

tion as a side reaction that would produce acrylate or crotonate ions that are also

able to initiate the polymerization (Scheme 20). As a consequence, the control over

the molar masses and chain-end fidelity could be problematic.

3.4.1 β-Propio- or β-Butyrolactone

Alkali Metal-Based Initiators

From the 1960s, the AROP of β-propiolactone (PL) was shown to be easily initiated
by weak bases like alkali metal carboxylates but also by stronger bases such as

alkali metal alkoxides. On the contrary, β-butyrolactone (BL) was shown to be
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polymerized by such bases only if they are activated by the addition of macrocyclic

ligands (crown ethers or cryptands) [262]. When carboxylates salts were employed

as initiating species, the polymerization of PL was not living as transfer reactions to

the monomer occurred leading to side initiation by acrylate ions (Scheme 20). It

was shown independently in 1976 by Penczek [263] and Boileau [264] that the

introduction of crown ethers or cryptand could enable the living polymerization of

PL (Scheme 21). Since then, many carboxylate salts were utilized as initiators [262,

265–275]. Polymerizations were generally performed in THF at room temperature

with long reaction times (generally more than 100 h for BL).

When the polymerization of β-lactones was initiated by strong bases such as

alkali metal alkoxides, active species involved in the propagation were highly

debated in the literature [259, 274, 276–283]. Penczek and coll. suggested that,

when polymerization of PL was initiated by potassium methoxide in DMF at room

temperature, both acyl-oxygen and alkyl-oxygen bond could occur yielding alkox-

ide or carboxylate propagating species, as indicated in Scheme 19 [274, 276]. Nev-

ertheless, as alkyl-oxygen bond cleavage is preferred, after few monomers addition,

the only propagating species are carboxylates. Later, as double bonds were

observed as chain ends, some other authors showed that initiation occurred through

a nucleophilic attack at the carbonyl carbon atom of a monomer by the alkoxide

anion of the initiator, cleaving the acyl-oxygen bond to yield the corresponding

potassium alkoxide of the β-hydroxycarboxylic acid esters, followed by the forma-

tion of an unsaturated ester due to KOH elimination (Scheme 22) [259, 278–

281]. Finally, KOH acts as the actual initiator of the polymerization, and block

copolymers were obtained with this type of initiator [284].
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In few examples, naphthalenide potassium was used as the initiator for the

polymerization of β-lactones (BL, PL) in THF at 20 �C [262, 285, 286]. The

initiation only occurred in the presence of a crown ether (18C6) or a cryptand

([222]), but even in this case, polymerization rate was very slow as more than 100 h

or 10 h were needed to rich a conversion higher than 90 % for BL and PL,

respectively, yielding polyesters with molar masses up to 10,000 g/mol with

dispersities around 1.3. Concerning the mechanism involved with this type of

initiator, as indicated on Scheme 23, it was demonstrated first the α-deprotonation
of β-lactones followed by the ring-opening of the monomer yielding potassium

crotonate for BL (or acrylate for PL) which is the actual initiator. Again, the active

species are carboxylates. It is thus possible to produce macromonomer of BL or PL

with a good control as the molar masses are in good agreement with the theoretical

ones, and each chain bears a double bond at one chain end coming from the

initiation step. In the same vein, very similar results were obtained with potassium

hydride as the initiator in the same conditions [287].

Finally, potassium solutions (obtained from 18C6 THF solution in the presence

of a potassium mirror) revealed also powerful initiators for the polymerization of β-
lactones [285, 288–293]. When polymerizations were performed in THF at 20 �C,
the polymerization rate was quite high (at least higher than with other anionic

initiators) as PPL with 12,000 g/mol was obtained in 3 h. Very high molar mass PPL

could also be obtained. For BL again, polymerization rate was much slower

yielding atactic PBL with molar masses up to 6,000 g/mol in more than 100 h. As

the polymerization is living, block copolymers of BL and PL were also achieved

[291]. Again, concerning the mechanism and more specifically the initiation step,

controversy can be found in the literature. The last suggested mechanism is

depicted in Scheme 24. The initiation proceeds through a 2e� transfer in two

steps. After the first e� transfer, an anion radical is formed, and after the second

e� transfer, the resulting dianion lactone is decomposed with the heterolytic

cleavage of the acyl-oxygen bond. This compound deprotonates the monomer

giving potassium enolate and potassium β-alkoxide aldehyde, this latter being

unstable, it decomposes into crotonaldehyde and potassium hydroxide. Both potas-

sium enolate and potassium hydroxide are able to generate initiators as indicated on

Scheme 24. As a side reaction, the β-lactone anion radical can undergo a homolytic

alkyl-oxygen bond cleavage yielding finally potassium butyrate that can also

initiate the polymerization.

Few studies investigated the tacticity of PBL through anionic polymerization.

Starting from racemic butyrolactone, mainly atactic PBL were obtained, whatever

the initiating system [262, 270, 281, 287, 293, 294]. Nevertheless, it was also
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demonstrated that reducing polymerization temperature or adding tartrate esters

could induce the synthesis of partially syndiotactic PBL (up to 60–65 %) starting

from racemic butyrolactone [295, 296]. Finally, isotactic PBL were also synthe-

sized efficiently using R-butyrolactone [295] (around 80–85 %) or S-butyrolactone

[270, 273] (up to 95 %).

Organic Initiators

Organic bases, like phosphines, pyridines, tertiary amines, and betains, were among

the first to be used for the initiation of β-lactones [259, 297–302]. It was first

suggested that the initiation step involved the formation of betain species that are

the actual initiator with active species being carboxylates. The propagation would

then proceed via alkyl-oxygen bond cleavage yielding macrozwitterions [297, 298,

300]. Nevertheless, this was inconsistent with the respective nucleophilicity/basic-

ity ratio of the engaged initiators, at least for amines. It was thus demonstrated that

after the betain formation, the protonated base was released yielding acrylate or

crotonate ions that were the actual initiators (Scheme 25) [299]. Eventually, PPL or

PBL can be produced with unsaturated chain ends. In the case of phosphine, both

phosphonium and unsaturated chain end were detected indicating the concomitance

of both types of initiation [299]. These side reactions proved to be a limiting factor

in the control over molar mass and molar mass distribution.
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More recently, other organic (co-)initiators, like carbenes [235, 236, 303],

guanidine [304], amidine [304], and phosphazenes [304, 305], revealed powerful

for the polymerization of β-lactones. Polymerizations initiated by a carboxylic acid/

phosphazene base led to atactic PBL with good control over the molar masses, the

polymerization rate being dependent on the basicity of the phosphazene used. With

triazole carbenes, it was demonstrated that the polymerization of BL in toluene at

80 �C with methanol as the initiator was controlled for DP up to 200 with good

chain-end fidelity (few crotonate chain end detected) in the presence of tert-butanol

as the co-solvent [236, 303]. Concerning the initiation mechanism, it was shown

that the initiator was deprotonated by the carbene, and it was thus an alkoxide that

was the actual initiator (Scheme 26). Moreover, the propagation proceeded both via

alkyl-oxygen or acyl-oxygen bond cleavage, yielding concomitantly alkoxides and

carboxylates as active species. Nevertheless, the acyl bond cleavage being less

favored, after a couple of monomer additions, carboxylates were the only active

species.

Besides, with some other carbenes, the polymerization mechanism revealed

different, yielding only cyclic polymers with a good control of the molar masses

[306]. As spirocycles were formed all along the polymerization, it was proposed

that 1,3-dimesitylimidazol-2-ylidene was able to perform a nucleophilic attack onto

the carbon of the carbonyl group of BL yielding a zwitterion that ring-closed after

each monomer addition (Scheme 27).
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3.4.2 Other β-Lactones

α,α-Disubstituted-β-Propiolactones

The AROP of α,α-disubstituted-β-propiolactones (Scheme 28) was highly investi-

gated, pivalolactone (α,α-dimethyl-β-propiolactone, PVL) being the most studied

monomer [307–316]. Due to the absence of proton in α position compared to other

β-lactones, the polymerization of α,α-disubstituted-β-propiolactones could be eas-

ily controlled, especially the chain ends, as the side reactions yielding crotonate or

acrylate groups (Scheme 20) could not occur with these monomers.

In most of the studies, potassium or ammonium carboxylates were used as the

initiating species, the propagating species being carboxylates in this case. When

tertiary amines were the initiating species, again carboxylates were the propagating

species [316]. On the contrary, when the initiator was a metal alkoxide, the

propagation proceeded through an alkoxide, and the formation of macrocyclic

structures was noticed [311, 312].

β-Substituted-β-Lactones

The AROP of β-substituted-β-lactones was also highly studied (Scheme 29) [317–

345]. More specifically, researchers were interested in the monomers that could be

precursors for the synthesis of poly(β-malic acid), which is a water-soluble, biode-

gradable, and biocompatible polymer that exhibits biological properties (proteinase

inhibitor, for instance). Whereas this polymer is available from natural and/or

bacterial resources, many studies deal with its chemical synthesis, especially

since the first description of the synthesis of β-malolactonate in 1979 [346]. The

racemic or the optically active versions of benzyl-β-malolactonate were the most

studied monomers. Optically active polymers could be obtained (no racemization)

with an inversion of the configuration [320].

Several types of initiators were able to polymerize β-substituted-β-lactones.
With triethylamine, only low molar masses were obtained with poor control

[337]. Great enhancement was achieved when tetraalkylammonium benzoate was

Scheme 28 Examples of α,α-disubstituted-β-propiolactones and propagating species depending

on the initiating system
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employed as the initiator. Polymerizations were generally performed in bulk at

temperature ranging from 30 to 70 �C, but like for BL and PL, transfer reactions

occurred through proton abstraction, preventing a good control over the molar

masses and the chain-end fidelity [317, 318, 330, 340]. Transfer reactions were

shown to be highly reduced when polymerizations were performed in THF at 0 �C,
at low reactant concentration [330], or when monomers were highly purified

[327]. Another possibility to suppress transfer reactions is to start from an

α,1;α-disubstituted-β-substituted-β-lactones instead of β-substituted-β-lactones; as
for pivalolactone, proton abstraction is no more possible in this case [319, 336,

343]. More recently, carbenes [236], phosphazenes [336, 344, 345], amidines [344,

345], and guanidine [344, 345] were described as efficient initiators for the poly-

merization of β-substituted-β-lactones. Nevertheless, the transfer reactions were

still present. Despite the presence of transfer reactions, the synthesis of macromo-

lecular architecture was possible since it was described the synthesis of block

copolymers with the first block constituted of β-substituted-β-lactones and the

second block constituted of another β-substituted-β-lactones [328], butyrolactone
[317], lactide [334, 335], or caprolactone (CL) [330, 331, 334], these two latter

being polymerized through organometallic catalyzed ROP. The synthesis of ran-

dom copolymers was also performed [317, 322, 323, 326, 329, 332, 343], as well as

the synthesis of graft copolymers [329, 332].

3.5 Larger-Ring Lactones

3.5.1 ε-Caprolactone and δ-Valerolactone

Polymerization Initiated with Alkali Metal Compounds

The AROP of other lactones was by far less investigated than that of β-lactones. The
polymerization of CL could be initiated by metal alkoxides [264, 274, 279, 347–

356], cyclopentadienyl sodium [357], phenyllithium [358], carbazole potassium

[359], lithium diisopropyl amide [360], or sodium hydride [361]. Depending on the

initiator, the initiation proceeded via monomer deprotonation (Path A, Scheme 30)

or via nucleophilic attack, the monomer being opened at the acyl-oxygen bond and

Scheme 29 Examples of β-substituted-β-lactones investigated in the literature
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the growing species being an alkoxide (Path B, Scheme 30). For example, using

cyclopentadienyl sodium as the initiator, no cyclopentadienyl groups were present

on the polymeric chain ends, and the polymerization is said to proceed through

deprotonation of the monomer [357].

The main drawback of this method is the occurrence of significant intramolec-

ular transesterification reactions, also called “back-biting,” which were very depen-

dent on the polymerization conditions and the initiator and resulted in the formation

of generally low molar mass polymers and in cyclic polymers. For instance, it was

demonstrated that with tert-butoxide potassium as the initiator, high dilution

favored the formation of cyclics (less than 6–7 CL units) to the detriment of

polymer formation [351, 352]. With cyclopentadienyl sodium as the initiator, in

bulk and in nonpolar solvents, molar masses up to 130,000 g/mol were obtained,

whereas in polar solvents, only oligomers were produced [357]. When the poly-

merization of CL was initiated with lithium diisopropylamide, medium molar mass

polymers were obtained [360]. The polymerization of CL initiated by phenyl

lithium in bulk at 170 �C led to high molar mass polymers (50–70,000 g/mol)

[358]. Polymerizations performed in supercritical carbon dioxide exhibited low

yields probably because of the occurrence of side reactions between the anionic

species and carbon dioxide [350]. It was also demonstrated that alkali graphitides

allowed the synthesis of very high molar mass polylactones with nevertheless the

presence of a low molar mass fraction [362–368].

In spite of many possible side reactions and like for the other cyclic esters, the

possible synthesis of poly(δ-valerolactone)-b-polylactide [188, 189, 369], poly

(ethylene oxide)-b-poly(ε-caprolactone) [370], and polyglycidol-b-poly(-
ε-caprolactone) [371] was described in the literature.

Organocatalyzed Polymerization

Few organocatalysts were shown to be able to perform the polymerization of

lactones compared to lactide. Indeed, most of the studies employed carbenes

[237, 242, 372–379], with few examples using phosphazenes [234, 380] or TBD

[381]. With tBuP1 or BEMP, in the presence of alcohols, only δ-valerolactone
(δ-VL) was polymerized with high conversion in 2–4 days, whereas for

ε-caprolactone only 15 % conversion was obtained after 10 days. On the contrary,

with tBuP2, CL was polymerized in few hours to yield PCL with controlled molar

masses. NHCs were shown to polymerize both δ-valerolactone and ε-caprolactone
giving access not only to linear but also to cyclic aliphatic polyesters. While the

NuMet

Nu

O

Met
+ NuMetO

O

O-
O

O- +
Met

propagationpropagation

B A

Scheme 30 Initiation step in the AROP of ε-caprolactone
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NHCs were generally highly active in the polymerization of lactide, less efficiency

was observed toward the ROP of CL. The mechanism is supposed to be an activated

monomer mechanism, and several NHCs, either in their “bare” or masked form,

were shown to perform the polymerization of lactones (Scheme 31).

The ROP of CL was generally performed at room temperature in THF solution

(0.5–2.0 M), in the presence of monofunctional initiators or multihydroxylated

initiators such as ethylene glycol, 1,1,1-tris(hydroxymethyl)propane, pentaerythritol,

or a six-arm poly(propylene glycol) (Scheme 31), yielding well-defined linear or star

polycaprolactone (PCL). Catalytic activity was sensitive to steric and electronic

properties of the carbene, as more electron-rich and less bulky substituted carbenes

were more active for the synthesis of well-defined PCL [242, 374]. A so-called

“abnormal” NHC, in which the carbene center is no longer located between the two

nitrogen atoms but between a nitrogen and a carbon atom, was reported to exhibit a

high catalytic activity in the ROP of CL [376]. Again, like for lactide ROP, in the

absence of alcohol, the polymerization was shown to be zwitterionic, and it was thus

synthesized cyclic polycaprolactones at room temperature with relatively high

dispersity (between 1.4 and 2.1) for a wide range of molar masses (41,000–

114,000 g/mol) [372, 377, 378]. Copolymerization of CL and δ-VL led to the

formation of cyclic copolyesters with a gradient microstructure due to the difference

in the reactivity ratios between the twomonomers, which is usually not observedwith

metal-based alkoxides [375].

3.5.2 Other Lactones

Some other lactones were shown to be polymerizable through AROP. For instance,

bicyclic oxalactone (Scheme 32) could be polymerized with butyllithium to afford

polymers of moderate molar mass and high dispersity [382]. The polymerization of

Scheme 31 Examples of initiators and carbenes employed for lactone ROP
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large-ring lactones (undecanolide, λ-lauryllactone, and pentadecanolide) was also

performed in bulk at high temperature or in solution at moderate temperature in the

presence ofmetal alkoxides [383, 384]. The presence of back-biting reactions leading

to the formation of macrocycles was still detected. α-Methylenemacrolides

were successfully polymerized with butyllithium at low temperature [385].

PEG-containing macrolactones were also successfully polymerized using thiols and

tBuP4 [386]. More recently, 8-membered lactones obtained from 1,3-benzoxazine

were polymerized in bulk at high temperature in the presence of 1,8-diazabicyclo

[5.4.0]undec-7-ene (DBU) yielding low molar mass polymers with high dispersity

due to intensive back-biting reactions [387].

5-Membered γ-butyrolactones do not generally afford polymers because the rate

of ring closure is faster than that of ring-opening, and therefore only insufficient

formation of the corresponding polyesters was achieved. On the contrary, Endo et

coll. showed that copolymerizations of bis(γ-lactones) with epoxides led to the

synthesis of alternated copolymers (Scheme 33) [388–398]. This was possible due

to the presence of an isomerizable structure onto the monomer that prevents

backward ring closure. Concerning the mechanism, the bislactone reacts with

alkoxide-type propagating chain end exclusively, to undergo double ring-opening

reaction. The formed acyclic carboxylate is thermodynamically stable and thus

does not undergo backward ring closure. At the same time, the nucleophilicity of

Scheme 32 Other lactones polymerized by AROP
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the carboxylate is not high enough to react with the bislactone but is reactive with

epoxide to regenerate an alkoxide. Moreover, as the formation of the copolyester

synthesis was accompanied by low volume shrinkage during polymerization, such

polymers are useful for network formation when bisepoxides were used. It was also

shown that phosphines could replace alkali metal alkoxide to perform a zwitterionic

polymerization.

The AROP of 3,4-dihydrocoumarin (DHCM, an aromatic lactone, Scheme 34)

was also studied with an imidazole as the initiator in bulk at high temperatures

(100–120 �C) [399–405]. Whereas DHCM is a 6-membered ring like

δ-valerolactone, its homopolymerization was not possible. On the contrary, it was

shown that DHCM was easily copolymerized with an epoxide to yield alternated

copolymers. When the bislactone was copolymerized with epoxides, only one of

the two lactones participated in the copolymerization yielding only linear polymers.

Networks were only obtained by post-reaction of the remaining lactone with a

diamine, for example.

4 Cyclic Amides (Lactams)

4.1 Introduction

Polyamides are well-known polymers that are present in markets such as fibers,

engineering plastics, and specialties, due to specific and various properties

depending on their structures. Ring-opening polymerization of lactams (cyclic

amides) initiated by water, referred to hydrolytic polymerization (i.e., reactions

between the amine chain-end group and the lactam and/or carboxylic group of its

hydrolyzed derivative), is carried out for industrial polymerization of ε-caprolactam
(ε-CL) to form polyamide 6 (PA6, Nylon 6), though nylon 6–6, 4–6, and 6–10 are
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synthesized by stepwise reactions of a diacid monomer with a diamine monomer.

Cationic initiation is also possible, but not useful because of the low conversion

and molar mass of the resulting polyamides [406]. Anionic initiation following an

activated monomer mechanism is mainly used for polymerization in molds in

order to prepare polyamides (PA6, 10, 12) directly from the corresponding

lactams [407]. Polymerization mechanism of lactams, their polymerizability,

and the properties of the resulting polymers were largely investigated. Reviews

published by Reimschuessel [408, 409], Šebenda [410], Sekiguchi [406],

Hashimoto [411], Roda [412], and Russo and Casazza [413] can precise this

presented overview.

The anionic route is the fastest method for producing polyamides due to the low

activation energy needed. This fast kinetic makes nowadays this route of high

interest for industrial processes producing lightweight composite materials for

automotive and wind energy. The anionic polymerization of lactams may be

accomplished in solution or in the bulk either below or above the melting point

of the polymer for the latter.

4.2 Mechanism of the Anionic Polymerization of Lactams

The mechanism differs from the anionic polymerization of most of the unsaturated

and heterocyclic monomers because the growth center is not an anionically acti-

vated end group but is represented by an N-acyllated neutral chain. The anionic

polymerization of lactams is initiated, under anhydrous conditions, by formation of

the lactamate anion. Strong bases are able to deprotonate lactams and produce N

anion of lactam effective for initiating the polymerization.

4.2.1 Initiating and Activating Systems

The anionically activated species is the monomer in the form of lactamate anion

which is a very strong nucleophile (Scheme 35). The negative charge is delocalized

on the amide group due to resonance stabilization by conjugation with the carbonyl

group.

The lactamate anion is acylated by a lactam monomer, although the acylating

ability of the latter is poor, with the amide group being stabilized by resonance. The

lactamate anion reacts with the monomer by a ring-opening transamidation reaction

forming N-acyl lactam structures carrying primary amine anions. Assuming a free

ion mechanism [414], the imide anion is formed, in the first slow step, by nucleo-

philic attack of the lactamate on the carbonyl of the lactam molecule (Scheme 36).

As it is not stabilized by resonance, rapid proton exchange undergoes with lactam

monomer, yielding imide dimer (N-acyl lactam) and regenerating the lactamate.

Result of these two combined reactions is the disproportionation between two

amide groups (present in lactam monomer and in lactamate anion) to give amine
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and acyl lactam moieties (in the N-acyl lactam species) and the reaction rate

dependent on factors like the nature of counterion and reaction medium, lactam

ring size, substituents, and structure of the resulting linear monomeric unit.

N-substituted lactams are observed to react with lactamate anion with a rate

significantly higher than that of the initial reaction, depending on the size and the

electrophilicity of the substituent, and are generally used as activators in the

activated anionic polymerization. The use of high reaction temperatures

(>250 �C) is required in the absence of activator, and only the more reactive

lactams, such as ε-caprolactam, undergo polymerization in the presence of a strong

base in a non-activated method.

The initiators, which are the monomers carrying the anionic charge able to attack

the chain end, are prepared by reaction of a lactam with strong bases such as mainly

metal alkoxide, metal halide, alkali metal, and Grignard reagent [406, 414, 415] but

also pentamethylene guanidine [406], quaternary ammonium salts [416],

phosphazene [417], bicyclic “superbase” protophosphatranes [418, 419], or

carbenes [420, 421]. The association of a strong base (NaH, LiH, BuLi) with a

reducing agent such metal dialkyl/dialkoxy aluminum hydrides [422–424] or metal

dialkyl boron hydride [423] can also be used as precursors of lactamates. In this

case, the nucleophilic species obtained, i.e., the activated monomer, is a metal salt

of 2-(dialkyoxyaluminoxy)-1-azacycloheptan.

As usual in anionic polymerization, the nature and concentration of the initiator

play a crucial role. The rate is directly related to the concentration of active species

and in particular to the dissociation constant yielding free ions. It is known that the

concentration of free lactam anion increases with temperature, starting to be

predominant above 150 �C, alkali metal lactamates being considered completely

dissociated at higher temperatures [425, 426]. The rate of polymerization becomes

here independent of the nature of the cation. In general, the activity of alkali metals

follows the order of electropositivity, except with Li and despite its highest ioni-

zation energy: Na+<Li+<K+<Cs+¼R4N
+. Lactamates of transition metals (e.g.,

Cr3+) and other metals (e.g., Al3+), exhibiting high electronegativity values and
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having very low dissociation constants, hardly dissociate even at high temperatures.

In the molten monomer medium, without solvating or complexing species, the

lactamate dissociation depends on both the lactam properties (i.e., acidity, dielectric

permittivity, donor-acceptor capability, substituents) and the electropositivity of the

metal. For example, higher lactam permittivity, such as in ω-laurolactam as com-

pared to ε-caprolactam, makes easier the salt dissociation [427].

An induction period and slow kinetics are observed with non-activated anionic

polymerization of lactams, whereas opposite behaviors are obtained when an

activator is added. The induction period is absent, and the AROP can be performed

at much lower temperatures (130–180 �C for ε-CL) [410]. Poorly reactive lactams,

such as 2-pyrrolidone and 2-piperidone, can be polymerized by initial reaction of

monomers with an acylating agent. In this activated mechanism, the slow self-

initiation step is strongly minimized to the detriment of a fast acylation reaction and

propagation step. The interest to work with milder conditions for shorter times

allows to strongly reducing side reactions, yielding more regular macromolecular

chains. These observations are nevertheless dependent on structure and concentra-

tion of the activators. Many substances can be used such as N-substituted lactams

(N-acyllactam (1) [428, 429] and carbamoyllactam (2) [430–434] with electroneg-

ative substituent (R) increasing the acylating ability of the cyclic acyl group),

compounds capable of producing N-substituted lactams, under the conditions of

the anionic polymerization (e.g., isocyanate (4), acid halides or esters (5), carbon

dioxide (6)) [428, 435–437] and derivatives from side reactions (C-, N-,

O-acylation) in low ring strain lactam monomers such as oxoamides type (8), N-
acylamidine (3), and others (7) (Scheme 37).

4.2.2 Propagation Reaction

The slow formation of an N-acyllactam by reaction between monomer and

lactamate ion (ki¼ 10�7 L·mol�1·s�1 for sodium ε-caprolactamate at 160–190�C)
[438] is followed by an extremely fast neutralization reaction, i.e., monomer

deprotonation. For pyrrolidone at 35 �C and laurolactam at 160 �C, the rate constant
of proton exchange (kH) is 105 L·mol�1.s�1 [439] and 102 L·mol�1·s�1 [440],

respectively, which prevent the process of ring-opening of lactam via an active

chain-end (ACE) mechanism (i.e., kp(ACE) ~ ki ~ 10
�7 L·mol�1·s�1) (Scheme 38).

The nucleophilic attack of the lactamate anion on the carbonyl group of the

monomer is much slower than that of the carbonyl group in an N-acyllactam-type

chain end (10�1< kp(AM)< 103 L·mol�1·s�1, kp(AM)¼ 68 L·mol�1·s�1 in the case of

ε-caprolactam) [441], which refers to the process of ring-opening polymerization of

lactam via activated monomer (AM) mechanism (Scheme 38).

The propagation step is therefore composed of a nucleophilic attack to the

acyllactam-type growing chain end (kp< 103 L·mol�1·s�1) and a subsequent very

fast proton transfer from the monomer to the amidate (kH ~ 10
2–105 L·mol�1·s�1)

(Scheme 39). The neutral N-acyl lactam acts as the growth center at the chain end as

the exocyclic carbonyl group in the N-acyl lactam increases the electron deficiency
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of the amide group and, thus, the acylating ability. The polymerization rate is first

order with respect to lactamate (L�) and N-acyllactam (Act) concentrations and

zero order with respect to lactam monomer (L) concentration [438] and can be

written as follows .

� d L½ �
dt

¼ k p Act½ � L�½ �
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In the activated polymerization, the number average molar mass is determined

by the concentration of the activator as compared to monomer concentration.

Experimental values are generally higher than the theoretical ones. This is mainly

due to the lowering of the number of growth centers due to the side reactions and to

the cross-linking between polymer chains, for example, by Claisen-type condensa-

tion reactions, which are more and more relevant as the medium basicity and the

polymerization temperature increase [442]. Such a polymerization is thus not living

because of these side reactions. When the polymerization is run at temperatures

below the melting point of the polyamide, side reactions are largely reduced, and,

even at equimolar concentrations of initiator and activator, the polymerization

proceeds essentially by the reaction of lactam anions with a constant number of

growth centers, resulting in a narrower molar mass distribution (D< 2) [443] and

the formation of high molar masses [434, 444]. In the non-activated polymerization

where the growth centers are both formed at the very beginning and in the final

stage, the molar mass distribution is expected to be broader than the ones observed

with the use of an activator.

The structure of the activators, in particular the nature of the exocyclic acyl

group in N-acyl lactam, was shown to play a crucial role on the polymerization rates

[445]. “Very fast” activators, like of N-carbamoyl lactams in appropriate concen-

tration, allowed to drastically reducing the polymerization time (less than a minute)

[434, 446] to get high polymer yield, with the advantage to enable a decrease of

polymerization temperature down to 140 �C, minimizing side reactions.

Concerning the mechanism, lactamolytic mechanism proposed by Sekiguchi

[447–449] (Scheme 40a) assumes transfer of the alkali metal cation from the

activated monomer species to the imide group at the end of the growing chain

and its coordination to the carbonyls of the imide. A conductivity increase was

attributed to a higher concentration of free ions. The reaction proceeds via forma-

tion of an alkoxide-type anion by nucleophilic attack of the lactam anion on the

endocyclic carbonyl, proton exchange with monomer, and rearrangement with ring-

opening. Alternatively, Frunze et al. [450, 451] proposed the participation of ion

pairs of lactam salts in the propagation step and suggested an ion-coordination

mechanism. According to this mechanism, complex between the lactamate and the

two carbonyl groups of the growing center is formed (Scheme 40b). As already

mentioned, side reactions are observed whatever the assumed mechanisms. In any

case, free ions play a decisive role at high temperatures and in media of high
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permittivity, while at low temperatures and in low polar media, the involvement of

ion pairs is more expected.

4.2.3 Side Reactions

Species involved in anionic polymerization are generally highly reactive, leading to

a series of side reactions, in particular at high temperatures for long polymerization

times. Reversible and irreversible side reactions can occur, consuming both the

growth centers and the monomer anions. The strongly basic conditions in AROP of

lactams promote mainly polymer branching and β-keto compounds, yielding to side

products and chain irregularities. UV spectrometry was shown to be a powerful tool

for monitoring the occurrence of such side reactions [414, 442, 452].

Formation of Acyllactams, Amines, and Imides

The polymer amide groups may be involved in disproportionation reactions,

forming acyl lactams and amine end groups (Scheme 41). The presence of amide

N anions along the polymeric chain, derived from equilibrium reactions with

lactam anions in strongly basic medium, may also produce imide groups and

polymer branching (Scheme 41). Transacylation reactions between polymer

amide anions and acyl lactams (N-acylations) (Scheme 42) may cause depolymer-

ization or incorporation of a lactam unit when the exocyclic (Scheme 42a) or the

endocyclic carbonyl groups (Scheme 42b) are involved. The nature of the counter-

ion affects not only the degree of dissociation of the corresponding lactamates but

also the whole polymerization rate [453].

Formation of β-Ketoimides and β-Ketoamides

The acidity of the hydrogen atoms in α position of the carbonyl of the imide group

in the N-acyl lactam chain end is comparable to that of hydrogen in an amide group.

As a consequence, in the presence of lactamate, deprotonation may occur, leading

to the formation of two distinct carbanions (Scheme 43). The Claisen-type conden-

sation reactions on exo- and endocarbonyls then happen, giving four different
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β-ketoimide structures. The concentration of these carbanions is generally low

meaning that C-acylations and, only in some specific cases, O-acylations are

competitive reactions with regard to the propagation step [454]. One can also

consider the formation of carbanion in the α-position of the carbonyl of a branched
structure. Reactivities are related to the lactam size and their substituents, the nature

of the activator, the initial ratio of initiator and activator concentrations, the

Scheme 41 Formation of acyllactam (1), amine (2), and imide (3) groups during AROP of

lactams
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permittivity of the reaction medium, and the reaction temperature as well as the

nature of the counterion [454–456].

Neutral β-ketoimides are strong acylating agents and may be involved in reac-

tions, acting as growth centers and leading to either linear or branched chains.

β-Ketoimides may be converted to β-ketoamides (2-oxoamides) by nucleophilic

attack of the N anion on the carbonyl of the imide group (Scheme 44). These keto

derivatives decrease the concentration of active species and thus influence kinetics.

They are also very reactive under basic conditions or at high temperatures and

responsible for complex secondary reactions, i.e., formation of water, carbon diox-

ide, amines, and heterocyclic structures which are able to act as branching and cross-

linking points [454]. The thermal or base-catalyzed decomposition of β-ketoamides

can afford ketones and isocyanates. The latter reactive functions can also reform

N-acyl lactams capable to react in the expected polymerization way. Formation of

water can contribute to the deactivation of lactamate and to the hydrolysis of N-acyl
lactams, β-keto compounds, and imide branching points leading to carboxylates,

amine groups, ketones, carbon dioxide, or carbonates [410].

Formation of Cyclic Oligomers

The formation of cyclic oligomers was particularly investigated by Russo and

coll. for ε-caprolactam [452, 457], their amount depending on the polymerization

temperature (e.g., 3.5 % at 280 �C). The main reaction leading to cyclic oligomers

is a back-biting reaction which is an intramolecular reaction of the neutral end

groups with amidic groups inside the chain (Scheme 45). The counterion involved

in the polymerization also directly influences the occurrence of such a side reaction

[458]. With magnesium salts of ε-CL, cyclization reactions are strongly reduced

both below and above the melting temperature of the polymer as compared to

sodium systems, due probably to coordination between magnesium-based com-

pounds and polyamides end groups. Cyclic structures can have a negative influence

on processing or applications as they are able to modify the crystalline structure in

the solid phase [459, 460].

N
OO

N +CH +
O O

N
OOO

NCH

O

Scheme 44 Formation of a β-ketoamide from acylation of β-ketoimide
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4.3 Anionic (Co)polymerization of ε-Caprolactam
and ω-Laurolactam

4.3.1 Homopolymerization of ε-Caprolactam and ω-Laurolactam

The polymerization of ε-caprolactam, a 7-membered ring, is usually conducted in

bulk conditions, above the melting temperature of the monomer (80 �C) in the

presence of initiator and activator. Initially liquid, the mixture turns turbid and then

solidifies in the course of the polymerization which can be as fast as few tens of

seconds for “very fast” systems. The beginning of solidification is considered as the

moment at which the growing chains attain a critical length that enables their

crystallization, forming spherulites insoluble in the monomer.

As discussed previously, playing with the structure and concentration of both

activator and initiator allows tuning the polymerization rate of ε-CL. The initial

polymerization temperature and isothermal, nonisothermal, or adiabatic conditions

are also considered as tools to modify the time of reaction. “Very fast”, “fast,” or

“slow” processes affect the structure and properties of the resultant anionic poly-

amide 6. For a very fast bulk polymerization of ε-CL at 155 �C, conditions close to
adiabatic ones are obtained due to high rate and poor heat exchange with the

surroundings. A temperature increase of 50 �C is observed with a resultant polymer

with high molar mass, low residual monomer content, and low cyclic oligomers

[408, 434]. To decrease even more side reactions, quasi-isothermal conditions near

150–160 �C were proposed [433].

Similar polymerization systems and conditions were employed for the synthesis

of polyamide 12 obtained by ring-opening of ω-laurolactam (ω-LL), a

13-membered ring. The polymer gained attention for its low level of absorbed

moisture, easily removable during heating and melting of the monomer at 150 �C.
Moreover, it possesses an excellent ductility, good electrical properties, and signif-

icant chemical resistance. However, due to the long methylene sequences between

the amide linkages, it has a lower melting point (172 �C) compared to PA6

(210 �C). To get a low content of residual monomer due to favorable monomer-

polymer equilibrium, temperatures above 150 �C are generally required [444,

461]. Some specific polymerization systems, based on alicyclic carbodiimide as

activator and sodium caprolactamate as initiator, were also developed to allow, for

instance, a long-term storage of the initiating species, an efficient control of the

polymerization rate, and an accurate tailoring of polyamide molar masses [462]. As

for ε-CL, initiation and activation influence also polymerization kinetics and

thermodynamics but also the degree of crystallinity [463].

As discussed in the previous paragraph, the AROP of lactams suffers from

numerous (ir)reversible side reactions, depending on the experimental conditions.

The usual kinetic law depending on activator and initiator concentration (Rp¼�d

[M]/dt¼ kp·f [Activator] [Initiator]0) appears not efficient to get right values but

might be sufficient to compare polymerization systems. The autocatalytic model of

Malkin, based on a phenomenological approach, seems the most successful to
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follow activated polymerization in bulk [464]. It describes the nonisothermal

kinetics of both ε-caprolactam and ω-laurolactam, monitoring the temperature

rise inside the reactor:

� d λ½ �
dt

¼ k
A½ �2
M½ �0

1� λð Þ 1þ bλ
A½ �

� �
exp � Ea

RT

� �

with λ the conversion, [A] the activator concentration, [M]0 the initial monomer

concentration, k the reaction rate constant, Ea the activation energy, and b the

autocatalytic term characterizing the intensity of the self-acceleration effect during

chain growth. Both k and b depend on the chosen activator. The rate constant can be
evaluated for low conversions where polymerization and crystallization are not

overlapped.

4.3.2 Copolymerization of ε-Caprolactam and ω-Laurolactam

Anionic polymerization is well known and used for the synthesis of copolymers, in

particular blocks, due to its living character. Despite the nonliving character of lactam

polymerization, copolymers based on polyamide can be synthesized and offer inter-

esting and specific properties. ω-Laurolactam is in general used as co-monomer of

ε-caprolactam in order to extend the range of PA6 properties [429], in particular by

increasing the notched Izod impact strength at low temperature, and the decrease of

water absorption [465]. Roda and coworkers showed the influence of the initiator

toward the copolymer structures and therefore properties [461, 466]. As compared to

ε-caprolactam magnesium bromide, sodium caprolactamate exhibits higher polymer-

ization activity especially in copolymerization with high content of ω-LL at high

polymerization temperatures. The copolymers have only one melting endotherm in

the whole range of monomer feed and one single crystalline form, when two melting

endotherms (140 �C and 210 �C) and two types (α and β) of crystalline forms are

observed from 30 to 70 mol% of ε-CL with the magnesium-based initiator. This is

explained by a copolymer microstructure composed of PA6 blocks linked to

sequences of ε-CL/ω-LL random copolymer. PA6 is preferentially formed at the

beginning of the polymerization, due to the much higher reactivity of ε-CL as

compared toω-laurolactam. Random copolymers are then formed from the remaining

ε-CL and slowly reacting with ω-LL. In the case of sodium caprolactamate which is a

strong base as compared to the magnesium derivative, transamidation reactions cause

full randomization of the sequences.

4.3.3 Copolymerization of Lactams and Lactones

Interesting degradable polyamides could be obtained through the synthesis of

polyesteramides by copolymerizing lactams and lactones even if different anionic

ring-opening mechanisms are involved in their homopolymers formation
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[412]. Some lactones were shown to act both as activator of lactam polymerization

and as co-monomer for the synthesis of a polyester block [436, 467–469]. The

initiation step corresponds to the acylation reaction between a lactamate and the

reactive lactone (Scheme 46). The oxyanion formed is then able to initiate the rapid

ring-opening polymerization of some cyclic esters such as ε-caprolactone or

δ-valerolactone by usual chain growth mechanism (active chain end).

Playing with ε-caprolactam and ε-caprolactone ratios as well as experimental

conditions, various random or multiblock copolymers were prepared. Fast

transacylation reactions between ester and amide groups in the copolymer chains

were proposed to be responsible for the observed copolymer randomness. Using

reactive processing like a twin-screw extruder, diblock or triblock copolymers were

prepared from various lactams and lactones using suitable sequential monomer

feeding and specific temperature profiles [470–472]. The block lengths can be

adjusted by controlling the feed rate. The use of poly(ε-caprolactone) (PCL) was
also proposed as additive to the polymerization of ε-CL with ε-caprolactam mag-

nesium bromide as initiator, with or without activator. PCL was shown to act as an

activator, and random copolymers were prepared [473].

4.3.4 Polyamide-Based Copolymers with Non-polyamide Blocks

The use of macroactivators obtained from appropriately terminated prepolymers is

the main route leading to lactam-based block copolymers. In general, hydroxy

telechelic polymers are reacted with diisocyanates and then blocked with

ε-CL. Combination of properties is the driving force of reacting various

non-polyamide blocks as activators of anionic lactam polymerization. The tough-

ness improvement of PA6 being a key issue, soft polymers such as polybutadiene

[474–477], polyethers [478–483], and polysiloxanes [480, 484, 485] were particu-

larly used. Following a similar approach, Styrene-Butadiene Rubber was also

introduced into PA6 with the aim to tune the mechanical properties [486]. Graft

copolymers were also designed for compatibilization purpose. Polypropylene or

polystyrene grafted with polyamide-6 chains was easily obtained [430, 487–490].
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Scheme 46 Parallel initiation of lactams and lactones in the presence of lactamate
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4.3.5 Industrial Processes Using AROP of ε-Caprolactam
and ω-Laurolactam

Ring-opening polymerization of ε-caprolactam initiated by water, i.e., the hydro-

lytic mechanism, is carried out for industrial cast nylon-6. Nowadays, due to fast

kinetics of the “activated” anionic ring-opening polymerizations, this approach is

more and more envisaged for the preparation of PA6 and PA6-co-PA12 in newly

developed industrial applications using mainly powdered materials and molding or

extrusion approaches.

Powdered Polyamides

As compared to techniques industrially utilized so far, i.e., low-temperature grind-

ing and polymer dissolution/precipitation, AROP yielding PA6 and PA6-co-PA12

offers some advantages such as a much higher particle porosity, a total absence of

irregular edges and sintered zones, and a controlled and narrow particle size.

Dispersion [491–496], suspension [497], and miniemulsion [498] polymerizations

are generally proposed. More recently, the use of phase inversion in PA6/PS blends

allowed the preparation of microspheres with controlled diameters [499]. Fast

polymerization systems have to be selected for such processes. The suspension

method has the advantage to be the faster but suffers from difficult and expensive

purification. Such materials are of great interest for cosmetic formulations, coating

and graphic art applications, protein or enzyme immobilization techniques, rota-

tional molding and sintering processes, chromatography applications, as well as

filtration devices in food and beverage industry.

Molding and Extrusion

Reaction injection molding (RIM), resin transfer molding (RTM), rotational mold-

ing, and reactive extrusion are the main processes used with an in situ activated

anionic polymerization of ε-CL [500, 501]. Due to its high crystallinity and high

molar mass, anionic PA6 exhibits, for instance, better thermomechanical properties

or lower water uptake as compared to the extruded or molded PA6. The short

polymerization times in the order of minutes, as compared to hours for hydrolytic

polymerization, the very low cyclic oligomer content, and the much lower initial

polymerization temperature (130–170 �C vs. 230–280 �C) are the main advantages

of this activated AROP.

Soft polymers bearing terminal N-acyl lactam groups are used in RIM processes

as activators of ε-CL polymerization yielding PA6 with good impact strength.

Usual initiators such as sodium ε-caprolactamate or magnesium bromide

ε-caprolactamate are efficient in that process [502]. RTM enables the injection of

the melted monomeric reactants of low viscosity into a mold filled with reinforcing
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materials like fibers. Reactive extrusion processes regain also attention for the easy

preparation of nanocomposites and nanoblends [501, 503–506]. Single- or

multiwalled carbon nanotubes and nanosilica are also shown to be dispersed in

PA6 modifying its initial properties [507, 508]. Nevertheless, it has to be mentioned

that anhydrous conditions are required and may sometimes be considered as a

limitation. Deactivation of the anionic groups is known to occur when some clays

are used as reinforcing agents.

4.4 Anionic Polymerization of Other Lactams

β-Lactams, 2-pyrrolidone, and 2-piperidone are the three main unsubstituted

lactams available and studied by AROP. They are, respectively, yielding

polyamide-3, polyamide-4, and polyamide-5. It has to be noticed that N-substituted
polyamide-1 as well as polyamide-2 (polypeptide) is not obtained from lactams but

from oxadiazolinones and N-carboxyanhydride, respectively.

4.4.1 β-Lactams

Living anionic polymerization can be reached as substituted β-lactams (or -

β-propiolactams) (Scheme 47) are highly reactive, due to high ring strain, enabling

thus the use of low polymerization temperatures and times. The review of Hashi-

moto published in 2000 describes in detail the specificities of the ring-opening

polymerization of such monomers [411].

Šebenda et al. showed first that the activated anionic polymerization of a bulky

β-lactam, i.e., 3-butyl-3-methyl-2-azetidinone, has a living character giving a

monodisperse polyamide of molar mass very close to the theoretical value [509,

510]. Other substituted monomers were also polymerized in a controlled manner in

homogeneous solution, using aprotic and apolar solvents like N,N-dimethyla-

cetamide, DMF, or DMSO in the presence of lithium salts [511–513]. Depolymer-

ization and transamidation both at the acyl lactam chain end and on the polyamide

chain are known to occur, therefore broadening the molar mass distribution

[411]. Stopping the reaction before complete conversion minimizes the

transamidation, enabling the preparation of block and graft copolymers or other

structures taking advantage of the living character of the polymerization. The

possibilities to play with substituents offer nowadays PA3 materials with amphi-

philic character and possibly bioactivity, for instance [514].
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β-lactams
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4.4.2 2-Pyrrolidone

The particularity of the polymerization of 2-pyrrolidone (Scheme 48), leading to

polyamide-4, can be found in a rather low ceiling temperature (70 �C) limiting the

reaction temperature to 50 �C [515]. In bulk conditions, economically more inter-

esting than in solution, polymerization rate decreases with time, and partial con-

version is obtained due to a phase separation, nucleation, and crystallization with

occlusion of the growth centers in this solid phase [516–518]. Despite some

potential industrial interests in textile for its good mechanical properties and

hydrophilic behavior similar to cotton, synthesis difficulties are one main reason

for its non-development.

Similar to ε-caprolactam polymerization, CO2 was also proposed as activator to

successfully prepare PA4 with an improved thermal stability [435, 519]. But

depolymerization still remains a major drawback. Using quaternary ammonium

salts of 2-pyrrolidone as initiator, instead of sodium or potassium ones, and N-
acetyl-2-pyrrolidone as activator, yields up to 80 % could be obtained after 24 h at

30 �C [416]. It is assumed that bulky counterion allows the breaking of hydrogen

bonds between polymer chains and creates local irregularities of the crystalline

structure, enabling the contact between lactamates and reactive chain ends. Sus-

pension polymerization can also be used [520], and whatever the process used,

polyamide-4 was obtained free of structural irregularities thanks to the low poly-

merization temperature and limited conversions. Block copolymers containing PA4

segments could be obtained using the macroactivator approach [521]. The synthesis

of PA4 with a terminal azide function [522] or with ε-CL as co-monomer above the

ceiling temperature of 2-pyrrolidone was also performed [523, 524].

4.4.3 2-Piperidone

The ring-opening polymerization of 2-piperidone, also called 2-piperidinone or

δ-valerolactam, is kinetically slow due to its stable 6-membered ring [406]

(Scheme 49). Moreover, crystallization and side reactions contribute also to the

slowness of the reaction. The use of activators is mandatory, and relatively high

molar masses of PA5, with a melting temperature of 283 �C, were obtained with

quaternary ammonium salts of monomers used as initiators [516, 525].

The use of bicyclic lactams is proposed as an alternative, the ring strain being

favorable to a faster AROP.

H
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Scheme 48 Structure of

2-pyrrolidone
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4.4.4 Bicyclic Lactams

The key point in the AROP of bicyclic lactams is indeed the ring strain, coming, for

instance, from the repulsion of hydrogen atoms, and its release. At first, Hall

reported in the 1960s the polymerization of a bicyclic lactam, i.e., the

6-azabicyclo[3.2.1]octan-7-one (Scheme 50a), in the presence of sodium hydride

[526, 527]. Hashimoto proposed a detailed review in 2000 relative to bicyclic and

heterobicyclic lactams [411]. High temperatures are generally required limiting the

livingness of such polymerizations. For the case of bicyclic oxalactams

(Scheme 50b), the polymerization could be run at 25 �C in DMSO due to a

high kinetic polymerizability related to the high strain of internal bond angles

[528, 529]. A living character was observed till 60 % of conversion.

5 Cyclosiloxanes and Other Cyclic Silicon-Based
Compounds

5.1 Introduction

Cyclic silicon-containing monomers associated, or not, with oxygen, nitrogen, and

carbon represent the main reactants toward the synthesis of silicon-based polymers

by anionic polymerization. Their ring-opening leads to polysiloxanes and

polycarbosiloxanes, polysilanes and polycarbosilanes, polysilazanes, and a few

other silicon-containing polymers. The possibility to vary the molecular structure,

of both the main chain and the side groups, enables the modulation of unique

physicochemical properties which make them attractive in academic field as well as

for industrial applications in some cases. Ring-opening polymerization (ROP) of

cyclic oligomers allows in general a better precision in terms of chain lengths and

molecular weight distributions than the polycondensation of functional precursors.

Both cationic and anionic mechanisms can undergo polymerization of certain

monomers, but a stringent control of the reaction conditions is required in order
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Scheme 50 Structures of a bicyclic lactam, i.e., 6-azabicyclo[3.2.1]octan-7-one (a) and of a

bicyclic oxalactam, i.e., 8-oxa-6-azabicyclo[3.2.1]octan-7-one (b)
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to avoid the formation of by-products, such as short oligomers and rings

[530]. Recent reviews [531–534] may add complementary information to this

chapter focusing on silicon-containing polymers obtained by anionic polymeriza-

tion. ROP of strained rings exploits the release of ring strain as the thermodynamic

driving force [535]. It proceeds either by kinetic or thermodynamic control, which

has noticeable consequences for the product distribution. Under kinetic control, the

selective cleavage of the precursors and chain propagation occur almost exclu-

sively, providing high molar mass polymers and barely any by-products. Under

thermodynamic reaction control, equilibrium mixtures are obtained which gener-

ally consist of low molar mass polymers and high amounts of smaller oligomers and

ring species.

5.2 Cyclosiloxanes

5.2.1 Polymerization Generalities

Anionic ring-opening polymerization (AROP) of cyclosiloxanes involves the

cleavage of the Si-O bond in the monomer ring and the subsequent regeneration

of this bond in a polymer chain. Among the various siloxane monomers, the two

most important are hexamethylcyclotrisiloxane (D3) and octamethylcyclotetra-

siloxane (D4) (Scheme 51).

Other cyclosiloxanes derived from these monomers are also available by sub-

stitution of methyl with various organic groups, such as vinyl, phenyl, fluoroalkyls,

etc. Three-dimensional structures, i.e., silsesquioxanes or multicyclic siloxanes, are

also available and attractive precursors. Cyclic organosiloxanes are usually pre-

pared by hydrolytic polycondensation of dichlorodialkylsilane (R2SiCl2) or a mix-

ture of α,ω-dichlorooligosiloxanes (Cl(R2SiO)n-1R2SiCl) [536, 537]. Other routes

are also proposed in the literature [538–540].

Initiation step requires strong bases (inorganic, organic, or organometallic), able

to ring-open cyclosiloxanes and form silanolate anion, the active propagating

species (Scheme 52). Alkali metals, ammonium, and phosphonium salts are the

most used derivatives [533, 541]. The propagation is reversible leading to a back-

biting reaction with the formation of cyclic structures of various ring sizes. Chain

redistribution also occurs due to the nucleophilic attack of a silanolate to another

growing polymer chain (Scheme 53). To get nonequilibrium AROP of
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Scheme 51 Structure of

hexamethylcyclotrisiloxane

(D3) and

octamethylcyclotetrasiloxane (D4)
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cyclosiloxanes in order to minimize those re-equilibration reactions occurring

during the final stage of the reaction, the polymerization must be quenched soon

after a high monomer conversion is obtained [542].

Polymerization kinetic is dependent on monomer and initiator concentrations as

well as experimental conditions. Ion pairs are the main active centers involved in

the determination of the polymerization rate [533]. Free silanolate anions are not

present in sufficient concentration to play a role, in contrary to aggregated species

which are in equilibrium with ion pairs [533, 543, 544]. Fractional order in

silanolate is introduced in the kinetic law of AROP of cyclosiloxanes due to the

existence of less reactive or inactive aggregates.

The aggregation phenomenon can be minimized when bulky cations or

additives are used. The polymerization of D3 initiated by trimethylammonium

salts shows a first-order kinetic [545]. The rate of polymerization is directly

related to the size of the counterion and increases in the series: Li+<Na+<K+<
Rb+<Cs+	 +NR4	 +PR4 [546]. Hexamethylphosphorous triamide, dimethyl-

sulfoxide, dimethylformamide, N-methylpyrrolidone or cryptands, and crown

ethers were shown to act as deaggregating agents [547–553]. Ring strain

affects also the polymerization rate constants with the following order:

D3>>D4>D5>D6. Cyclotrisiloxanes show a remarkable high reactivity thanks

to its ring strain and planar conformation [554]. Nevertheless, unexpected enhanced

reactivity was observed with unstrained cyclodimethylsiloxanes in the order

D4<D5<D6<D7<D8 when alkali metal were used in bulk or nonpolar solvents

[533, 555, 556]. Multidentate interactions of siloxane units of the monomer with the

counterion can explain this observation (Scheme 54). Lithium derivatives such as

silazane lithium salts ((RMe2Si)2NLi), in the presence of promoters such as DMSO,

were shown to initiate the AROP of D4 at elevated temperatures in high yields. The

resulting polymers exhibited relatively narrow distribution which broaden gradu-

ally with time [557]. Propagation in this system is faster than the redistribution

reactions, which lead to equilibration.

Organic initiators were more recently proposed for the AROP of cyclosiloxanes.

Phosphazene bases, i.e., t-BuP4, acts as a deprotonating agent of a proton donor

Si Si O
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Scheme 53 Chain redistribution in AROP of cyclosiloxanes
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Scheme 52 Initiation and propagation/back-biting of cyclosiloxanes by AROP
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molecule such as an alcohol, leading to the formation in that case of an alkoxide of

phosphazenium. Its bulkiness and stabilized positive charge, thanks to the reso-

nance effect, enable an instantaneous polymerization of D4 [101, 558]. Similarly to

the chemistry developed with cyclic ether monomers, the combination of lithium

and phosphazene bases is also very efficient for the polymerization of cyclic

siloxanes [559]. Within the same family, the direct use of amino-substituted

oligophosphazenium hydroxides (P5OH) enables to get polydimethylsiloxane in

toluene with a first order both in monomer and base, and a faster rate than lithium

cryptate systems [549, 560, 561]. Alcohols deprotonated by phosphorus ylides

[562] were also proposed as initiators of D4 with the particularity to be thermola-

bile, facilitating its removal from the final polymer (Scheme 55). N-heterocyclic

carbenes expressed also some interests thanks to the presence of alcohols as

co-initiator and regulator of chain length [563].

Although polysiloxanes are not ordinarily considered stereoregular, some poly-

mers enriched in stereoregularity are made from the cis-isomers of unsymmetrically

substituted strained cyclosiloxanes. The monomers insert randomly at the reactive

chain ends with equal probabilities of forming meso or racemic siloxane links while

preserving the stereoconfiguration of the original monomer [564]. An advantage of

stereoregularity was shown on the mechanical properties of a silicone

elastomer [565].

5.2.2 AROP in Solid State and Emulsion

These two processes can be used both in anionic and cationic ROP of

cyclosiloxanes. The discussion will focus on the parameters and consequences of

the anionic route.
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A simple approach based on crushed potassium hydroxide or potassium

silanolates added onto a cyclosiloxane gives high molar mass polymers with high

dispersity and high yields [566–569]. Polymerization proceeds inward from the

surface of the monomer crystals, producing a highly crystalline material. The

highly ordered crystalline state of hydroxycyclosiloxanes provides a possibility of

solid-state synthesis of stereoregular polysiloxanes.

Polymerization in emulsion is also proposed to conduct anionic polymerization

of cyclosiloxanes [532]. The synthesis of poly(dimethylsiloxane) from D4 in

aqueous emulsion using an emulsifying agent acting also as initiator (benzyldi-

methyldodecylammonium hydroxide) gives controlled molar mass, a low dispersity

and high yields [570, 571]. The amount of cyclics formed (essentially D4–D7) is

lower than that observed in bulk. Polymerization proceeds by a combination of the

addition and condensation mechanism involving redistribution reactions. The first

stage of the anionic polymerization process occurs at the siloxane-water interface or

in the siloxane phase close to the surface. Once the chains reach a critical degree of

polymerization corresponding to their loss of surface tension activity, they pene-

trate into the particles where side reactions such as redistribution and condensation

occur. The rate is strongly dependent on the size of the surface, which is function of

the concentration of emulsifier. Polycondensation is responsible for a rapid increase

in molar mass observed at high monomer conversions. Another α,ω-dihydroxy-
terminated polysiloxane of low molar mass, issued from the polymerization of

2,4,6-trimethyl-2,4,6-tris(3,3,3-trifluoropropyl)cyclotrisiloxane with an anionic

miniemulsion process, was also obtained [572]. The kinetic study showed that

polymerization occurs in two stages. During the first stage, which corresponds to

the nonequilibrium AROP, the maximum yield is close to 100 %, and the dispersity

remains narrow (1.3). The second stage involves condensation and back-biting

reactions leading to an increase of both molar masses, up to 60,000/mol, and

dispersity (2.0). This approach was developed for other homopolymers [573] and

copolymers [574].

5.2.3 Copolymerization and Functionalization

Anionic ring-opening polymerization offers possibilities in the controlled synthesis

of functionalized polysiloxane polymers and copolymers. Functionalized initiators

and terminators are currently used in nonequilibrium polymerization to introduce

functional groups to one or both ends [548, 575–581]. The AROP allows the

synthesis of block copolymers [550, 582–588], graft copolymers [589, 590], star

polymers [544, 548, 591, 592], and polymeric networks [577, 581]. Alternating

copolysiloxanes were also prepared by a regioselective polymerization of

cyclosiloxanes containing different siloxane units. It depends strongly on the nature

of counterion [593, 594]. Simultaneous polymerization of a mixture of

cyclosiloxanes gives polymers with a composition depending on Mayo-Lewis

reactivity ratios only when the propagation reactions are irreversible. Gradient

copolysiloxanes can be obtained starting from cyclotrisiloxane monomers
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[595]. Equilibrium copolymerization of cyclotetrasiloxanes leads to random struc-

tures [596, 597]. As usual, copolymers aim at broadening the scope of properties

and applications. For instance, the introduction of methylphenyl or diphenyl-

siloxane units to PDMS helps to improve thermal, oxidation, or radiation stability,

whereas fluoroalkyl groups enhance their resistance to fuel and oils.

5.3 Other Cyclic Organosilicon Monomers

5.3.1 Silsesquioxanes, Cyclic Carbosiloxanes, and Cyclic Silaethers

These three monomers are very similar to the cyclosiloxanes family as they can be

polymerized anionically by breaking a siloxane bond.

Silsesquioxanes, of empirical formula RSiO3/2, represent a wide class of more or

less ordered three-dimensional structures (Scheme 56). They are intermediate

structures between siloxanes (O/Si¼ 1) and silica (O/Si¼ 2). They are usually

generated by hydrolytic condensation of trialkoxy- or trichlorosilanes. Numbers

of reviews may give additional and detailed information about this compound and

its properties and applications [598–601]. As an example, the anionic ring-opening

copolymerization of D4 with polyhedral oligomeric silsesquioxanes (POSS) deriv-

atives leads to cross-linked polysiloxanes exhibiting good thermal stability

[602, 603].

Poly(carbosiloxane)s are obtained from high ring strain cyclic monomers, i.e.,

1-oxa-2,5-disilacyclopentanes, having both carbosilane and silyloxy linkages

(Scheme 57). Lithium or sodium silanolates were shown to initiate the polymeri-

zation in the presence of a polar solvating agent such as THF or dioxane to avoid

aggregation of active centers [543, 604–606]. Strongly basic N-heterocyclic

carbenes and guanidine derivatives in the presence of alcohols or other hydrogen

bond donors were shown to allow the synthesis of poly(carbosiloxane)s with

controlled molar masses [607] and also to cyclic poly(carbosiloxane)s in the
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absence of alcohol [608]. Monomers bearing a chiral center could be synthesized

and led to optically active polymers by AROP [609, 610].

The anionic polymerization of cyclic silaethers, or oxysilylenes, enables the

cleavage of both the Si–Si and Si-O bonds, and lead to a polysilaether with an

irregular structure and, at equilibrium, a mixture of polysiloxanes and polysilanes

by rearrangement (Scheme 58) [611–613]. A silyl anion, as compared to a

silanolate one, is a nucleophile able to initiate the polymerization of an ethylenic

monomer. It was used for instance to change an alkoxide into a carbanion active

center [613].

5.3.2 Cyclosilanes

Strained cyclosilanes were shown to ring-open anionically yielding high molar

masses polysilanes (Scheme 59). Initiators such as butyllithium, silylpotassium, or

lithium silyl cuprates were used with cyclotetrasilane [614–617] bearing methyl

and/or phenyl groups. Diblock polystyrene-polysilane copolymers exhibiting a

phase separation could be prepared using polystyryllithium to initiate the ROP of

1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane in the presence of 12-crown-

4 to enhance the polymerization [618]. Tetrabutylammonium fluoride and silyl

potassium appeared efficient initiators for nonamethyl(phenyl)cyclopentasilane

[619]. The strong affinity of fluoride anion to Si atom promoted the generation of

silyl anion without any additives. The potassium initiator required the use of

hexamethylphosphoramide or crown ethers promoters capable to solvate the potas-

sium cation in order to enhance the reactivity of the silyl anion. Low temperature was

needed (�78 �C) to reach high polymer yield (80%), as well as quenching to prevent

the back-biting reaction when temperature increases. Such a polymer is a kinetic

product and cyclic oligosilanes are thermodynamically more stable.

5.3.3 Cyclocarbosilanes

Polycarbosilanes are attractive materials as they contain only Si-C bonds in the

backbone making them of interest as silicon carbide precursors used for the
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preparation of ceramic fibers. The anionic route offers an attractive way to ring-

open strained silacyclobutane monomers using organolithium as initiators

(Scheme 60) [620–625]. The polymerization yields high molar mass poly

(silanediylmethylene)s with a strictly alternating SiR2/CH2 backbone structure.

Depending on substituents in the ring and on the initiator, polymerizations may

proceed in a controlled and living manner [626, 627]. Optically active polymers

[628] as well as block copolymers based on silacyclobutane [629, 630] were also

described. As cyclic silaethers, silacyclobutane may be used to transform a weak

nucleophilic center into a more nucleophilic one. This makes possible the copoly-

merization of heterocyclics with vinylic monomers [631].

5.3.4 Cyclosilazanes

Despite the high reactivity with water, oxygen, etc., of Si-N bonds present in

polysilazanes, obtained by ROP of cyclosilazanes (Scheme 61), these materials

gained interest as precursors of Si-N and Si-CN ceramics through pyrolysis.

Organolithium and organosodium are the typical initiators used in AROP leading

to high molar masses in a living manner [632, 633]. The polymerization is kinet-

ically controlled by the ring strain and by the steric hindrance around the nitrogen

atom and/or the electronic effects of the R substituent on the Si-N bond

[634, 635]. As a possible example, a pendant double bond could be introduced

into a polystyrene-polysilazane block copolymer using 1,1,3,N,N’-pentamethyl-3-

vinylcyclodisilazane as co-monomer added to living polystyryllithium [636]. Such

a copolymer enabled the formation of cross-linked micelles and ceramic

nanoparticles after pyrolysis.
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5.3.5 Ferrocenylsilanes

Polyferrocenylsilanes (PFS) and polyferrocenylsilane block copolymers, where

iron and silicon are present in the main chain, are obtained from AROP of strained

ferrocenylsilanes. The first report of living carbanionic ROP appeared in 1994, and

this process permitted the synthesis of PFS with predictable molar masses and

narrow dispersity [637]. The mechanism is based on a Cp-Si bond cleavage in the

presence of lithium-based initiators (Scheme 62). Reviews published by Rider and

Manners [638] and Bellas and Rehahn [639] propose details in their preparation as

well as other polymerization routes or self-assembly toward nanostructured

materials.

6 Cyclic Carbonates

6.1 Introduction

The polymerization of aliphatic or aromatic cyclic carbonates was highly investi-

gated and recently reviewed [640–644]. Indeed, due to transparency, good heat

resistance (up to 130 �C), high toughness, and excellent dimensional stability,

polycarbonates (PC) are used in a broad range of applications like elastomers,

sealants, foams, coatings, adhesives, etc. Aliphatic polycarbonates and

copolycarbonates are also valuable biomaterials thanks to their biocompatibility

and biodegradability.

6.2 5-Membered Cyclic Carbonates

The polymerization of 5-membered cyclic carbonates follows a peculiar behavior

as their ceiling temperatures are below 25 �C. As a consequence, no ROP should be

possible to yield poly(alkylene carbonate). Nevertheless, they can be polymerized

at high temperatures (above 150 �C) resulting in poly(ether-carbonate)s (path A,

Scheme 63), the repeating units being a mixture of alkylene carbonate (content

generally lower than 50 mol%) and the corresponding alkylene oxide units coming

from decarboxylation reactions during the polymerization with organometallics

[645, 646], metal alkoxide [647–651], or organic initiating systems [96,

652]. Rokicki developed also the synthesis of poly(ether-carbonate)s through the
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combination of AROP of 5-membered cyclic carbonates initiated by bisphenolates

leading to reactive difunctional species and their coupling reactions with dihalo

compounds (path B, Scheme 63) [653, 654].

Detailed mechanistic studies of the polymerization of ethylene carbonate

(EC) with KOH as the initiator performed at 150–200 �C in bulk suggested that,

in the early stage of the polymerization, a major polymer structure comprises one

EC unit per two ethylene oxide (EO) units (the content of EC units, even in the

earliest stage of the reaction, was not higher than 32 mol-%). For longer reaction

times, the content of EO units increases, through hydrolysis of the carbonate units

[650]. Polymerization proceeded thus in two stages: during the first stage, EC

conversion took place with an increase of molar masses, while in the second

stage, when EC was completely consumed, a decrease of both the number of EC

units and molar mass was noticed, indicating the occurrence of chain cleavage and

decarboxylation reactions. During propagation, the alkoxide propagating species

can attack the carbon atom of the carbonyl group. In this case, the reaction is

reversible, but the new alkoxide is not able to attack again on the carbon atom of the

carbonyl group of another EC monomer as it would yield an EC-EC sequence

which is thermodynamically not possible. An alkoxide species can also attack the

carbon atom of a methylene group, followed by decarboxylation and irreversible

formation of an ethylene oxide unit (Scheme 64). The most probable EC
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polymerization mechanism should thus be a combination of methylene and car-

bonyl carbon attack. Finally, after total monomer consumption, elimination reac-

tions were detected, yielding vinyl end groups. Similar results were observed with

other initiating systems for the AROP of EC. With butyllithium, the resulting

polymers contained only 10 mol-% of carbonated units [645], and with potassium

methoxide [647] and phosphazene [96], 28 and 20–25 mol-% of EC units were

conserved, respectively. The AROP of propylenecarbonate yielded also poly(pro-

pylene carbonate-co-propylene oxide) copolymers whatever the initiating system

[648, 649, 652].

Rokicki took advantage of these side decarboxylation reactions in order to

produce hyperbranched aliphatic polyether through the AROP of glycerol carbon-

ate (1, Scheme 65) conducted at 170 �C using trimethylolpropane/potassium

methanolate as the initiating system [651]. Attempts to polymerize aromatic five-

membered cyclic carbonate with sec-BuLi and potassium dihydronaphthalide

revealed unsuccessful [655]. In contrast to other five-membered cyclic carbonates,

five-membered cyclic carbonates obtained from methyl 4,6-O-benzylidene-
glucopyranoside (2, Scheme 65) can be polymerized at relatively low temperatures

(<60 �C) with alkali metal alkoxides or organic initiator, without elimination of

carbon dioxide, to produce polycarbonates consisting exclusively of carbonate

repeating units [656–658]. Such a behavior was suggested to be due to the ring

strain which may result from the connection of two hydroxyl groups in E (trans)

position by the carbonate linkage.

6.3 6-Membered Cyclic Carbonates

In contrast to thermodynamically unfavorable 5-membered cyclic carbonates,

6-membered cyclic carbonates easily polymerize with anionic initiators to afford

PCs without ether sequences and generally high molar masses [659–663]. The

AROP of trimethylene carbonate (TMC) was first reported in the 1930s using

K2CO3 [664, 665]. Since then, many other initiators were able to polymerize
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6-membered cyclic carbonates (Scheme 66), like butyllithium [666–672], alkali

metal alkoxides [667, 672–676], naphthalene potassium [667], sodium hydride

[673], and pure organic nucleophiles [379, 673, 677–688].

An important feature of AROP of 6-membered cyclic carbonates is its equilib-

rium character. Indeed, polymerization did not go to completion with the presence

of residual monomer. Nevertheless, this drawback could be taken as an advantage

as it allows polycarbonates recycling. It was shown that the monomer substitution

had a strong effect on the equilibrium monomer concentration. For example, the

AROP of TMC, 2,2-dimethyl trimethylene carbonate (DTC) and CC1–3

(Scheme 66) in THF solution using potassium tert-butoxide as the initiator

exhibited an increasing monomer concentration at equilibrium, with an increasing

bulkiness of the substituents, CC3 monomer being almost not polymerized [671,

675]. It was assessed that the decrease in polymerizability of the 6-membered cyclic

carbonates with increasing bulkiness of the substituents was due to the conforma-

tional distortion of the polymer backbone, rather than in the change of conformation

of the monomer caused by the substituents [641]. Several other parameters may

also influence the polymerization rate. For example, the polymerization of DTC in

toluene with lithium as a counterion was slower than that with potassium one due to

the covalent character of the lithium-oxygen bond compared with the potassium-

oxygen bond leading to a lower nucleophilicity of the lithium alkoxide. In the case

of monomer CC4, the back-biting reaction was restricted due to the stiffness of the

polymeric chain [670].

The AROP of 6-membered cyclic carbonates presents transesterification reac-

tions, besides initiation and propagation reactions (Scheme 67). The initiation

reaction comprises the nucleophilic attack of the initiator on the carbonyl carbon

atom, followed by an acyl-oxygen cleavage and formation of the active species, an

alkoxide. Peculiar initiation behaviors were also observed. When the ROP was

initiated by naphthalene potassium, this latter did not act as an electron-transfer

reagent (e.g., like for styrene polymerization) but as a nucleophile, naphthalene

being incorporated in the polymeric chain [667]. Intramolecular nucleophilic

attacks on carbonyl carbon atom (back-biting) lead to cyclic oligomers, while
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intermolecular transesterification leads to a change of the macromolecule length.

As a consequence, the control of the polymerization was poor, and bimodal

distribution of molar masses was generally observed.

Instead of using metallic initiators, it is possible to use organic ones. Murayama

et al. were the first to show that tertiary amines such as 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU), 1,4-diazabicyclo[2.2.2]octane (DABCO), and 4-dimethylaminopyridine

(DMAP) (Scheme 68) were able to achieve the AROP of a 6-membered cyclic

carbonate (CC4, Scheme 66) in bulk at 120 �C, whereas no polymer was obtained

with triethylamine, aniline, N,N-dimethylaniline, or pyridine [679]. It was suggested a

zwitterionic polymerization mechanism, which was confirmed by mass spectrum

analysis of the products. Tapered copolymers were also obtained when monomer

CC4 was simultaneously polymerized with glycidyl naphthyl ether.

The ROP of TMC was also performed with N-heterocyclic carbenes, guanidine,
and amidine bases in bulk at 65 �C with a good control, yielding well-defined

polycarbonates with molar masses up to 50,000 g/mol, dispersity index below 1.08,

and high end-group fidelity [680]. Similarly, the tertiary amine 2-(dimethylamino)

ethanol (DMAE) was used as an efficient initiator/catalyst for the ROP of TMC in

bulk at 50 �C leading to α,ω-heterotelechelic PTMC [682]. In this case, the

mechanism could be either an activated monomer or an activated chain-end one.

Phosphazenes revealed also efficient deprotonating agents of alcohols for the
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polymerization of TMC [688, 689]. Recently, several carbenes were used for the

controlled polymerization of DTC [379, 685].

Some examples of initiator-free polymerization of cyclic carbonates were also

described in the literature, assuming an anionic mechanism [690–693]. TMC can

undergo spontaneous polymerization in bulk above 100 �C, with the formation of a

zwitterion intermediate with a well-stabilized trialkoxycarbenium ion and on alk-

oxide (Scheme 69), whereas DTC cannot [691]. Initiator-free polymerizations were

also observed for the thermal ROP of 5-benzyloxy-trimethylene carbonate (BTMC)

in bulk at 150 �C or the microwave-assisted ROP of TMC. Molar masses were

generally high.

In spite of some side reactions, the AROP of functional cyclic carbonates

remains the preferable way to prepare functional polycarbonates. Several pathways

permit functional monomer synthesis: from 2,2-bis(hydroxymethyl)propionic acid,

glycerol, or alkyl malonates [640, 641, 643]. A number of functionalized PCs and

copolycarbonates can be obtained by direct polymerization of cyclic monomers

bearing functional groups. Functional side-chain groups introduced into PCs are

carboxylic group and their derivatives, hydroxyl, allyl, acrylate, methacrylate,

styrene, and stilbene derivatives, and even five-membered cyclic carbonates

(Scheme 70).

Polycarbonates with carboxylic side groups could be synthesized through the

ROP of CC5-type monomers (Scheme 70) with DBU [684] or sec-butyllithium
[694] at room temperature in solution. With sec-butyllithium, bimodal distribution
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of the molar masses was observed, whereas the polymers exhibited low dispersity

with DBU. Aliphatic amines with different chain lengths were easily conjugated

onto the polymer backbone in order to form nanoparticles [684].

6-Membered cyclic carbonate bearing free hydroxyl group attached to the ring

via aliphatic spacer (CC6, Scheme 70) was polymerized with DBU in bulk or in

solution at temperatures ranging from 60 to 110 �C to yield hyperbranched

polycarbonates composed of carbonate and glycerol units [683]. The linear equiv-

alent of poly(CC6) was obtained through the polymerization of CC7 followed by

free radical addition of mercaptoethanol to the pendent allyl groups. Attempts to

polymerize CC8 with sec-butyllithium in solution resulted in a mixture of poly-

mers, cyclic oligomers, and unreacted monomer [668, 669]. The hydroxyl function

of monomer CC9 was first protected by reaction with trimethylsilyl chloride and

benzyl chloroformate of phenyl isocyanate and then polymerized with lithium

alkoxide in solution at low temperature to yield bimodal distributions or even

cross-linking [674]. After deprotection, polycarbonates with one hydroxyl group

per repeating units were obtained. Amino acid functionalized polycarbonates were

also synthesized through the ROP of CC10-type monomers with alkali metal

alkoxides or n-butyllithium in solution at low temperature followed by deprotection

[672]. Monomodal distributions were obtained, and the configuration of the mono-

mer was inverted during the polymerization.

Bifunctional cyclic carbonate consisting of both 5- and 6-membered rings

(CC11, Scheme 70) was polymerized with DBU at 60 �C in solution to afford a

polycarbonate with remaining 5-membered cyclic carbonate group in the side-

chain, as this latter did not polymerize in these conditions [677]. At such elevated

temperature, conversion stopped around 50 % due to the equilibrium nature of the

polymerization.

Styrene side groups were also introduced onto polycarbonates through the

polymerization of monomer CC12 (Scheme 70) with potassium tert-butoxide as

the initiator in THF at 0 �C [676]. Subsequent radical cross-linking of styrenic

groups and anionic de-cross-linking of the carbonate units was performed. Aro-

matic cyclic carbonate CC13 (Scheme 70) was polymerized by sec-butyllithium or

dihydronaphthalene potassium, but it was evidenced the presence of decarboxyl-

ation reactions to a great extent [655].

Macroinitiators such as polymeric Li, Na, and K alkoxides can also be used for

the initiation of the 6-membered cyclic carbonate polymerization. Thus, living

vinyl polymers [695], hydroxyl group-terminated polymers of poly(tetrahydrofu-

ran) (PTHF) [696, 697], poly(ethylene oxide) (PEO) [697–699] and poly(dimethyl-

siloxane) (PDMS) [697, 700] were transformed to alkoxides by treatment with sec-
BuLi or K-naphthalene and used as initiators for AROP of DTC allowing the

synthesis of di- and triblocks copolymers. The polymerization initiated by PTHF

alkoxides with different counterions was slower than that initiated by PEO alkox-

ides, because of the lower solvation ability of PTHF. It was also shown that the

polymerization rate was highly dependent on the counterion, potassium alkoxides

being more reactive than lithium alkoxides. Besides, higher molar mass PDMS

macroinitiators exhibited lower polymerization rate. In the same vein, living poly
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(methyl methacrylate) (PMMA) prepared by Group Transfer Polymerization (GTP)

was used as a macroinitiator for the ROP of DTC after transformation of the silyl

ketene acetal into an alkoxide [701]. PMMA-b-PDTC block copolymers were thus

obtained.

The simultaneous or sequential polymerization of DTC with several cyclic esters

or other cyclic carbonates (CC4, CC5, and CC8, Scheme 70), initiated with

butyllithium, potassium dihydronaphthalene, or organic initiators, was performed

in solution or in bulk [379, 668–670, 694, 702–704]. With ε-caprolactone (CL),

tapered copolymers were obtained as DTC was more reactive than CL. Triblock

copolymers with tapered DTC/CL outer blocks could also be obtained using

macroinitiators (PEO or PTHF based) [699]. With pivalolactone, only block copol-

ymers were synthesized; DTC was first reacted by alkoxide active species, followed

by the reaction of pivalolactone through carboxylate active species. With the other

cyclic carbonates, statistical or block copolymers were obtained from simultaneous

or sequential polymerization, respectively.

6-Membered cyclic carbonates were also copolymerized with oxiranes [678,

705] and anhydride [706]. DTC was copolymerized with glycidyl phenyl ether

(GPE) with DBU in bulk at 90 �C. An acceleration of GPE polymerization was

observed, and quantitative yields were obtained. PGPE-b-PTMC copolymers were

also successfully synthesized through the sequential polymerization of GPE and

TMC with tetrabutylammonium fluoride. Attempts to copolymerize TMC and

adipic anhydride with sec-butyllithium in several conditions revealed unfruitful

as mixture of homopolymers were detected [706].

It was demonstrated that cyclic monothiocarbonate [707] and thiocarbonate

[708, 709] (Scheme 71) could be polymerized by AROP. For the cyclic monothio-

carbonate, potassium tert-butoxide revealed a good initiator yielding a polymer that

precipitates during the course of the polymerization. It was shown that the propa-

gating species was not an alkoxide but a thiolate as the monomer ring-opens

exclusively through the carbonyl sulfur bond cleavage. Thiocarbonate was poly-

merized by n-butyllithium or potassium alkoxides in solution at room temperature

or by DBU in bulk or in solution at 120 �C. Polymerization was pretty slow and

proceeded with an isomerization of the thiocarbonate group.
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6.4 Larger-Ring Cyclic Carbonates

The ROP of 7-membered cyclic carbonate (tetramethylene carbonate, TeMC,

Scheme 72) is generally faster than that of the six-membered one due to relatively

high ring strain. However, the polymerization of 7-membered cyclic carbonates

was scarcely investigated because of the difficulty to synthesize the monomers.

Indeed, TeMC is thermally unstable and difficult to isolate and purify. The poly-

merization of TeMC initiated with sec-butyllithium was carried out in THF to yield

the corresponding polycarbonate in a relatively high yield in a short time

[710]. Like for 6-membered cyclic carbonates, an important residual monomer

concentration was observed with the formation of cyclic oligomers via back-biting

reaction, which is characteristic for equilibrium polymerizations. However, the

relative polymerization rate of TeMC is about 35 times faster than that of TMC.

Another 7-membered cyclic carbonate (β-Me7CC, Scheme 72) was polymerized

in bulk at elevated temperature only (100 �C) with organic compounds (DMAP,

phosphazene) with very good yields [711]. No regioselectivity was observed during

ring-opening of the monomer.

The ROP of large-ring aromatic cyclic carbonates was also studied. It was shown

that the polymerization of monomer CC14 with alkoxide or alkyllithium [712] or

CC15 with sec-butyllithium or dihydronaphthalene lithium [713] failed, but CC15

was easily polymerized by dihydronaphthalene potassium or potassium tert-
butoxide. Monomer CC16 was easily polymerized with potassium tert-butoxide
in THF at room temperature to afford the corresponding polycarbonate in high yield

[714]. Cyclic oligomeric carbonates of bisphenol A (CC17, Scheme 72) were

polymerized by potassium dihydronaphthalene in THF [713] or in bulk at 250 �C
[715]. The polymerization and copolymerization of cyclo bis(hexamethylene car-

bonate) and its fluorinated analog (CC18 and CC19, Scheme 72) were also suc-

cessfully performed using sec-butyllithium in toluene [716].
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7 Cycloalkanes, Cyclic Sulfides and Amines, Cyclic Ureas,
Depsipeptides, and Cyclic Phosphorous Monomers

7.1 Introduction

The successful synthesis of polymers and copolymers issued from cyclic ethers,

esters, lactams, carbonates, or siloxanes through anionic ring-opening polymeriza-

tion triggered researches in cyclic monomers containing, or not, other heteroatoms

or combination of several heteroatoms. New properties were expected for

novel uses.

7.2 Cycloalkanes

Cycloalkanes are expected to polymerize by breaking a carbon-carbon single bond

of a monomer ring. Such a bond does not generally react with free radicals and

rarely participate in reactions with electrophiles and nucleophiles [717]. In addition,

as the two atoms making the bond are identical, no polarization is introduced into

the monomer, making ionic reactions with nucleophiles or electrophiles difficult.

Reactivity can only be expected when monomer substituents are introduced on at

least one of the two carbons, thereby increasing the bond polarity and introducing

some zwitterionic nature into the bond, or when the overlap of atomic orbitals in the

carbon-carbon bond is disturbed by geometric parameters, particularly observed

with highly strained polycyclic systems [717, 718]. Cycloalkanes polymerized by

anionic ring-opening polymerization are composed of functionalized cyclopro-

panes, cyclobutanes, and polycyclic molecules with high intrinsic polymeriz-

abilities (e.g., bicycloalkanes and propellanes). Detailed reviews may give

additional information in anionic polymerization as well as other polymerization

methods used [719–723].

The AROP of cyclopropanes activated by various substituents (Scheme 73) was

effective using mainly alkali metal derivatives as initiators. Two electron-

withdrawing substituents on the same carbon are often needed for the polymeriza-

tion to be efficient but still drastically less reactive than the corresponding vinyl

monomers [724]. Sodium thiophenolate is shown to initiate the polymerization of

cyclopropane-1,1-dicarboxylates with a living character in some cases [725–

728]. Phosphazenium thiophenol or bisthiols were also proposed for the successful

AROP of di-n-propyl cyclopropane-1,1-dicarboxylate [729, 730]. Well-defined

monofunctional or difunctional polymers with a low dispersity were obtained

through a living process in THF between 30 and 60 �C or in toluene between

30 and 100 �C. A much higher reactivity is noticed as compared to the alkali metal

thiophenolate initiator used in DMSO at higher temperature. The polymerization of

cyclopropanes bearing cyano [724, 731] or fluorine [732] groups initiated with

sodium thiophenolate or fluorenyl lithium, respectively, was also observed. Sodium
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cyanide was particularly effective as anionic initiator of various trisubstituted

cyclopropanes in DMF [733–737].

Cyclobutanes exhibit a much lower tendency to anionically ring-open as com-

pared to cyclopropanes and as also observed for heterocyclic rings. Reasonable

evidences for an AROP were only reported in highly activated monomers. The

polymerizations of cyclobutanes substituted by nitrile groups on one or two car-

bons, and further substituted by an ether group on a neighboring carbon, are the

most efficient (Scheme 74) [738, 739].

Activated bicyclobutanes [740–745] or other bicycloalkanes [746] and [1.1.1]

propellanes [747–749] were observed to give oligomers or polymers using conven-

tional anionic initiators, i.e., alkyllithium (Scheme 75).

7.3 Cyclic Sulfides and Amines

The anionic route is proposed, in addition to cationic and coordinative ones [750],

as an efficient approach for the polymerization of cyclic sulfides (Scheme 76), in

particular for thiirane (ethylene sulfide) and various substituted thiiranes. Thiolates
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are commonly used to attack the monomer, proceeding exclusively at the methy-

lene carbon and leading to pure head-to-tail structures [751–753]. Naphthylsodium

was found to act as a bifunctional initiator and to give a living character to the

polymerization. The initiation reaction was proposed to consist of a desulfurization

process producing ion radicals that combine to form dithiolates [754]. In a similar

way to epoxide polymerization, Inoue experimented with success (N-methyl-

5,10,15,20-tetraphenylporphinato)zinc propanethiolate as initiator of propylene

sulfide (or methylthiirane MT) [755].

Organic initiators were also proposed. Tertiary amines such as 1,4-diazabicyclo

[2.2.2]octane (DABCO) enable the polymerization of ethylene sulfide to high molar

mass polymers through a zwitterionic mechanism [756]. In contrast, MT was only

slowly polymerized by polyamines to give low molar mass materials. Nicol

et al. described the living polymerization of MT initiated by various mono- and

dithiolates [757]. The deprotonation of the thiols was carried out by addition of a

strict stoichiometric amount of a bulky strong organic base such as 1,8-diazabicyclo

[5,4,0]undec7-ene (DBU) (Scheme 77).

Advantages of thiols are based on low pKa values ranging from 7 to 11 in water,

excluding substantially deactivation due to protonation in environments with pH


10. That allows a living character of the polymerization at not excessively basic

pH and under non-anhydrous conditions, which is different from the structurally

similar epoxide polymerization. It is possible to polymerize hydroxyl-containing

monomers such as hydroxymethyl thiirane in a living manner [758] or to work in

emulsion in water with restrictions, such as limited conversions producing poly-

mers with molar masses lower than predicted ones due to physical reasons and not

chemical [759]. On the other hand, the use of thiols is often complicated by the

presence of disulfide impurities coming from oxidation of the initiating thiol, which

results in transfer reactions [760]. Protected thiols which are deprotected right

before polymerization may be proposed. Examples are the use of thioester, which

is transformed into thiolate by the addition of sodium methanolate [761, 762] and

the ring-opening of cyclic dithiocarbonates by an amine [763].

Thanks to the livingness of the polymerization of thiiranes, di- and triblock

copolymers were prepared, marrying mainly polythiirane or poly(methylthiirane)

(PMT) with polystyrene and derivatives, poly(methyl methacrylate), polyethers,

and polydienes [762, 764–770]. A macromonomer approach was also helpful to
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Scheme 76 Structure of

cyclic sulfides polymerized
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obtain comb-like polymers with polythiirane main chains and various side chains

[771–774]. The synthesis of star-shaped PMT by polymerization with tri- and

tetrathiol initiators was also investigated [761–763, 775, 776].

The AROP of the four-membered rings family of cyclic sulfides (Scheme 76) is

much more limited. Thiethane and 3,3-dimethylthietane were polymerized to high

molar mass polymers by initiation with naphthylsodium or butyllithium

[777–780]. The polymerizations were shown to occur with carbanions as active

species instead of thiolates. The sulfur atom is attacked due to severe bond angle

distortions forced upon the atom by the geometry of the molecule.

The conversion of cyclic amines into linear polyamines is much more limited by

AROP, despite potential utilities, e.g., ion exchange chromatography or biomedi-

cine [781, 782]. The polymerization of sulfonylaziridines was only effective in the

presence of amide initiator, generated by the deprotonation of a primary sulfon-

amide (N-benzyl methanesulfonamide) by potassium bis(trimethylsilyl)amide

(KHMDS), leading to polymers with a low dispersity (Scheme 78) [783].

7.4 Cyclic Ureas and Depsipeptides

The ROP of cyclic ureas has attracted only minor interest. Dimethylene urea and

trimethylene urea can be successfully ring-open using sodium hydride as initiator

leading to polyureas [784]. But the synthesis of polyurethanes, starting from

tetramethylene urea (TeU) and cyclic carbonates, was particularly investigated by

Keul and H€ocker [785–788]. It was shown that first the cyclic carbonate polymer-

izes, and then TeU is formally inserted into the polycarbonate chain after

deprotonation of the amine by dibutylmagnesium (Bu2Mg) (Scheme 79).

Using γ-butyrolactone (γ-BL) instead of cyclic carbonates in the presence of

Bu2Mg, alternating poly(amide urethane)s were achieved [789]. The homopoly-

merizations of TeU and γ-BL were not observed. TeU reacts initially with Bu2Mg

to form the salt in which the nucleophilicity of the nitrogen is enhanced and the

reaction between activated TeU and γ-BL is made possible. Ring-opening leads to

the AB monomer. It is followed by the nucleophilic attack of the alkoxide at the

endocyclic carbonyl carbon atom, resulting in polymer after ring-opening

(Scheme 80).

Polydepsipeptides, alternated copolymers of α-hydroxy acids and α-amino

acids, belong to the poly(ester-amide) family and are interesting for their degrad-

able character. Ring-opening polymerization of morpholine-2,5-dione (MD) and its
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derivatives (Scheme 81), in the presence of stannous catalyst, is the main way to

obtain such polymers [790]. Detailed information can be found in the review of

Dijkstra [791]. AROP using potassium alkoxides was also applied to provide

polymers with limited conversions and molar masses [792]. The lack of control

may be explained by the presence of a proton on the amine. Block copolymers such

as polymorpholine-2,5-dione-b-polylactide were nevertheless prepared by a

two-step procedure for surfactants applications [793, 794].

7.5 Cyclic Phosphorus Monomers

Cyclic phosphorus monomer family gives rise to polymers of interest in particular

in biomedical field, due to biocompatibility, biodegradability, and structural simi-

larities to naturally occurring nucleic acids, or in flame retardant applications.

Lapienis reviewed recently all ring-opening polymerizations leading to polymers

containing phosphorus atoms [795]. Only few monomers are polymerized by an
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anionic route. Poly(phosphate esters) can be prepared from cyclic phosphoesters

(Scheme 82) either with alkali metal initiators [796–800] or organic initiators

(tertiary amines, TBD, or DBU) [801–805]. 5-Membered phosphoesters were by

far the most studied monomers. The presence of a substituent on the ring decreases

the polymerizability of the monomer as high polymerization temperatures are

needed to get only oligomers. 6-Membered phosphoesters are also difficult to

polymerize [799]. Fluorosubstituted phosphoesters (Scheme 82) can undergo

AROP with KOH, butyllithium, or triethylamine, in bulk at 220–270 �C, giving
rubber-like polymers, the molar mass being highly dependent on the initiator

[800]. The presence of polar agents (e.g., THF, diethyl ether, and dimethyl-

formamide (DMF)) considerably lowers the required polymerization temperature

(100 �C). The polymerization presents a living character with organic initiators,

enabling the formation of random and block copolymers [802, 803].

5-, 6-, 7-, and 8-Membered cyclic phosphonates (Scheme 83) can also undergo

anionic polymerization at high temperatures [806]. Very recently, it was shown that

DBU can perform the synthesis of poly(ethylene methylphosphonate) with an

excellent control with molar masses up to 20,000 g/mol [807]. The polymerization

Scheme 82 Cyclic phosphoesters polymerized by AROP
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of cyclic [808] or bicyclic [809] H-phosphonate was also performed with an

alkyllithium. As an example, the polymerization of 2-hydro-2-oxo-1,3,2-dioxapho-

sphorinane was achieved in bulk or in dichloromethane solution, initiated by

n-BuLi, but also EtONa and t-BuOK, at 25–45 �C, to give a high molar mass

polymer (route a, Scheme 84) [808]. Some trivalent phosphorus cyclic compounds

were also polymerized by AROP with potassium or cesium alkoxides

(no polymerization occurred with lithium or sodium) or potassium trimethylsi-

lanolate (route b, Scheme 84) [810–812]. After acetolysis, poly(2-diethylamino-

1,3,2-dioxaphosphorinane) gave the same polymer as the one obtained from

2-hydro-2-oxo-1,3,2-dioxaphosphorinane, which can be easily converted to

polyacid after oxidation.

8 Conclusion

A large variety of cyclic monomers can be polymerized by anionic ring-opening

polymerization. In spite of required rigorous experimental procedures as compared

to some other polymerization routes, some industries and academic researchers

used to play with such chemistry and already take advantages of some polymeric

structures prepared by AROP. Indeed, thanks to the recent progress in the control of

the polymerizations, functionalized polymers and copolymers (block in particular)

are now available, broadening the scope of properties and thus opening many

perspectives in various applications.

Abbreviations

18C6 1,4,7,10,13,16-Hexaoxacyclooctadecane (18-crown-6 ether)

ACE Active chain end

AGE Allyl glycidyl ether
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AROP Anionic ring-opening polymerization
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BL β-butyrolactone
γ-BL γ-butyrolactone
BO Butylene oxide

BTMC 5-Benzyloxy-trimethylene carbonate

Bu2Mg Dibutylmagnesium

i-Bu3Al Triisobutylaluminum

BuLi Butyllithium

CC Cyclic carbonate

CL ε-Caprolactone
ε-CL ε-Caprolactam
Cp Cyclopentadienyl

D3 Hexamethylcyclotrisiloxane

D4 Octamethylcyclotetrasiloxane

D5 Decamethylcyclopentasiloxane

D6 Dodecamethylcyclohexasiloxane

DABCO 1,4-Diazabicyclo[2.2.2]octane

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene

DHCM 3,4-Dihydrocoumarin

DMAE 2-(Dimethylamino)ethanol

DMAP N,N-Dimethylamino pyridine

DMF Dimethylformamide

DMO 2,2-Dimethyloxirane

DMSO Dimethylsulfoxide

DP Degree of polymerization

DTC 2,2-dimethyl trimethylene carbonate

EC Ethylene carbonate

ECH Epichlorohydrin

EEGE 2-Ethoxyethyl glycidyl ether

EO Ethylene oxide

EtONa Sodium ethoxide

EVGE Ethoxy vinyl glycidyl ether

GME Glycidyl methyl ether

GPE Glycidyl phenyl ether

GTP Group transfer polymerization

HMPA Hexamethylphosphoramide

KHMDS Potassium bis(trimethylsilyl)amide

LA Lactide

ω-LL ω-Lauryllactam
MAlBP Methylaluminum bis(2,4,6-tri-tert-butylphenolate)
MD Morpholine-2,5-dione

MLABz Benzyl-β-malolactonate

MT Methylthiirane

NHC N-heterocyclic carbene
NOct4Br Tetraoctylammonium chloride
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PA3 Polyamide 3

PA5 Polyamide 5

PA6 Polyamide 6

PA10 Polyamide 10

PA12 Polyamide 12

PBL Poly(β-butyrolactone)
PBO Poly(butylene oxide)

PC Polycarbonate

PCL Poly(ε-caprolactone)
PDMS Poly(dimethyl siloxane)

PEEGE Poly(2-ethoxyethyl glycidyl ether)

PEO Poly(ethylene oxide)

PGME Poly(glycidyl methyl ether)

PGPE Poly(glycidyl phenyl ether)

PHA Polyhydroxyalkanoate

PL β-Propiolactone
PLA Polylactide

PMMA Poly(methyl methacrylate)

PMT Polymethylthiirane

POSS Oligomeric silsesquioxane

PO Propylene oxide

PPL Poly(β-propiolactone)
PPO Poly(propylene oxide)

PPY 4-Pyrrolidinopyridine

PS Polystyrene

PTHF Polytetrahydrofuran

PTMC Poly(trimethylene carbonate)

PVL Pivalolactone (α,α-dimethyl-β-propiolactone)
PtBuGE Poly(tert-butyl glycidyl ether)
RIM Reaction injection molding

ROP Ring-opening polymerization

RTM Resin transfer molding

TBD 1,5,7-Triazabicyclo[4.4.0]dec-5-ene

t-BuGE tert-butyl glycidyl ether
t-BuOK Potassium tert-butoxide
tBuP1 N0-tert-butyl-N,N,N0,N0,N00,N00-hexamethylphosphorimidic triamide

tBuP2 1-tert-Butyl-2,2,4,4,4-pentakis(dimethylamino)-2λ5,4λ5-catenadi
(phosphazene)

tBuP4 1-tert-Butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)-

phosphoranylidenamino]-2-λ5,4-λ5-catenadi (phosphazene)
(phosphazene base)

TeMC Tetramethylene carbonate

TeU Tetramethylene urea

THF Tetrahydrofuran
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TMC Trimethylene carbonate

TPPAlCl α,β,γ,δ-Tetraphenylporphyrin aluminum chloride

δ-VL δ-Valerolactone
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du sulfure d’éthylène. CR Acad Sci 254:2774–2776

753. Sigwalt P, Spassky N (1984) In: Ivin J, Saegusa T (eds) Ring-opening polymerization.

Elsevier, London, p 603

754. Favier JC, Boileau S, Sigwalt P (1968) Kinetics of anionic polymerization of propylene

sulfide in tetrahydrofuran.i. Bifunctional polymers with a sodium counter-ion at �30 �C. Eur
Polym J 4:3–12

755. Aida T, Kawaguchi K, Inoue S (1990) Zinc N-substituted porphyrins as novel initiators for

the living and immortal polymerizations of episulfide. Macromolecules 23:3887–3892

756. Morgan DR, Williams GT, Wragg RT (1970) Polyamines as polymerization catalysts for

alkylene sulphide. Eur Polym J 6:309–317

757. Nicol E, Bonnans-Plaisance C, Levesque G (1999) A new initiator system for the living

thiiranes ring-opening polymerization: a way toward star-shaped polythiiranes. Macromole-

cules 32:4485–4487

758. Bonnans-Plaisance C, Levesque G (1989) Homo- and copolymerization of unprotected

2-(hydroxymethyl)thiirane initiated by quaternary ammonium salts of dithiocarboxylic

acids. Macromolecules 22:2020–2023

759. Rehor A, Tirelli N, Hubbell JA (2002) A new living emulsion polymerization mechanism:

episulfide anionic polymerization. Macromolecules 35:8688–8693

760. Kilcher G, Wang L, Tirelli N (2008) Role of thiol-disulfide polymerization exchange in

episulfide polymerization. J Polym Sci A Polym Chem 46:2233–2249

761. Napoli A, Tirelli N, Kilcher G, Hubbell JA (2001) New synthetic methodologies for amphi-

philic multiblock copolymers of ethylene glycol and propylene sulfide. Macromolecules

34:8913–8917

762. Wang L, Kilcher G, Tirelli N (2007) Synthesis and properties of amphiphilic star

polysulfides. Macromol Biosci 7:987–998

763. Suzuki A, Nagai D, Ochiai B, Endo T (2004) Star-shaped polymer synthesis by anionic

polymerization of propylene sulfide based on trifunctional initiator derived from trifunctional

five-membered cyclic dithiocarbonate. Macromolecules 37:8823–8824

764. Boileau S, Sigwalt P (1965) Copolymères séquencés �a partir des épisulfures. CR Acad Sci
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of Polypeptides and Polypeptide-Based
Hybrid Materials with Various Molecular
Architectures
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Abstract Different synthetic approaches utilizing ring-opening polymerization of

N-carboxyanhydrides for preparation of polypeptide and polypeptide-based hybrid

materials with various molecular architectures are described. An overview of

polymerization mechanisms using conventional (various amines) as well as some

recently developed initiators (hexamethyldisilazane, N-heterocyclic persistent

carbenes, etc.) is presented, and their benefits and drawbacks for preparation of

polypeptides with well-defined chain lengths and chain-end functionality are

discussed. Recent examples from literature are used to illustrate different possibil-

ities for synthesis of pure polypeptide materials with different molecular architec-

tures bearing various functional groups, which are introduced either by

modification of amino acids, before they are transformed into corresponding N-
carboxyanhydrides, or by post-polymerization modifications using protective

groups and/or orthogonal functional groups. Different approaches for preparation

of polypeptide-based hybrid materials are discussed as well using examples from

recent literature. Syntheses of simple block copolymers or copolymers with more

complex molecular architectures (graft and star copolymers) as well as modifica-

tions of nanoparticles and other surfaces with polypeptides are described.
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1 Introduction

Polypeptide materials are of great interest due to the very broad functionalities that

can be introduced into polypeptide chain as well as due to their ability to form

different secondary structures (α-helix, β-sheets, etc.), which play a very important

role in their self-assembly and have thus consequently a very significant effect on

their chemical and mechanical properties. Recent developments in the field of

polypeptide synthesis by ring-opening polymerization (ROP) of α-amino acid N-
carboxyanhydrides (NCA) enabled us preparation of well-defined polypeptides

with different molecular architectures. When polypeptides are combined with

other polymers, hybrid materials are prepared, which combine the functionality

and ability of self-organization of polypeptides with properties of more conven-

tional polymers, this expanding the possible applications even further. Recently,

there have been a number of excellent reviews published on the synthetic poly-

peptides and polypeptoids prepared by ROP of NCA and their potential applications

focusing mainly on the mechanisms and synthesis of complex macromolecular

architectures [1, 2], biomedical applications [3, 4], stimuli responsive polypeptides

[5] and their self-assembly [6], or polypeptoids [7]. In this work we will present a

general overview of a very fast developing field of synthetic polypeptides with

regard to the mechanism of polymerization using different conventional as well as

some more recently developed initiators for preparation of polypeptides with well-

defined chain lengths and chain-end functionality. Using examples from recent

literature, different possibilities for synthesis of pure polypeptide materials as well

as polypeptide-based hybrid materials with different molecular architectures are

described.

2 Polymerization Mechanisms

Due to the structure of the NCA molecule, bearing multiple possible sites for either

nucleophilic or electrophilic attack (Fig. 1), there are several possible initiating

systems that can be used for the ROP of NCAs, each following their own mecha-

nism having various advantages as well as disadvantages.

High reactivity of the NCA monomers comes hand in hand with the necessity to

have them as pure as possible, so that we are able to prepare well-defined poly-

peptides and avoid a large number of possible side reactions. In most cases,

repeated crystallization is enough to obtain pure solid NCAs. On the other hand,

oily NCAs can be purified by washing the reaction mixture with water and sodium

bicarbonate [8]. Washing also proved efficient in cases where acid scavengers

(triethylamine) had to be used with acid-labile protective groups on the amino

acid [9]. However, washing has to be done at low temperature to avoid hydrolysis of

NCAs, and water has to be completely removed afterwards since it can act as

initiator as well. Another option for purification of NCAs is flash column
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chromatography on silica. This procedure is especially useful for the preparation of

highly functional and low-melting NCAs that are difficult to crystallize. However,

it has to be done under anhydrous conditions in a glove box [10]. To ensure not only

high purity of all reagents involved but also maintain the necessary conditions for

the living polymerization of NCAs, high-vacuum technique for purification of the

NCAs by crystallization and subsequent polymerization was developed [11]. The

NCA monomer was introduced into a glass apparatus specially designed for

crystallization (Fig. 2), which was then attached to the high-vacuum line. High

molecular weight homopolypeptides with very low dispersities were obtained using

primary amine initiators, and the livingness of the chains was confirmed by

subsequent addition of other monomers to make diblock and triblock copolymer,

which also had very low dispersities and expected molecular weights. The living-

ness of the polypeptides under high-vacuum conditions can be preserved indefi-

nitely, thus making possible the use of linking chemistry for the synthesis of a wide

variety of macromolecular architectures. The high-vacuum technique for purifica-

tion of NCAs and subsequent polymerization was shown to be very effective for

preparation of highly reactive NCAs, e.g., L-prolin and well-defined poly(L-prolin)

homopolypeptides as well as diblock and triblock hybrids with PEO, where poly

(L-prolin) forms a hydrophilic helix independent of pH and temperature within the

physiological range [12].

The most commonly used initiators for the NCA polymerization are primary

amines, which follow the normal amine mechanism (NAM) of polymerization. The

amino group attacks the carbonyl atom at position 5, which is followed by the

opening of the ring, yielding a peptide bond and carbamic acid. Carbamic acid then

undergoes decarboxylation to give a free primary amino group, which acts as a new

initiator, thus enabling the chain growth (Fig. 3) [13, 14]. Other nonionic initiators

like secondary amines, alcohols, water, etc., can follow the same mechanism, as

long as they have a labile proton bound to the nucleophilic center.

If instead of a nucleophilic amine, we use a nonprotic base such as triethylamine,

it will deprotonate the NCA by taking away the proton at the 3-N. This creates an

NCA anion which then acts as an initiator, so this mechanism is called activated

monomer mechanism (AMM) [15]. Since a proton is required at the position 3-N,

this mechanism only works for N-unsubstituted NCAs. The NCA anion attacks the

5-carbonyl group of another NCA molecule opening the ring. The carbamate anion

N
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Electrophilic centers 

Nucleophilic centers 

5
4 3

21

H

Fig. 1 NCA with possible

reaction centers shown
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then deprotonates a new NCA which forms an NCA anion, while the carbamic acid

decarboxylates to give an amino group. The formed dimer now has two reactive

centers capable of propagation. The new NCA anion can attack the 5-carbonyl

group of the dimer, and a new carbamate is formed which deprotonates another

NCA so it can decarboxylate, thus regenerating the NCA anion needed for propa-

gation, which can however still act as a new initiator thus leading to poorly

controlled polymerization. On the other side, the amino group can react with

NCA to propagate via NAM (Fig. 4). Since most nucleophiles can act as a base,

Fig. 2 Apparatus used for purification of NCAs by high-vacuum technique (Reprinted with

permission from Aliferis et al. [11]. Copyright 2004 American Chemical Society)
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both NAM and AMM can coexist. This is especially true for sterically hindered

secondary amines, which are stronger bases than the primary amines, and can

deprotonate the NCA while still having the proton on the nucleophile so they can

undergo the NAM.

To avoid the AMM when using primary amines, use of primary amine salts was

proposed. The amine salt can neither initiate nor propagate the polymerization;

however, at high temperatures the exchange between the free amino group (active)

and protonated one (dormant) becomes faster, making it possible for the NCA to

polymerize. The constant presence of protons in the reaction mixture ensures that the

NCA stays protonated thus avoiding the AMM. Dimitrov and Schlaad [16] have used

a polystyrene macroinitiator with primary amine hydrochloride end group as an

initiator. The polymerization was run at 40–80 �C for 3 days. Polypeptides with

significantly narrower molecular weight distributions were obtained as compared to

polypeptide initiated by primary amine macroinitiator. Since chloride anion is known

to be able to initiate the polymerization of NCA, a primary amine salt with a

non-nucleophilic anion was used by Vicent et al. [17]. They have prepared a series

of primary amine tetrafluoroborate salts (R-NH3
+ BF4

�) and tested them as initiators.

They have managed to control the molecular weight of polymers up to a degree of

polymerization of about 800 without the use of complex initiators or a demanding

experimental setup. The derived polymers had low dispersities, below 1.2.

A special case of secondary amine used for the controlled polymerization of

NCA was hexamethyldisilazane (HDMS) [18]. It was expected that HDMS, as a

secondary amine with two bulky groups, will react by the AMM; however, it turns

out that it follows a unique mechanism. HMDS, as expected, first deprotonates the

NCA; however, a trimethylsilyl (TMS) group gets transferred to 2-CO from

HMDS, and an intermediate is formed, which is rapidly attacked by the in situ-

generated TMS amine causing ring to open, thus forming a TMS carbamate. The

polypeptide chain then propagates through the transfer of the TMS group from the

terminal TMS carbamate to the incoming monomer to form a new TMS carbamate

terminal propagating group (Fig. 5). This mechanism is similar to the group transfer
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polymerizations of acrylic monomers initiated by similar organosilicon com-

pounds. Using HDMS polymerizations proceeded smoothly to yield PBLGs with

good control over molecular weight and molecular weight distributions. Other N-
TMS amines can be used as initiators as well, enabling functionalization at the

C-terminus [19].

Deming [20–22] moved away from the amine-based initiators and developed a

new class of initiators for NCA polymerization based on transition metal complexes

of cobalt and nickel. By using the zerovalent nickel or cobalt complexes with the

right ligands (2,20-bipyridyl (bipy), 1,5-cyclooctadiene (COD), and trimethyl-

phosphine (PMe3), he was able to prepare well-defined polypeptides. In the pro-

posed mechanism [23], the metal reacts with the NCA by oxidative addition to the

anhydride group, forming a metallacyclic complex, which reacts with another NCA

to give a 6-membered cyclic intermediate. This intermediate upon further reaction

with NCA followed by a ring contraction produce a 5-membered amido-amidate

metallacycle, which is the active polymerization intermediate, through which the

polymerization then proceeds (Fig. 6). The obtained polypeptides had narrow

molecular weight distributions (ÐM< 1.3), and good control over the molecular

weight was achieved. However, this type of initiators does not work for the

polymerization of N-substituted NCAs.

Besides cobalt and nickel, a number of other transition elements have proven to

be efficient initiators for NCA polymerization, including platinum, where it was

again shown that the choice of the right chelating groups plays the most important

role in the activity of the metal complex [24]. It also determines the efficiency of the

metal complex to keep the NCA polymerization living and to give polypeptides

with narrow molecular weight distributions.

Recently, N-heterocyclic persistent carbenes (NHC) have been successfully used
as initiators for polymerization of N-substituted NCAs to synthesize poly(α-
peptoid)s [25]. This mechanism does not work for N-unsubstituted NCAs, since

imidazolium-based persistent carbenes are not only good nucleophiles but are a

strong base as well, easily deprotonating the N-unsubstituted NCAs. They are

actually capable of deprotonating the methylene group of the monomer, which

leads by yet unknown mechanism to the formation of a proposed Münchnone

zwitterion-initiating species. This species is supposed to have an exocyclic carba-

mate group from which subsequent monomer addition may occur (Fig. 7a).

NHC-mediated ring-opening polymerization can proceed through another
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mechanism, where after the attack of the carbene and ring opening of the NCA, a

zwitterionic intermediate is formed that transforms into spirocyclic product, which

upon treatment with NaN(TMS)2, is turned into a free cyclic poly(α-peptoid)
(Fig. 7b) [26]. The control over the polymer molecular weight strongly depends

on the solvents and the NHC structure, since only low molecular weight polymers

were obtained regardless of the initial monomer/initiator ratio when N,N-dimethyl-

formamide was used. However, in tetrahydrofuran or toluene, very low dispersities

were obtained (ÐM< 1.12) even for high molecular weights with good control over

the molecular weight. In solvents with low dielectric constant, zwitterionic inter-

mediate species maintain cyclic architectures with two chain ends in close contact
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through Coulombic interaction, which significantly suppresses the side reactions.

The livingness of the system was tested with chain-extension experiment, and an

increase of polymer molecular weight was observed with no low molecular weight

species formed [25].

3 Polypeptide Materials with Various Molecular
Architectures

Due to the large selection of possible amino acids and their readiness for further

modifications, various different NCA monomers were successfully polymerized. A

broad selection of protective groups for the side chains have been used that enable

selective deprotection and post-polymerization modifications to afford polypep-

tides with desired functionality. A high grafting efficiency can usually be achieved,

especially in the case of polypeptides that form α-helix since it can reduce steric

hindrance and result in increased accessibility of the side chains for reaction

[27]. Another method is to modify the amino acid prior to the cyclization to prepare

the NCAs. Completely modified polypeptides can be prepared this way; however,

complex substituents often require exotic protective groups and/or reaction condi-

tions to survive the formation of the NCA as well as purification can be significantly

harder, especially if the substituted NCAs do not crystallize.

Preparation of various well-defined biomimetic analogs shows a lot of promise

for biomedical applications. Glycopolypeptides were so prepared by a transforma-

tion of ε-amino group on lysine to azido group using a diazotransfer reagent

imidazole-1-sulfonyl-azide · HCl [28]. Modified amino acid was then cyclized to

NCA, and homo- and copolymers with Cbz-lysine using (PMe3)4Co initiator were

prepared with narrow molecular weight distributions (Fig. 8). The azido functional

polypeptides were then readily modified with alkyne functional glycoside by

copper-catalyzed azide�alkyne cycloaddition to afford glycopolypeptides.

Formation of various secondary structures (α-helix, β-sheets, etc.) of the poly-

peptide chains plays a very important role in their self-assembly and have conse-

quently a very significant effect on their chemical and mechanical properties.

Hammond et al. [29] developed a set of hydrogels based on poly(-

γ-propargylglutamate). Homopolymer was then grafted with diethylene glycol

using copper-catalyzed azide–alkyne cycloaddition. Diethylene glycol grafted

poly(γ-propargylglutamate) with only L-amino acids exists in predominantly

α-helix conformation, while polypeptides prepared from a racemic mixture of

amino acids adopt random coil conformation. To prepare the hydrogels, hydroxyl

groups of diethylene glycol grafted to poly(γ-propargylglutamate) were reacted

with 4-(maleimido)phenyl-isocyanate to transform them to maleimide functional-

ity, followed by cross-linking with a thiol-functionalized poly(ethylene oxide)

(PEO) star (Fig. 9). Both hydrogels with either helical or coil polypeptides

exhibited similar swelling and permeability, but dramatically different stiffness

due to rigidity of the polypeptide backbone.
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Glycopolypeptides were also prepared by Gupta et al. [30]; however, instead of

post-polymerization modification, they have attached protected galactose, man-

nose, or lactose to L-lysine, which was then transformed to NCA, polymerized,

and finally deprotected to afford water-soluble glycopolypeptides. Glycopoly-

peptides prepared from purely L-lysine-modified amino acid adopt an α-helix
conformation in water, while glycopolypeptide prepared from racemic mixture of

lysine showed no helicity. A self-assembly of such glycopolypeptides was studied

and prepared by azide–amine-terminated bifunctional oligopeptide PEO to which a

hydrophobic dendron of different generations were attached by copper-catalyzed

azide–alkyne cycloaddition. The self-assembly was found to depend not only upon
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generation of the dendron and the length of the glycopeptide segment, but on extent

of helicity of the polypeptide backbone as well. A range of one-dimensional to

three-dimensional topologies were thus prepared (Fig. 10) [31].

Similarly, Gupta et al. [32] have prepared phosphopolypeptides by attaching a

diethylphosphate or diethylphosphonate to L-cysteine thiol group by thiol–ene

click reaction. A bifunctional alkyne–amine initiator was used for polymerization

of phosphate containing NCAs (Fig. 11). Obtained molecular weights were close to

the expected ones, and dispersities below 1.12 were achieved. An azide-functional

PEO was then attached to the polypeptides by copper-catalyzed azide�alkyne

cycloaddition to afford block copolymers. To make the polypeptides water soluble,

the phosphoester groups had to be deprotected. Iodotrimethylsilane was used

successfully for deprotection of phosphonate esters; however, in the case of phos-

phate ester, partial removal of the phosphorus from the polymer chain was

unavoidable.

Chan-Park et al. [33] have prepared a series of random co- and terpolymers by

polymerization of lysine NCA as hydrophilic and alanine, phenylalanine, or leucine

NCAs as hydrophobic amino acids. Ni(COD)2 was used as initiator, and number-

average molecular weight of the peptides from around 5 to 35 kDa and narrow

molecular weight dispersities of 1.1–1.3 were obtained. The hydrophobic amino

acid content was varied from 0 to 100 %. Poly(lysine-ran-phenylalanine) and poly

(lysine-ran-phenylalanine-ran-leucine) showed the best antimicrobial properties

and even lower minimum inhibitory concentrations than values of many naturally

occurring antimicrobial peptides. Optimal antimicrobial activity was achieved

when the polypeptide was 25 units long with 60 % hydrophobic amino acid content.

No distinct α-helix, β-sheet, or random coil structures were evident in all the

peptides indicating that the lack of a distinct secondary structure in poly(lysine-

ran-phenylalanine-ran-leucine) and poly(lysine-ran-phenylalanine) did not com-

promise the peptides’ antimicrobial activity.

Micelles Nanorods

GP16-G2

Glycopolypeptide (GP)n-Dendron (Gx)

GP28-G2

Fig. 10 Self-assembly of a hydrophilic glycopolypeptide chains with a wedge-like hydrophobic

dendron attached to one end stiff (Reprinted with permission from Pati et al. [31]. Copyright 2012

American Chemical Society)
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Floudas et al. [34] prepared two types of poly(γ-benzyl-L-glutamate) (PBLG)

diblock copolypeptides with either poly(L-leucine) (PLEU) or poly(O-benzyl-L-
tyrosine) (POBT) as the second block. NCAs were purified by high-vacuum

technique and polymerization was done using n-hexylamine as initiator. The first

copolymer consists of two blocks that both form α-helix secondary structure, while
the POBT block in the second copolymer forms β-strands. After the self-assembly

of the diblock copolypeptides, it turns out that the nanoscale confinement in the

copolymers preserves the main secondary motifs but affects their folding and lateral

packing: β-pleated sheets are multiple folded, whereas the PBLG and PLEU

α-helices are defected and of limited lateral coherence (Fig. 12).

The self-assembly of a diblock copolymer was studied for the case of poly

(γ-benzyl-L-glutamate)-b-polyalanine as well. Block copolymers were prepared

under high vacuum using n-hexylamine as initiator. Floudas et al. [35] discovered

that although pure polyalanine (PAla) stabilizes both α-helices and β-sheets, in the
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Fig. 12 Schematic representation of the self-assembly in the diblock copolypeptides showing

PBLG α-helices that are hexagonally packed and relatively disordered α-helices within the PLEU

domain or multiple-folded β-pleated sheets of POBT (Reprinted from Mondeshki

et al. [34]. Copyright (2011), with permission from Elsevier)
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copolypeptides the latter motif is suppressed due to the strong effects of the

thermodynamic field on the peptide secondary structures (Fig. 13), indicating that

the PAla β-sheets are less stable than α-helices and hence more prone to the

thermodynamic restrictions imposed by the copolymers.

Cyclic block poly(α-peptoid)s were prepared by copolymerization of N-methyl

and N-decyl-N-carboxyanhydride monomers by NHC-mediated ring-opening poly-

merization (Fig. 14) [36]. They have shown that adjusting the initial monomer to

NHC molar ratio can readily control the block copolymer chain length and com-

position. A series of amphiphilic cyclic diblock copolypeptoids were thus prepared

with variable molecular weight and composition that self-assemble into spherical

micelles which reorganize into micrometer-long cylindrical micelles with uniform

diameter in room temperature methanol. To prepare cyclic poly(α-peptoid)s that
adopt helical conformations, a monomer with chiral side group, (S)/(R)-N-
phenylethyl N-carboxyanhydrides, was polymerized by N-heterocyclic carbene-

mediated ring-opening polymerization [37]. Polymers with the degree of polymer-

ization up to 95 and low ÐM< 1.10 were obtained; however, attempts to synthesize

the polymers of higher molecular weight were unsuccessful.

Fig. 13 Schematic representation of the diblock copolymer self-assembly showing PBLG and

PAla α-helices that are hexagonally packed (Reprinted with permission from Mondeshki

et al. [35]. Copyright 2008 American Chemical Society)
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Fig. 14 Synthesis of amphiphilic cyclic diblock copolypeptoids by N-heterocyclic carbene-

mediated ring-opening polymerization
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Three-arm star homopolymers and diblock copolymers of γ-benzyl-L-glutamate

and ε-benzyloxycarbonyl-L-lysine were prepared by Hadjichristidis et al. [38]. The
homopolymers and block copolymers were first prepared under high vacuum using

n-hexylamine as initiator. The star copolymers were prepared by linking the living

homo- and block copolypeptides carrying amine end groups with triphenylmeth-

ane-4,40,400-triisocyanate core (Fig. 15) using high-vacuum technique. For the

efficient linking reaction, an excess of the arms was used, which were removed

by the salting-out technique to afford pure stars as confirmed by SEC and mem-

brane osmometry showing very narrow molecular weight distribution. Floudas

et al. [39] discovered that the chain topology has a very strong influence on the

self-assembly of complex copolypeptides. In the diblock copolymers, a lamellar

nanostructures were found composed of poly(ε-benzyloxycarbonyl-L-lysine) PZLL
and PBLG domains both consisting of α-helical segments that were hexagonally

packed. The star topology on the other hand results in mixing of the PBLG and

PZLL blocks, which still form α-helices, however, with a smaller persistence

length, which are packed in a pseudohexagonal lattice (Fig. 15).

Liu et al. [40] reported on the synthesis of well-defined AB2 miktoarm polypep-

tide stars. First, they have polymerized ε-benzyloxycarbonyl-L-lysine from a

CH3(CH2)4CH2

H
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Fig. 15 Synthesis of three-arm star diblock copolymers of γ-benzyl-L-glutamate and

ε-benzyloxycarbonyl-L-lysine (left) (Reprinted with permission from Aliferis

et al. [38]. Copyright © 2005 Wiley Periodicals, Inc.) and a schematic representation of their

self-assembly as compared to the diblock copolymers (right) (Reprinted with permission from

Gitsas et al. [39]. Copyright 2008 American Chemical Society)
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trifunctional initiator, which had one amino group and two alkyne groups and

γ-benzyl-L-glutamate NCA from azide–amine difunctional initiator. Coupling of

both homopolymers was achieved by copper-catalyzed cycloaddition reaction, and

the excess azide-terminated homopolymer was removed by reaction with alkynyl-

functionalized Wang resin. Purified miktoarm star copolymer had ÐM of 1.13;

however, molecular weights determined by relative SEC with polystyrene stan-

dards were about three times overestimated when compared to the molecular

weights determined by NMR. The deprotection of both protective groups was

achieved by a one-pot acid hydrolysis to give a pH-responsive Y-shaped miktoarm

star polypeptide copolymer (Fig. 16), which self-assemble into poly(L-glutamic

acid) (PLGA)-core micelles at acidic pH and poly(L-lysine) (PLL)-core micelles at

alkaline pH, accompanied with the coil-to-helix transition of PLGA and PLL

sequences, respectively.

Heise et al. [41] prepared a series of star polypeptides based on poly(L-glutamic

acid) using polypropylene imine dendrimers of various generations as initiators

with a maximum number of arms from 8 to 64. By changing the dendrimer

generation as well as the ratio of NCA/amino groups, they were able to prepare a

broad range of different star polypeptides (Fig. 17). However, no details about the

initiation efficiency were presented to show how many polypeptide arms there

really are per dendrimer. SEC traces showed a lower molecular weight shoulder

indicating a formation of linear homopolymer through activated monomer mecha-

nism due to the tertiary amines in the dendrimer core. Star copolymers have been

tested as drug delivery systems by using rhodamine B, and successful enzyme-

responsive release was achieved. The same types of stars have been prepared with

poly(L-lysine) to afford cationic star polymers which were tested as gene delivery

vectors [42]. The complexation of siRNA as well as transfection of pDNA with

star-shaped poly(L-lysine) was greatly superior as compared to linear poly

(L-lysine).

Qiao et al. [43] prepared core cross-linked star polypeptides by sequential

polymerization of NCAs with di-NCA L-cystine that acts as a cross-linker.

γ-Benzyl-L-glutamate or ε-benzyloxycarbonyl-L-lysine was first polymerized
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using HDMS as initiator to prepare the arms, which was followed by the addition of

L-cystine to afford core cross-linked stars (Fig. 18). The optimum cystine NCA/arm

ratio for star formation was found to be highly dependent on the arm molecular

weight. To obtain good stars, the ratio of cystine NCA to arms had to be controlled

since higher ratios led to star–star coupling and gelation. The unreacted NCA

groups in the core after the star formation were reacted with various amines bearing

different functionalities for core functionalization. Deprotection of the arms

afforded water-soluble core cross-linked stars, while reduction of the disulfide

bonds with dithiothreitol (DTT) caused degradation of the stars to afford poly
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(ε-benzyloxycarbonyl-L-lysine-b-L-cysteine), which after exposure to oxygen

formed organogels due to the random reformation of disulfide bonds.

4 Polypeptide-Based Hybrid Materials with Various
Molecular Architectures

Polypeptides have been prepared in combination with various other polymers with

either simple block structure or more complex molecular architectures to give rise

to a number of new hybrid materials. The combination of highly self-organized

polypeptide chains with other polymer chains with unique intrinsic properties led to

a development of new materials with unprecedented properties that show a great

potential in biomedical applications as well as other fields.

Block copolymer hybrid materials are usually prepared by using the first block

with an amino end group as a macroinitiator for ROP of NCAs. An amine-

Fig. 18 Synthesis of core cross-linked polypeptide stars (Reproduced from Sulistio et al. [43]

with permission of The Royal Society of Chemistry)
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terminated PEO was used as a macroinitiator to prepare diblock PEO-poly(-

β-benzyl-L-aspartate) copolymers, which were then coupled through amide bond

formation, with N,N0-carbonyldiimidazole as coupling reagent, to eight pending

carboxyl groups of the polyhedral oligomeric silsesquioxanes as a core to give star-

shaped amphiphilic block copolymers, which self-assembled into micelles in aque-

ous medium [44]. Low dispersities (ÐM< 1.16) were reported for the block copol-

ymer; however, dispersities increased to 1.35–1.38 after the coupling to the core,

indicating that coupling was not 100 % efficient. Micelles showed some potential as

carriers for anticancer drug delivery.

An amine-terminated PEO was also used as a macroinitiator to prepare diblock

copolymers with diethylene glycol-L-glutamate [45]. The second block shows

thermoresponsive properties and adopts primarily helical conformation. The

diblock copolymer upon increasing the temperature forms wormlike micelles, in

which the poly(diethylene glycol-L-glutamate) formed the micelle core and

maintained helical conformation. After prolonged thermal annealing, the helical

conformation transforms to a β-sheet, which causes a rearrangement from wormlike

micelles to nanoribbons, which is an irreversible process (Fig. 19).

Diethylene glycol-L-glutamate was used for preparation of star polypeptides as

well [46]. Tetra(amine) compound with a disulfide bond was used as initiator core.

The star polypeptides could self-assemble into micelles as well as hydrogels, which

were reduction- and thermosensitive. The addition of DTT leads to a decrease of the

size of the micelles due to the reduction of the disulfide bonds creating linear

polypeptide chains with half the molecular weight instead of stars. The micelles

exhibited LCST of about 40 �C which at higher temperatures leads to shrinking of

the micelles as well (Fig. 20). Such a material shows great potential for triggered

drug-release properties useful for on-demand drug delivery.

Chang et al. [47] prepared linear and comb-like terpolymers using amino-end-

group functional PEO as macroinitiator for ROP to first prepare block copolymers

with either poly(L-phenylalanine) or poly(L-serine) prepared from O-(tert-butyl)-
L-serine NCA. Chain extension by polymerization of D,L-lactide in melt using Sn

Fig. 19 Schematic representation of thermally induced self-assembly of PEO-b-poly(diethylene
glycol-L-glutamate) copolymers (Reprinted with permission from Shen et al. [45]. Copyright 2013

American Chemical Society)
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(Oct)2 afforded a linear terpolymer from block copolymer with poly

(L-phenylalanine) and comb-like terpolymers when block copolymer with poly

(L-serine) was used due to the hydroxyl group on each repeating unit of the poly

(L-serine). Molecular weights were only determined from NMR, so no information

on the dispersity was given. They have also prepared nanoparticles of the terpoly-

mers by an emulsion-solvent evaporation method (Fig. 21).

Cheng et al. [48] prepared a series of PEO-cationic helical polypeptide copoly-

mers with architectures ranging from diblock and triblock to 8-star and graft

copolymers. Polymerization of γ-4-((2-(piperidin-1-yl)ethyl)aminomethyl)benzyl-

L-glutamate was done using HDMS as initiator, while copolymers were obtained

using mono-, di-, or 8-arm star PEO as initiator (Fig. 22), affording polymers with

expected molecular weight and ÐM in range of 1.2, except for the star copolymer

where obtained dispersity was a little higher. Polymers were tested for gene

delivery, and diblock and triblock copolymers exhibited lower membrane activity

and cytotoxicity and uncompromised gene transfection efficiencies compared to the
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non-PEGylated homopolymer. Star copolymer displayed the highest membrane

activity yet relatively low cytotoxicity.

After the polymerization of the first polymer block for hybrid materials, it is

often necessary to prepare the macroinitiator by end-group transformation or

deprotection reactions to afford the necessary amino functionality for ROP of

NCAs. Diblock copolymers of highly branched polyethylene and γ-benzyl-L-glu-
tamate were successfully prepared in this way. First, a highly branched polyethyl-

ene macroinitiator was synthesized by living polymerization of ethylene using an

amine–imine nickel catalyst and a ZnEt2 transfer agent. Hydroxyl end group was

then transformed into amino group by end-capping reaction with Boc-protected

valine. Such macroinitiator was then used for ROP of NCA (Fig. 23). ÐM of

polyethylene macroinitiator was below 1.04; however, they were unable to deter-

mine the molecular weight characteristics of the diblock copolymer by size-

exclusion chromatography. The diblock copolymer can form thermoreversible

gels by self-assembled nanoribbons in toluene [49].

Fig. 21 Schematic representation of the PEO/polypeptide/poly(D,L-lactide) nanoparticle (right)
and FE-SEM image of freeze-dried nanoparticles (left) (Reprinted with permission from Lee

et al. [47]. Copyright © 2011 Wiley Periodicals, Inc.)
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Polypeptide hybrid materials were prepared with poly(n-butyl acrylate), poly-
styrene, and poly(N-isopropyl acrylamide) as well, which were prepared by revers-

ible addition–fragmentation chain transfer (RAFT) polymerization using

bifunctional RAFT chain transfer agent with a phthalimide-protected amino

group to afford well-defined polymers (ÐM< 1.1) [50]. The trithiocarbonate

group was first cleaved of with aminoethanol to form a thiolactone in the case of

poly(n-butyl acrylate) or by simultaneous aminolysis/thiol–ene reaction with

hydroxyethylacrylate for polystyrene and poly(N-isopropyl acrylamide). Effective

cleavage of the trithiocarbonate group was essential since it can react with the

amino groups. After purification, the phthalimide group was deprotected to afford

amino-end-group functional macroinitiators, which were used for polymerization

of γ-benzyl-L-glutamate or ε-benzyloxycarbonyl-L-lysine NCAs (Fig. 24). Block

copolymers with expected molecular weight and lowÐM (<1.1) were obtained with

poly(n-butyl acrylate) and polystyrene; however, in the case of poly(N-isopropyl
acrylamide), a low molecular weight shoulder was observed indicating the presence

of some starting material.

McCormick et al. [51] on the other hand used monofunctional RAFT chain

transfer agent to polymerize the N-(2-hydroxypropyl)methacrylamide and

transformed the trithiocarbonate end group by simultaneous aminolysis and

thiol�ene Michael addition with N-(3-aminopropyl)methacrylamide to afford an

amino-end-group functional macroinitiator. A chain extension was accomplished

via ROP of γ-benzyl-L-glutamate NCA to afford block copolymers with different

lengths and low dispersities (<1.2) (Fig. 25). The poly(L-glutamic acid) block

shows a pH-responsive coil-to-helix transitions.
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Fig. 24 Schematic representation of polypeptide hybrid materials synthesis using bifunctional

RAFT agent (Reprinted with permission from Jacobs et al. [50]. Copyright © 2013 WILEY-VCH
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Faust et al. [52] prepared ABA triblock copolymers by polymerization of

γ-benzyl-L-glutamate NCA from α,ω-primary amino-functional polyisobutylene.

Polyisobutylene was prepared by cationic polymerization from a difunctional

initiator, and the living cations were transformed to α,ω-chloroallyl polyisobutylene
by reaction with 1,3-butadiene in hexanes/methylchloride. Nucleophilic substitu-

tion using phthalimide afforded after deprotection the α,ω-amino polyisobutylene,

which was used for ammonium-mediated polymerization of γ-benzyl-L-glutamate

NCA to obtain well-defined ABA copolymer with low ÐM (1.12) and molecular

weights of about 5 kDa (Fig. 26). They have also performed a chain-extension

experiment with 4,40-methylene-bis(phenyldiisocyanate) to obtain (ABA)n
multiblock copolymers; however, while they did obtain higher molecular weights,

the ÐM increased to 2.80 with significant amount of what appeared to be unreacted

ABA triblock copolymer as seen from SEC chromatogram.

Polypeptide-based amphiphilic graft terpolymers containing both hydrophilic

PEO and hydrophobic poly(γ-benzyl-L-glutamate) attached to the acrylate back-

bone were synthesized by Huang et al. [53]. The pegylated backbone was first

prepared by single-electron transfer-living radical polymerization (SET-LRP) of

pegylated acrylic acid. The graft copolymer was then treated with lithium diisopro-

pylamide followed by 2-bromoisobutyryl bromide to introduce bromide functional

groups to the backbone, which were first transformed into azide groups by a

nucleophilic substitution and then reduced to afford an amine-functionalized

macroinitiator. The macroinitiator, with about 30 % of amino groups per repeating

units, was then used for grafting from polymerization of γ-benzyl-L-glutamate

NCA (Fig. 27). The macroinitiator had a very narrow molecular weight distribution

(ÐM¼ 1.03), which increased after grafting to ÐM< 1.21 for the terpolymer.

Amphiphilic graft terpolymers self-assembled into various micellar, which
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morphologies depended on the initial water content, composition of the organic

cosolvent, and length of the poly(γ-benzyl-L-glutamate) side chains.

Karatzas et al. [54] used unique features of anionic polymerization and the

possibilities offered for the synthesis of end- or in-chain amino-functionalized

polymers as well as of the living nature of the ROP of NCAs under high-vacuum

conditions to prepare a variety of well-defined miktoarm star hybrids – macromo-

lecular chimeras. The following structures were prepared: (PS)(PI)(PBLG or

PBLL) (3 μ-stars), (PS)2[P(α-MeS)](PBLG or PBLL), and (PS)2(PBLG or

PBLL)2 (4 μ-stars), where PS is polystyrene, PI is polyisoprene, P(α-MeS) is poly

(α-methylstyrene), PBLG is poly(γ-benzyl-L-glutamate), and PBLL is poly(ε-tert-
butyloxycarbonyl-L-lysine) (Fig. 28). Diphenylethylene-functionalized polymers

were first prepared and subsequently activated by reaction with a living polymer

chain or s-BuLi followed by reaction with 1-(3-bromopropyl)-2,2,5,5-tetramethyl-

aza-2,5-disilacyclopentane. The silyl-protected group was cleaved under acidic

conditions to afford amine-functionalized macroinitiators for the polymerization

of BLG and BLL NCAs to prepare the desired miktoarm stars (Fig. 28). Detailed

characterization revealed the efficiency of this synthetic scheme and the homoge-

neity of prepared products; however, the miktoarm stars prepared from (PS)2(NH2)2
showed broader molecular weight distributions, while (PS)4(NH2)2 afforded mul-

timodal distributions due to the significant steric hindrance of the in-chain

functionalized macroinitiators.

(PS)(PI)(PBLL) miktoarm star terpolymer with two coil-like arms and an

α-helical mesogenic polypeptide arm self-assemble in the solid state to form a

hierarchical smectic self-assembly where the α-helical rod-like PBLL blocks stack

to form pure polypeptide lamellae, while the PS and PI blocks form lamellae with

an inner structure composed of rectangular cylinders (Fig. 29). This morphology is

observed locally already after quick drop casting from chloroform solution, indi-

cating the powerful driving force of the α-helical stacking in the formation of the

structure; however, overall order is increased notably after thermal annealing even

though partial thermal deprotection of PBLL block was observed [55].

ROP of NCA was employed to modify various nanoparticles and other surfaces

with polypeptide chains as well. Materials prepared in such a way show a lot of

promise for applications in the biomedical, electronic, or environmental fields.
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Fig. 28 Macromolecular chimeras based on polypeptides (Reprinted with permission from

Karatzas et al. [54]. Copyright 2008 American Chemical Society)
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Chitin nanofibers have been successfully used for surface-initiated graft poly-

merization of γ-benzyl-L-glutamate NCA [56]. Chitin nanofibers were first partly

deacetylated under very strong basic conditions to create amino groups, which were

used as initiating sites. Grafted copolymer was then deprotected using milder basic

conditions to afford carboxylic groups on the side chains. Carboxylic groups were

then reacted with either remaining amino groups on the chitin backbone or with the

amino group at the end of grafted polypeptides to produce a cross-linked biocom-

patible network film, which showed improved mechanical properties compared to

the pure chitin nanofiber film.

Qiao et al. have prepared biodegradable hollow poly(L-glutamic acid) capsules

by using silica nanoparticles as templates [57]. First hyperbranched poly(ethylene

imine) macroinitiators were deposited on silica which enabled a highly dense

polypeptide brush films to be formed after the γ-benzyl-L-glutamate NCA poly-

merization. High density of the growing chains leads to the cross-chain termination

reactions between the propagating amine end groups of the growing polymer

brushes and the side-chain benzyl ester protecting groups from neighboring poly-

mer chains, to form stable cross-linked polypeptide films. Benzyl groups were then

deprotected by acid hydrolysis, and the silica template was dissolved by HF/NH4F

solution to afford stable and dispersible hollow poly(L-glutamic acid) capsules

(Fig. 30), which were successfully degraded using an endopeptidase papain.

Heise et al. [58] have prepared macroporous monoliths by polymerization of a

high internal phase emulsion (HIPE) of a mixture of styrene, divinylbenzene, and

4-vinylbenzylphthalimide. After removal of the phthalimide, the free amino groups

were used as initiators for ROP of γ-benzyl-L-glutamate or ε-tert-butyloxy-
carbonyl-L-lysine NCA to afford dense homogeneous coating of polypeptides

throughout the internal polyHIPE surfaces (Fig. 31). Both types of polypeptide-

grafted monoliths responded to pH by changes in their hydrophilicity, and success-

ful bioconjugation with proteins was achieved, thus showing potential for use in

biosensor as well as in bioseparation applications.

Fig. 29 Schematic illustration of the self-assembly of the (PS)(PI)(PBLL) miktoarm star terpoly-

mer (Reprinted with permission from Junnila et al. [55]. Copyright 2010 American Chemical

Society)
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Sakellariou et al. [59] grafted poly(L-proline) from an amine-modified surface of

single-wall carbon nanotubes (SWNT) using high-vacuum technique. First,

1-benzocyclobutene-10-phenylethylene was attached to the surface of carbon

nanotubes by Diels–Alder cycloaddition. After reaction with s-butyl lithium, a

carbanion was formed that reacted with 1-(3-bromopropyl)-2,2,5,5-tetramethyl-

aza-2,5-disilacyclopentane which after the deprotection afforded an amine-

functionalized carbon nanotubes with rather uniform polymer layer (Fig. 32).

While grafted SWNTs are very well dispersed in CHCl3, a small amount of

trifluoroacetic acid causes aggregates to form due to the change in poly(L-proline)

conformation from form I to form II, which is less soluble in organic solvents.

Brougham et al. [60] used surface-modified Fe3O4 nanoparticles bearing pri-

mary amino groups as initiators for ROP of γ-propargyl-L-glutamate to prepare

Fig. 30 Preparation of stable poly(L-glutamic acid) capsules using silica nanoparticles as tem-

plate (Reprinted with permission from Harris et al. [57]. Copyright © 2013 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim)
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polypeptide-grafted magnetic nanoparticles. Polypeptide chains formed α-helix,
and the pendant alkyne groups were reacted with azide-functionalized carbohydrate

by copper-catalyzed cycloaddition reaction to afford biocompatible glycopeptide-

grafted magnetic nanoparticles (Fig. 33). The grafted nanoparticles showed very

low distribution of sizes suggesting that the stable suspensions are composed of

fully dispersed grafted magnetic nanoparticles, which is critical for biological

applications and were suitable for T1-weighted magnetic resonance imaging as

contrast agents.
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Fig. 32 Synthesis of the carbon nanotubes grafted with poly(L-prolin) (Reprinted from Gkikas

et al. [59]. Copyright (2013), with permission from Elsevier)

Fig. 33 Synthesis of glycopeptide-grafted magnetic nanoparticles (Reprinted with permission

from Borase et al. [60]. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Abbreviations

AMM Activated monomer mechanism

Bipy 2,20-bipyridyl
COD 1,5-cyclooctadiene

ÐM Dispersity

DTT Dithiothreitol

HMDS Hexamethyldisilazane

HIPE High internal phase emulsion

LCST Lower critical solution temperature

NAM Normal amine mechanism

NCA N-carboxyanhydrides
NHC N-heterocyclic persistent carbenes
P(α-MeS) Poly(α-methylstyrene)

PAla Polyalanine

PBLG Poly(γ-benzyl-L-glutamate)

PBLL Poly(ε-tert-butyloxycarbonyl-L-lysine)
pDNA Plasmid deoxyribonucleic acid

PEO Poly(ethylene oxide)

PI Polyisoprene

PLEU Poly(L-leucine)

PLGA Poly(L-glutamic acid)

PLL Poly(L-lysine)

POBT Poly(O-benzyl-L-tyrosine)
PS Polystyrene

PZLL Poly(ε-benzyloxycarbonyl-L-lysine)
RAFT Reversible addition–fragmentation chain transfer

ROP Ring-opening polymerization

SET-LRP Single-electron transfer-living radical polymerization

siRNA Small interfering ribonucleic acid

SWNT Single-wall carbon nanotubes

TMS Trimethylsilyl
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Living Anionic Polymerization of Isocyanates

Chang-Geun Chae, Ho-Bin Seo, and Jae-Suk Lee

Abstract Polyisocyanates are rodlike polymers with dynamic helical conforma-

tions likely to be synthesized using anionic polymerization. Although many scien-

tists have tried to obtain polyisocyanates with a controlled molecular weight and a

narrow weight distribution, the trimerization precluded controlled polyisocyanate

formation. To overcome the lack of a living nature, special anionic polymerizations

were invented. The use of effective additives and dual functional initiators stabi-

lized the living chain end to prevent the trimerization. These polymerizations

eventually achieved the living nature indicating quantitative yield and predictable

molecular weight and narrow molecular weight distribution. The state of art of

anionic polymerization of isocyanates and the effective functionalization tech-

niques led to synthesis of well-defined linear, telechelic, chiral, star, rod-coil

block, and graft polymers. From the controlled molecular architectures, a compre-

hensive understanding on helical properties and morphologies for polyisocyanates

and their block copolymers has been accomplished.

Keywords Polyisocyanate • Helical conformation • Anionic polymerization •

Trimerization • Additive • Dual functional initiator • Rod-coil block copolymer •

Chirality • Morphology

1 Introduction

After the anionic polymerization of vinyl monomers without a termination

and chain transfer reaction was discovered in the 1950s [1, 2], an addition mech-

anism was applied to the synthesis of polyisocyanates with high molecular weights

by Shashoua et al. in 1959 [3, 4]. Unlike vinyl polymers with random coil confor-

mations, polyisocyanates exhibit rigid rod structure with dynamic helical confor-

mation because they have a stiff amide backbone and steric hindrance generated by

the N-substituted side chains [5–10]. Owing to their functional architecture,

polyisocyanates are potentially utilized in diverse applications, such as nano-
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structured carriers, lithography, liquid crystals, chiral recognition, optical sensing,

and bioinspired models. Many researchers have tried to identify the helical prop-

erties of optically active polyisocyanates and the morphological behaviors of the

rod-coil block copolymers composed of polyisocyanates.

The distinctive macromolecular properties of polyisocyanates emerge from their

elaborately designed molecular architecture. Many investigations of polyisocyanates

require precise control over the molecular weight and its distribution. Although

anionic polymerization has become the most powerful method to obtain linear

polyisocyanates, the initial polymerization system could not maintain a living nature

due to the presence of depolymerization (specifically, trimerization) [2, 11–13]. Since

then, special anionic polymerization techniques have been developed to safeguard the

polymer’s living nature; living polymers display quantitative yield and predictable

molecular weight and narrow molecular weight distribution. In this chapter, the long-

term history of anionically polymerized polyisocyanates and advanced living anionic

polymerization techniques are described. Synthetic methods that produce well-

defined polyisocyanates have significantly contributed to the elucidation of this

helical polymer’s properties.

2 Properties of Polyisocyanates

Polyisocyanate, or nylon-1, is composed of N-substituted amide repeating units in a

polymeric backbone, and it exhibits stiff, rodlike structure. The amide bonds have

partial double bond character, and therefore tend to be planar, stiffening the backbone

[14]. Polyisocyanate is also a type of synthetic helical polymer, as illustrated in Fig. 1.

The steric hindrance between the carbonyl group and the N-substituted side group

rotates the polymer backbone to relieve the torsional strain, which brings about a

stable helical conformation. The helical conformation of polyisocyanate is a racemic

mixture of right- (P) and left-handed (M) helices [15–19]. Unless polyisocyanate has

a chiral substituent, shorter P and M helical segments are equally populated with the

occasional helical reversal occurring over a long chain [15]. Consequently, normal

polyisocyanates are not optically active. Polyisocyanate has thermodynamically

stable helical conformation [20]. The interconversion between the P and M helical

senses is in a dynamic equilibrium related to variations in the thermodynamic

conditions, such as temperature and solvent [21–23].

Optically active polyisocyanate possesses a one-handed helical sense over a long

chain via chiral amplification. After Goodman and Chen first characterized an

optically active polyisocyanate using circular dichroism (CD) [24, 25], various

aspects of the helicity induction by the inclusion of a chiral moiety have been

Fig. 1 Chemical structure

of polyisocyanate
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identified. Chiral components are separated into (R)- and (S)-enantiomers; each

component contains at least one stereocenter chiral carbon which is non-superim-

posable with its mirror image. One-handed helical sense is driven by the coopera-

tive amplification of the very small energy differences contributed by each chiral

residue in a repeating unit, leading to the large energetic difference between the P-

and M-helices (“cooperative effect”) [21]. A small number of chiral repeating units

(sergeants) in a copolymer with achiral monomers cause a large number of achiral

units (soldiers) preferentially adopt a one-handed helical sense like a small number

of sergeants command many soldiers (“sergeants and soldiers principle”) [22, 26].

For isocyanate copolymers consisting of a mixture of opposing enantiomeric mono-

mers, the inclination toward one-handed helical sense is determined by which

enantiomer is in greater excess. The chirality of the minority is overshadowed,

while the helical sense of the majority is revealed by reducing the perturbation

energy between the two opposing helical senses (“majority rule”) [27, 28]. Cova-

lent introduction of a chiral moiety to the α-end of a polymer chain induces the

preferred one-handed helical sense in a specific range of overall chain length

(“covalent chiral domino effect”, CCD effect) [29].

3 General Aspect of the Anionic Polymerization
of Isocyanates

3.1 View on the Structural Tendency of Isocyanate
Monomers

Isocyanate groups contain two cumulated double bonds (N=C and C=O) on the

same axis, and the π-electrons from the respective double bonds are situated in two

different perpendicular planes, as illustrated in Fig. 2a [30]. Because nitrogen and

oxygen atoms are highly electronegative, the electron density should be shifted

toward these atoms. In the resonance structure, the carbon atom is located between

the oxygen atom and the nitrogen atom with a stronger electronegativity. Nucleo-

philes add to the electrophilic carbon atom. Most isocyanates may be polymerized

by nucleophilic addition, which occurs in the anionic mechanism. If an electron-

withdrawing group is attached to the nitrogen atom, then the electron density of the

carbon atom decreases, and its electrophilicity increases. Therefore, the addition of

a nucleophile to the carbon is far easier. On the contrary, an electron-donating

group connected to the nitrogen atom weakens the electrophilicity of the carbon.

During the anionic polymerization of isocyanate, two possible structures, an

amidate anion and an acetal anion, may exist based on the resonance structure of

isocyanate, as illustrated in Fig. 2b [30]. The nucleophilic addition to the N=C and

the C =O bond may yield a mixed structure of amide and acetal backbones.

Normally, the major structure of polyisocyanate is reported to be an amide back-

bone [5, 11, 14]. A combination of spectroscopic and chemical data demonstrates
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that anionic polymerization initiators produce polyisocyanates with an amide

backbone regardless of counterion or solvent [41]. In other words, the addition of

a propagating chain end to the monomer mainly breaks the N=C bond. However,

the presence of a trace amount of the acetalic structure in these polyisocyanates is

not excluded entirely [5].

3.2 Mechanism of the Anionic Polymerization of Isocyanates

Due to its chemical structure, polyisocyanate tends to be synthesized using anionic

polymerization. The fundamental mechanism would be expected to proceed begin-

ning with the addition of a nucleophile to a monomer, producing an amidate

Fig. 2 (a) Spatial arrangement of the π and p orbitals in the –NCO group of an isocyanate and

(b) resonance structures of isocyanate (Reproduced with permission from [30]. Copyright 2001

Elsevier.)

Scheme 1 General procedure for the anionic polymerization of isocyanate
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anion [4]. This procedure is described in Scheme 1. During the initiation step, a

nucleophilic anionic initiator, usually a cyanide anion, reacts with the carbonyl

carbon of an isocyanate monomer and transfers an electron pair to the nitrogen atom

after opening the N=C π-bond. The reactive nitrogen anion, specifically the

amidate anion, participates in the propagation step by successively reacting with

monomers. As more monomers are added, the propagating polymeric anion con-

tinuously grows, extending its chain length. Polymerization is mostly terminated

when the growing chain end dissipates and the reaction is neutralized with a proton

source.

In addition to the nucleophilic anion initiator, an electron transfer initiator also

initiates the polymerization of isocyanate [5]. As presented in Scheme 2, an

aromatic anionic radical initiator, such as metal naphthalenide (M-Naph), reacts

with an isocyanate monomer, leading to the formation of an isocyanate radical

anion, followed by a bis-amidate anion through the immediate coupling of two

molecules. This mechanism generates a bidirectional growing chain.

3.3 Main Cause of Degradation in Polyisocyanates

Interestingly, another reaction pathway is found during the anionic polymerization

of isocyanates: intramolecular backbiting of the living end to the third carbonyl

carbon close to chain end, which is called the trimerization. The trimerization

occurring during or shortly after anionic polymerization generates a large amount

of 1,3,5-tri-N-substituted isocyanurates, a thermodynamically stable cyclic trimer.

It results in the formation of polyisocyanate with low yield and uncontrolled

molecular weight and broad molecular weight distributions. The rate of

trimerization increased with the increasing polymerization temperature [4, 31, 32].

The trimerization is a main reason of the degradation of polyisocyanates. It is

boosted by basic chemicals or heat. When polyisocyanate stands in N,N-dimethyl-

formamide (DMF) at room temperature with sodium cyanide, the polymer degrades

[4]. It also degrades to monomers and trimers in DMF with a catalytic amount of di-

n-butylamine as a base [12]. The thermal degradation of polyisocyanates is

observed through thermal analysis and mass spectrometry [33, 34]. All of the

degradation cases yield mostly trimers. The gradual decrease in the viscosity and

mass of the polymers during degradation notes that the degradation of

polyisocyanates is closely involved with successive unzipping of the polymer

chain as occurs during trimerization rather than random chain scission. Afterward,

Scheme 2 Procedure for the anionic polymerization of isocyanate using an electron transfer

initiator
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several kinetic and practical studies revealed the degradation mechanism of

polyisocyanates. As shown in Scheme 3, the degradation process begins with

backbiting reaction of the reactive anion regenerated by the abstraction of a proton

at the –NH end group of polyisocyanates in the presence of the basic chemicals or

heat [34, 35].

The chemical and thermal fragility at the end of polymer chain facilitates the

degradation of polyisocyanates. Therefore, the polymer must be made more stable

by endcapping with a suitable material. Kawaguchi et al. and Iwata et al. synthe-

sized α, ω-end-functionalized telechelic poly(n-hexyl isocyanate) (PHIC) to probe

its enhanced stability. The resulting endcapped PHIC displayed the significantly

decreased degradation rate even in the presence of base or heating, whereas the

polymer with the terminal –NH group rapidly degraded under the same conditions

[35, 36].

3.4 Effect of Counter Cation on Anionic Polymerization
of Isocyanates

In the anionic polymerization, the propagation rate is affected by the solvation of

counter cation in the solvent. In polar solvents, such as tetrahydrofuran (THF), the

degree of solvation of the counter cation is higher with increasing the ratio of the

cation’s charge to the size (or charge density). Specifically, a small counter cation

forms a loose ion pair with anions due to its high solvation and eventually raises the

propagation rate. For example, during the anionic polymerization of styrene as a

nonpolar monomer in THF, the propagation rate constant and the dissociation

constants of the ion pair were shown in the order of Li+>Na+>K+>Rb+>Cs+

[37], which is in inverse order of the size of the counter cation.

During the anionic polymerization of isocyanate as a polar monomer in THF, the

degree of propagation rate was revealed to be Li+<Na+<K+ [32], which is

opposed to results for the anionic polymerization of nonpolar monomers. This

Scheme 3 Reaction mechanism for the degradation of polyisocyanate using a base or heating

(Reproduced with permission from [36]. Copyright 2008 Nature Publishing Group.)
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result indicates that the propagation rate increases as the size of counter cation

increases. The same trend is generally observed during the polymerization of other

polar monomers, such as methyl methacrylate and ethylene oxide, in polar solvents,

which can be explained by the push-pull event [38]. The carbon atom of the

isocyanate group is located between the negatively charged nitrogen and oxygen

atoms. More reactive living anion might be more likely to repulse the negatively

charged isocyanate group rather than to react with it in the polar solvent. In that

case, the ion pair formed by a small counter cation might demonstrate a low

propagation rate. However, this assumption was not clearly verified yet. The results

of the polymerization of HIC using Li-, Na-, and K-Naph in THF at �98 �C are

summarized in Table 1.

The molecular weight distribution during the anionic polymerization of HIC in

THF is affected by the initiation and propagation rate. The propagation rate is too

slow with Li+ and too fast with K+. These conditions result in heterogeneous

polymerization with a broad molecular weight distribution caused by the discor-

dance between the propagation and initiation rates. For the polymerization using

Na-Naph, the propagation rate displays intermediate properties compared to the

above two cases. The molecular weight distribution is also relatively narrow.

Therefore, Na+ is generally accepted to be the best counter cation among three

during the polymerization of isocyanate [32].

Table 1 Anionic polymerization of HIC using M-Naph in THF at �98 �C as a function of time

(Data from [32])

Counter cation [HIC]0/[M-Naph]0 Time (min)

Mn (kDa)

Mw/Mn
b Yield (%)calcda obsdb

Li+ 50.2 5 4.0 22.0 3.92 33 (67)c

Li+ 50.1 10 7.0 34.0 3.59 56 (44)c

Li+ 56.9 20 13.5 42.0 2.95 95 (4)c

Na+ 40.3 2 7.5 26.5 1.26 74 (26)c

Na+ 49.3 5 12.0 44.4 1.14 95 (5)c

Na+ 55.2 10 14.0 36.5 1.21 100

Na+ 44.3 20 10.5 29.6 1.26 92 (8)d

Na+ 52.3 30 12.0 39.0 1.19 89 (11)d

Na+ 48.2 60 10.5 72.8 1.24 86 (14)d

K+ 52.4 5 13.0 53.0 3.62 96 (4)d

K+ 57.6 10 12.3 49.8 2.43 87 (13)d

K+ 52.8 20 11.0 67.0 2.11 81 (18)d

aMn is calculated using the expression {([HIC]/[M-Naph])� 2�molecular weight of HIC}�
yield of polymer/100
bMn andMw/Mn were measured by size exclusion chromatography-multiangle laser light scattering

(SEC-MALLS) in THF at 40 �C
cThe amount of unreacted monomer is presented in parentheses
dThe yield of trimer is presented in parentheses
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3.5 Effect of Temperature and Time on Anionic
Polymerization of Isocyanates

The polymerization temperature and time are also important variables to

influence the formation of polyisocyanates [4, 31, 32]. During the propagation

step, the trimerization can also occur simultaneously. Concurrently, the degree of

trimerization controls the amount of linear polymer. The presence of a large

amount of trimer indicates a low yield of linear polymer. The trimerization is

generally accelerated at higher temperatures. In addition, it proceeds continuously

with increasing reaction time, even after all of the monomer is consumed.

Therefore, the optimized polymerization time is determined at low temperatures

to minimize the trimerization.

The anionic polymerization of 3-(triethoxysilyl)propyl isocyanate (TESPI)

using a Na-Naph initiator in THF was carried out while varying the polymeriza-

tion temperature and time [31]. When the polymerization was carried out at

�50 �C, only trimer was observed, as shown in Fig. 3a, indicating that the

trimerization of the growing oligomer chains proceeded without reacting with

the monomer. The yield of the polymer increased with decreasing polymerization

temperature. Quantitative yield of the polymer was obtained at �98 �C. The
results of varying the polymerization time at �98 �C are described in Fig. 3b.

The yield and molecular weight of the polymer increased with polymerization

time for the initial 5 min. The polymerization was completed at 5 min to furnish a

quantitative yield of the polymer. As the polymerization time increased beyond

5 min, yield of the polymer continuously decreased in tandem with increased

trimer formation.

Fig. 3 (a) Yield of the polymer and the trimer as a function of polymerization temperature and (b)
yield and molecular weight (Mn) of the polymer as a function of polymerization time during the

anionic polymerization of TESPI using Na-Naph in THF (Reproduced with permission from [31].

Copyright 1999 American Chemical Society.)
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4 Classical Anionic Polymerization of Isocyanates

Until the polymerization of isocyanates began, only the formation of cyclic dimer

and trimers from isocyanates had been understood. Shashoua et al. reported the first

anionic polymerization of isocyanates to achieve a high molecular weight [3, 4]. A

wide variety of monomers, including aliphatic and aromatic isocyanates, was

polymerized using anionic initiators, such as sodium in DMF, sodium benzophe-

none ketyl, and sodium cyanide in conditions of DMF at low polymerization

temperatures (�20 to�100 �C), producing high molecular weight polyisocyanates.

Goodman et al. and Green et al. adopted this polymerization method to prepare

optically active polyisocyanates using chiral monomers [21, 22, 24, 25].

Sodium cyanide in DMF initially became a commonly used polymerization

system, but it was disadvantageous to the polymerization of several aliphatic iso-

cyanates due to the limited solubility of their growing polymeric chains in DMF.

These precipitated from the DMF during propagation, leading to unpredictable

molecular weight and broad molecular weight distributions and low yield. To

overcome the solubility problems, Aharoni and Okamoto et al. used toluene/DMF

mixtures and toluene at low temperatures [39, 40]. Their results demonstrated that

changing the solvent from DMF to toluene offered increased solubility of the

growing chains at low temperatures (�78 to �100 �C) and generated materials in

high yield with relatively good control over the molecular weight corresponding to

the ratio of the monomer to the initiator.

There have been attempts using various organolithium initiators. Natta et al.

polymerized n-butyl and phenyl isocyante using ethyllithium initiator in toluene,

but this system offered only ~50 % yield [11]. Fetters et al. reported the use of n-
butyllithium during the anionic polymerization of several alkyl isocynates in toluene

at �78 �C under vacuum [41, 42]. The resulting polymers possessed moderately

narrow molecular weight distributions (Mw/Mn ~ 1.2), but the yield of polymer and

the correlation between the observed molecular weight and feed ratio of monomer to

the initiator were not revealed in detail. Okamoto et al. polymerized optically active

alkyl isocyanates and phenyl isocyanates using the lithium amide of piperidine in

THF at �98 �C under a nitrogen atmosphere [43–47]. In that case, the molecular

weights were moderately controllable by modulating the feed ratio of the monomer to

the initiator. However, the resulting polymers were still received in low yield, and the

observed molecular weights were higher than calculated molecular weights.

Endo et al. introduced samarium iodide as a ligand-type additive to prevent

backbiting during the anionic polymerization of isocyanates initiated by alkyllithiums

in THF at�98 �C [48]. The ligand coordinating with the reactive anion end stabilized

the anion and introduced the steric hindrance at the chain end. As a result, the

formation of trimers was heavily suppressed, and this reaction yielded polymers

with high molecular weight. However, the polymerization remained uncontrolled

because the heterogeneous coordination of samarium iodide with reactive anion led

to broader molecular weight distributions (Mw/Mn ~ 2.4–3.5).

Inoue et al. used a lanthanum isopropoxide as an anionic initiator for the

polymerization of several isocyanates [49]. Lanthanum complexes formed during
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the reaction with an isocyanate activated the electrophilic carbonyls, such as carbon

dioxide. The anionic polymerization of HIC using lanthanum isopropoxide without

solvent at �78 �C under argon atmosphere for 24 h produced a polymer with 90 %

yield. However, the observed molecular weight of resulting polymer was higher

than the theoretical value because the lanthanum isopropoxide aggregated. The

molecular weight distribution of the produced polymer was much broader

(Mw/Mn ~ 2.45).

5 Advanced Living Anionic Polymerization of Isocyanates

As described in the above section, anionic polymerization is a popular approach for

the synthesis of polyisocyanates. However, it was difficult to maintain a living

polymerization. Most ordinary polymerization systems could not suppress the

trimerization and yielded polymers with undesired molecular weight and broad

molecular weight distributions. In many cases, the observed molecular weights of

polymers were much higher than the calculated molecular weights. Therefore,

invention of a living anionic polymerization was required to overcome the synthetic

limitations of well-defined polyisocyanates. Toward this purpose, several studies

have focused on the following: (1) preventing the backbiting reaction by introduc-

ing the steric hindrance to the living chain end and (2) adjusting the reactivity of the

living amidate anion. Lee et al. invented impressive techniques to control polymer-

ization. Advanced anionic polymerizations, such as introducing the additional

reagents and using dual functional initiators, successfully prevented trimerization

and led to quantitative yield and predictable molecular weight and narrow molec-

ular weight distributions. In this section, detailed mechanism of a living anionic

polymerization of isocyanate is described.

5.1 Addition of a Ligand Reagent: 15-Crown-5
(First Generation)

Crown ethers are cyclic, oligomeric rings consisting of ethyleneoxy repeating units.

The oxygen atoms on crown ethers have such a strong affinity toward metal cations

that they pull a specific metal cation into the interior cavity of the ethereal ring.

Therefore, crown ethers achieve specific complexation with a cation [50, 51].

Crown ethers were tested as reasonable additives to suppress backbiting during

the anionic polymerization of isocyanates. Theoretically, a crown ether makes a

cation-ligand complex by coordinating with the counter cation bound to growing

chain end. The bulky complex at the living chain end inhibits the backbiting

reaction by limiting the mobility of the amidate anion through steric hindrance
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introduced by the ligand. The additional bulk restricts nucleophilic addition into the

carbonyls on the intramolecular chain.

Lee et al. synthesized poly((3-triethoxysilyl)propyl isocyanate) (PTESPI) by using

Na-Naph and 15-crown-5 complex in THF at�98 �C under high vacuum (10�6 torr)

[31]. The 15-crown-5 was chosen due to its specificity for sodium; the cavity size of

15-crown-5 is 1.7–2.2 Å, which fits the radius of the sodium cation (1.9 Å) [52]. The
polymerization results are summarized in Table 2. The polymerization generated a

~97 % yield and this high yield was retained for up to 1 h. The bulky cation-ligand

complex from 15-crown-5 effectively suppressed the trimerization, generating a

living polymer as depicted in Scheme 4. Despite this advantage, this formulation

was not stable. The bulky ligand formed a sterically hindered complex on the chain

end, but increased the distance between the amidate anion and the counter cation,

raising the anion’s reactivity. This effect throws the initiation and propagation rates

out of balance, resulting in a broad molecular weight distribution.

5.2 Addition of a Common Ion Salt: Sodium
Tetraphenylborate (Second Generation)

To overcome the limitations of the ligand additive, a common ion salt, sodium

tetraphenylborate (NaBPh4), was utilized as an additive to prevent trimerization.

When introducing NaBPh4, the following effects are expected: (1) NaBPh4
increases the counter ion concentration in the polymerization solution and shortens

the distance between the amidate anion and the counter cation. The tight ion pair

Table 2 Living anionic polymerization of TESPI using Na-Naph and 15-crown-5 in THF at

various reaction times at �98 �C (Data from [31].)

Na-Naph

(mmol)

15-crown-5

(mmol)

TESPI

(mmol)

Time

(min)

Mn (kDa) Mw/

Mn
b Yield (%)calcda obsdb

0.08 1.01 5.62 1 33.0 28.0 1.55 96

0.16 1.49 5.17 5 15.0 16.0 1.34 93

0.06 1.14 4.92 10 37.0 40.0 1.39 97

0.06 1.04 4.50 30 35.0 32.0 1.39 95

0.07 0.82 5.26 60 34.0 35.0 1.50 96

0.06 0.12 4.92 120 28.0 55.0 1.70 73 (26)c

0.07d 0.14 5.21 5 20.0 40.0 1.60 55 (45)c

0.07e 0.14 5.70 5 6.5 75.0 2.45 15 (85)c

aMn is calculated using the expression {([TESPI]/[Na-Naph])� 2�molecular weight of

TESPI}� yield of polymer/100
bMn andMw/Mn were measured with size exclusion chromatography (SEC) using polystyrene (PS)

standards in THF at 40 �C
cThe yield of the trimer appears in parentheses
d,eEach polymerization was carried out at �84 �C (d) and �78 �C (e), respectively
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stabilizes the living amidate anion enough to suppress the trimerization and

decreases the propagation rate [53–55]. (2) The bulky tetraphenylborate groups

inducing steric hindrance at the chain end restrict the mobility of living chain end

and therefore suppress the trimerization.

Lee et al. studied the effect of NaBPh4 on the anionic polymerization of HIC

using Na-Naph in THF at �98 �C under high vacuum (10�6 torr) [32, 56]. The

polymerization results are summarized in Table 3. NaBPh4 increased the efficiency

of the Na-Naph because the tetraphenylborate groups coordinating a sodium cation

promoted the activity of the naphthalene anion. When a 10-fold excess of NaBPh4
was used relative to the initiator, the observed molecular weights of the polymers

agreed with the calculated values and the molecular weight distribution became

narrow. Furthermore, this concentration completely suppressed the trimerization

during propagation. The polymerization yield reached ~100 % for 20 min and the

growing chain end was stable for up to 40 min without backbiting. The results

explain that the presence of NaBPh4 causes the living chain anion to react exclu-

sively with the monomer molecules rather than the carbonyl backbone as long as

monomers are present. As the reaction time increased beyond 40 min, the yield of

the polymer decreased and the trimer yield increased. Under the optimized condi-

tions, the relationship between the molecular weight of the polymer and the molar

ratio of the monomer to the initiator was linear. Successful postpolymerization and

block copolymerization also supported living nature of this polymerization system

by confirming the clear growth of whole chains.

Scheme 5 indicates that NaBPh4 tightens the ion pair and stabilizes the living

chain anion to block the backbiting reaction. Based on this additive system,

Hadjichristidis et al. attempted an anionic polymerization of HIC using

monodirectional initiators in THF at �98 �C while employing various additives

Scheme 4 Preventing trimerization by introducing 15-crown-5 as an additive in anionic poly-

merization of TESPI using Na-Naph in THF at �98 �C (Reproduced with permission from [31].

Copyright 1999 American Chemical Society.)
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Table 3 Living anionic polymerization of HIC using Na-Naph in the presence of NaBPh4 in THF

at �98 �C (Data from [32, 56].)

[NaBPh4]0/[Na-

Naph]0

[HIC]0/[Na-

Naph]0

Time

(min)

Mn (kDa) Mw/

Mn
b

Yield

(%)calcda obsdb

9.7 48.9 10 11.0 12.8 1.08 89 (11)c

0 44.3 20 10.5 29.6 1.26 92 (8)d

2.8 59.2 20 14.4 23.4 1.22 96

4.7 54.5 20 13.3 17.5 1.17 96

9.6 45.3 20 11.5 11.7 1.09 99

14.5 84.3 20 11.8 18.5 1.10 55 (45)c

26.2 63.8 20 6.0 20.9 1.15 36 (64)c

10.0 56.4 20 13.9 14.6 1.06 97

10.0 88.1 20 21.5 22.2 1.11 96

10.3 138.3 20 34.4 31.0 1.07 97

9.7 163.4 20 40.3 42.7 1.12 97

10.0 200.4 20 50.9 54.5 1.11 97

9.9 48.0 40 11.8 12.8 1.12 96

9.5 49.6 60 11.5 10.8 1.13 93 (7)d

11.0 52.7 80 11.8 11.0 1.08 87 (13)d

10.0 55.2 120 11.4 10.6 1.05 81 (19)d

e e 30 0
aMn is calculated using the expression {([HIC]/[Na-Naph])� 2�molecular weight of HIC}�
yield of polymer/100
bMn and Mw/Mn were measured by SEC-MALLS in THF at 40 �C
cThe amount of unreacted monomer is presented in parentheses
dThe yield of the trimer is presented in parentheses
ePolymerization of HIC (5.24 mmol) was performed with NaBPh4 (0.97 mmol) without Na-Naph

Scheme 5 Prevention of trimerization with NaBPh4 (Reproduced with permission from [56].

Copyright 2001 American Chemical Society.)
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[57]. Of the several initiation systems, using a benzyl sodium initiator under the

presence of excess NaBPh4 displayed the best results, including a high yield and

predictable molecular weight and narrow molecular weight distributions.

5.3 Dual Functional Initiators (Third Generation)

The range of initiators for living anionic polymerization of isocyanate is limited.

The polymerization of isocyanates using radical anion or carbanion initiators

generates low yields of the polymer and unpredictable molecular weights. The

high reactivity of these initiators cannot suppress the backbiting reaction during

polymerization, unless the reactivity of growing chain end is properly adjusted and

sterically hindered by the additives. Because of these problems, investigations of

alternative anionic initiators have been encouraged. Lee et al. have discovered

several initiators with low reactivity that effectively prevent the trimerization

during polymerization without additives [58–60]. These initiators are called “dual

functional initiators,” because they initiate the anionic polymerization while

protecting the living chain anion. The role of the dual functional initiator is

visualized in Scheme 6 [58].

Sodium benzanilide (Na-BA) Various sodium amide initiators have been inves-

tigated to achieve living nature in anionic polymerization in HIC. Of them, sodium

benzanilide (Na-BA) was the best initiator, resulting in high yield and controlled

molecular weight and narrow molecular weight distributions [58]. On the other

hand, sodium alkyl amides did not accomplish the initiation due to their low

solubility in THF. The amidate anion structure of Na-BA is similar to the living

chain end from the isocyanate polymer. The amidate anion of the initiator is

relatively weak nucleophilic due to the charge delocalization generated by the

phenyl ring and the carbonyl group. Therefore, this initiator was expected to be

less reactive than Na-Naph or diphenylmethyl sodium (Na-DPM). The pKa values

Scheme 6 Role of sodium benzanilide (Na-BA) as a dual functional initiator during the anionic

polymerization of isocyanate (Reprinted with permission from [58]. Copyright 2005 American

Chemical Society.)
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of diphenylmethane and benzanilide in water are 32.2 and 20, respectively [61],

indicating that the amidate anion of benzanilide is much less reactive than the

carbanion from Na-DPM [62]. The results of the anionic polymerization using Na-

BA are summarized in Table 4. Using Na-BA led to a slower propagation than using

the Na-Naph initiator with NaBPh4. A nearly quantitative yield of the polymer was

obtained when reaction time reached 60 min. The molecular weight distribution of

resulting polymer was narrow. Because Na-BA mimics the structure of the living

chain end, it established a balance between the initiation and propagation rates,

resulting in PHIC with a narrow molecular weight distribution.

Unexpectedly, the observed molecular weight was 5 times higher than the

calculated molecular weight. This result indicates that the effective concentration

of the initiator for polymerization is approximately 20 %. To confirm the discrep-

ancy between the actual concentration and the initiation efficiency of Na-BA, the

benzanilide anion content was estimated with a reaction of Na-BA and acetyl

chloride. As a result, a quantitative yield of the N-acetyl benzanilide was observed.
From this result and the molecular structure of the initiator, it was suggested that

five Na-BA molecules form an aggregator and one of those molecules covalently

reacts with the monomers. To confirm this event, a set of polymerization experi-

ments using a mixture of Na-Naph as an initiator and Na-BA (2–3-fold excess) as

an additive was carried out. Consequently, PHIC with a molecular weight

corresponding to the concentration of Na-Naph resulted and backbiting was suc-

cessfully prevented. Furthermore, the obtained polymer did not contain any aro-

matic residue derived from Na-BA. This result clearly demonstrates that Na-BA

molecules efficiently protect the living chain end as an additive.

The dual function mechanism of Na-BA in polymerization was illustrated in

Scheme 7. Five Na-BA molecules may aggregate to form a pentameric macrocycle

using the weak interactions between the sodium cation of one molecule and the

carbonyl oxygen of its neighbor. The cavity of the macrocycle has a nitrogen atom

that is accessible to the monomer. The initiation process is visualized as follows: (1)

A monomer molecule approaches a pentameric aggregate of Na-BA. (2) A mono-

mer reacts with any one of Na-BA nitrogens with equal probability. (3) The

Table 4 Living anionic polymerization of HIC using Na-BA in THF at �98 �C (Data from [58].)

Na-BA (mmol) HIC (mmol) Time (min)

Mn (kDa)

Mw/Mn
b Yield (%)calcda obsdb

0.390 8.24 60 2.7 13.6 1.09 100

0.340 8.64 60 3.2 16.8 1.11 100

0.350 13.3 60 4.8 22.1 1.12 99

0.380 18.0 70 5.9 30.5 1.08 98

0.265 17.6 70 8.2 40.8 1.16 97
aMn is calculated using the relation {([HIC]/[Na-BA])�molecular weight of HIC+molecular

weight of BA}� yield of polymer/100
bMn and Mw/Mn were measured by SEC-MALLS in THF at 40 �C
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negative charge is transferred from nitrogen of Na-BA to the isocyanate nitrogen,

and the monomer occupies the cavity of the macrocycle. (4) Negatively charged

nitrogen from the monomer unit in the growing ring is more nucleophilic than the

other nitrogen atoms from benzanilide. This nitrogen has the high probability of

adding to monomer molecules and therefore leads to the chain growth of the

polyisocyanate.

Sodium deoxybenzoin (Na-DB) Sodium deoxybenzoin (Na-DB) was investigated

as an initiator for the living anionic polymerization of HIC [59]. The results are

summarized in Table 5. Like Na-BA, this molecule also played a dual role as the

initiator and protector of the living chain end, preventing trimerization. The differ-

ence between the two initiators was polymerization time. The time needed for

complete polymerization of the HIC using Na-DB in THF at �98 �C was 10 min.

This result indicates that the type of initiator influences the propagation conditions.

Unlike the case of Na-DB, the initiation efficiency of Na-DB was 33 %. The

observed molecular weight of the resulting polymer was 3 times higher than the

calculated value. Therefore, 33 % of initiator molecules participate in the initiation,

and the others act as additives to protect the growing chain ends.

Na-DB’s dual function mechanism during polymerization is described in

Scheme 8. Three Na-DB molecules may form a three-membered self-aggregate in

THF at �98 �C. On that aggregate, one enolate anion initiates the anionic

Scheme 7 Assumed dual function mechanism for the anionic polymerization of isocyanate using

Na-BA (Reproduced with permission from [58]. Copyright 2005 American Chemical Society.)

Table 5 Living anionic polymerization of HIC using Na-DB in THF at �98 �C (Data from [59].)

Na-DB (mmol) HIC (mmol) Time (min)

Mn (kDa)

Mw/Mn
b Yield (%)calcda obsdb

0.271 5.45 10 2.75 8.71 1.09 100

0.272 8.64 10 4.24 11.5 1.08 100

0.253 12.3 10 6.33 19.1 1.03 99

0.270 17.8 10 8.39 24.5 1.05 98

0.231 22.4 10 12.3 35.3 1.07 98
aMn is calculated using the relation {([HIC]/[Na-DB])�molecular weight of HIC+molecular

weight of DB}� yield of polymer/100
bMn and Mw/Mn were measured by SEC-MALLS in THF at 40 �C
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polymerization by reacting with HIC, and the other two initiator molecules protect

living chain end, preventing trimerization.

Sodium benzhydroxide (Na-BH) Because carboxy anions were also considered

relatively less reactive, various carboxylate initiators were investigated in the

anionic polymerization of isocyanates. Among them, sodium benzhydroxide (Na-

BH) was the most effective for the living polymerization of HIC [60]. The results

are summarized in Table 6. Like Na-BA and Na-DB, Na-BH also initiated and

protected the living chain and prevented trimerization. A quantitative yield was

obtained in 10 min, and the molecular weight and narrow molecular weight

distribution was also well controlled. The initiation efficiency of Na-BH was

40 %. The observed molecular weight of obtained polymer was 2.5 times higher

than the calculated molecular weight. Like initiation trends of Na-BA and Na-DB,

40 % of the initiator molecules participate in the initiation, while the others act as

protective additives.

The dual function mechanism in polymerization initiated by Na-BH is also

described based on their self-aggregation in Scheme 9. Na-BH molecules may

form two- and three-membered self-aggregates in THF at �98 �C. One carboxy

anion per aggregate initiates the anionic polymerization by reacting with the HIC

monomer, and the other initiator molecules protect living chain end and prevent

Scheme 8 Assumed dual function mechanism for the anionic polymerization of isocyanate using

Na-DB (Reproduced with permission from [59]. Copyright 2013 John Wiley and Sons.)

Table 6 Living anionic polymerization of HIC using Na-BH in THF at �98 �C (Data from [60].)

Na-BH (mmol) HIC (mmol) Time (min)

Mn (kDa)

Mw/Mn
b Yield (%)calcda obsdb

0.194 4.29 10 2.9 8.4 1.11 96

0.195 9.45 10 6.2 14.6 1.04 97

0.181 14.5 10 10.2 26.6 1.10 98

0.205 27.0 10 16.4 38.2 1.14 97
aMn is calculated using the relation {([HIC]/[Na-BH])�molecular weight of HIC+molecular

weight of BH}� yield of polymer/100
bMn and Mw/Mn were measured by SEC-MALLS in THF at 40 �C

Living Anionic Polymerization of Isocyanates 355



trimerization. Each initiator displays the intrinsic initiation efficiency dependent on

the molar ratio between the actual initiating molecules and the chain end protective

molecules. The values of the initiation efficiency for the dual functional initiators

are listed in Table 7.

6 Organotitanium(IV)-Catalyzed Coordination
Polymerization of Isocyanates

Novak et al. discovered the living nature in coordination polymerization of iso-

cyanates using organotitanium(IV) compounds as catalysts instead of living anionic

polymerization [63–65]. As shown in Scheme 10, the mechanism of the polymer-

ization using organotitanium(IV) was proposed to proceed using the coordination

of the polarizable isocyanate monomer to the electron-deficient titanium metal

Scheme 9 Assumed dual function mechanism for the anionic polymerization of isocyanate using

Na-BH (Reproduced with permission from [60]. Copyright 2011 American Chemical Society.)

Table 7 Efficiency and living nature of various anionic initiators used in the anionic polymeri-

zation of isocyanate in THF at �98 �C

Na-BA [58] Na-DB [59] Na-BH [60] Na-DPM [91]

Efficiency (%) 20 33 40 30–50

Living nature ○ ○ ○ �
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center, followed by the insertion of the monomer into the titanium-ligand bond to

form the propagating titanium-amidate species. Several catalysts, including

TiCl3OCH2CF3 and CpTiCl2L (Cp = η5-cyclophentadienyl, L = –OCH2CF3, –N

(CH3)2, or -CH3), were reported to be highly suitable for the polymerization of

isocyanates at room temperature [65].

The following series contains the evidence supporting the living nature of the

HIC polymerization applying the coordination mechanism. This polymerization in

bulk provides a ~95 % yield (but not ~100 %, due to its equilibrium behavior),

without cyclic trimers and with a narrow molecular weight distribution (Mw/

Mn ~ 1.05–1.20). In addition, it demonstrates linear variation of molecular weight

as functions of the feed ratio of monomer to initiator and conversion, as displayed in

Fig. 4. Block copolymers of isocyanates with homogeneous molecular weight

distribution are synthesized using sequential monomer addition in the coordination

method, which implies that the titanium-amidate end species remains alive and

termination does not occur. Because the catalyst is versatile, this coordination

polymerization is suitable to prepare telechelic polyisocyanates. With this poly-

merization method, well-defined polyisocyanates with varying geometries, includ-

ing block copolymers [66–69], star polymers [70], and graft polymers [71], were

generated.

Despite the merits, the coordination polymerization is not superior to living

anionic polymerization. Because the coordination polymerization is reversible, the

conversion never reaches 100 %. In addition, the activity of the organotitanium(IV)

catalyst and the polymerization kinetics are highly variable depending on the

initiating ligand at the titanium center. Different ligands connecting titanium center

exhibit different initiation efficiencies and make it hard to predict the molecular

weight of the polymer [65, 69]. Therefore, living anionic polymerization is an

easier method to prepare polyisocyanates with ~100 % yield and predictable

molecular weights.

Scheme 10 Mechanism for the organotitanium(IV)-catalyzed coordination polymerization of

isocyanate (Reprinted with permission from [70]. Copyright 2001 American Chemical Society.)
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7 End Functionalization of Polyisocyanates

An interest in the synthesis of polyisocyanates with functionalized chain end for

various purposes has increased. End-functionalized polymers are prepared for the

chirally terminated polymer, block copolymer, nonlinear-shaped polymer forma-

tion, and so on. During the living anionic polymerization of isocyanate, two

approaches were used to achieve end-functionalized polyisocyanates: α-end
functionalization that uses a functionalized initiator and ω-end functionalization

that uses a functional terminator. There are various structures available for end

functionalization of the polyisocyanate that depends on the initiator and the termi-

nator types. Mono- and bidirectional initiators, as well as mono- and difunctional

terminators, form α,ω-end, α,α,-end, ω,ω-end functionalization as well as α-end and
ω-end functionalization.

7.1 α-End Functionalization by Functional Initiators

Organolithium initiators with a chiral moiety Because chiral residues at the α-
end of the polyisocyanate chain induces a preferential one-handed helical sense

over a long chain length, optically active polyisocyanates have been prepared by

attaching a chiral residue to the α-end of the polymer chain via anionic polymer-

ization using chiral anionic initiators. Several chiral lithium alkoxides and lithium

amides have been employed as optically active initiators. A list of these initiators is

displayed in Fig. 5 [72–74]. The degree of the optical activity of the resulting

polymers depends on the combination of the monomer and the initiator, as well as

the molecular weight of the polymers. Anionic polymerizations using these initia-

tors were carried out in THF at �98 �C. However, the resulting aliphatic and

aromatic polyisocyanates did not show the living properties.

Fig. 4 (a) Molecular weight as a function of the monomer feed ratio to the initiator and

(b) molecular weight (Mn) as a function of the percent conversion during the organotitanium

(IV)-catalyzed coordination polymerization of isocyanate (Reproduced with permission from [63].

Copyright 1991 American Chemical Society.)
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Sodium benzamide initiators with a functional moiety Polymerization of isocy-

anate using sodium N-(4-vinylphenyl)benzamide generates macromonomers

(Fig. 6a) [58, 75]. Because the amidate anions from this initiator and the living

chain end do not react with the styryl group, the living nature is maintained during

polymerization. Furthermore, the vinyl moiety does not disturb the pentameric

aggregation of this initiator in THF. Therefore, the dual function of initiation and

protection of the living chain end still proceeds well. Anionic polymerization of HIC

using sodiumN-(4-vinylphenyl)benzamide in THF at�98 �C generated well-defined

PHICs with the molecular weight corresponding to 20 % initiation efficiency.

To synthesize optically active polyisocyanates, the sodium anionic initiators made

from chiral benzamides have been used. Anionic polymerization of HIC using sodium

(S)- or (R)-N-(1-phenylethyl)benzamide in THF at �98 �C offered the living polymer-

ization like using Na-BA (Fig. 6b, c) [76]. These chiral initiators also formed pentameric

Fig. 5 Examples of chiral organolithium initiators: (a) Lithium (�)-menthoxide, (b) lithium (�)-

borneoxide, (c) lithium (2S, 3R)-(+)-4-dimethylamino-1,2-diphenyl-3-methyl-2-butanolate,

(d) lithium (R)-(+)-N-benzyl-α-methylbenzylamide, (e) lithium amide of (S)-(+)-1-(2-

pyrrolidinylmethyl)pyrrolidine, (f) lithium amide of (S)-(�)-(2-methoxymethyl)pyrrolidine and

(g) lithium oxide of 1,2,5,6-diisopropylidene-D-glucose [72–74]

Fig. 6 Examples of sodium benzamide initiators with functionality: (a) Sodium N-(4-
vinylphenyl)benzamide, (b) sodium (S)-N-(1-phenylethyl)benzamide, (c) sodium (R)-N-(1-
phenylethyl)benzamide, (d) sodium (2’S)-(M)-cis-1-N-(9-(2-methyl-2,3-dihydrocyclopenta[a]

naphthalen-1-ylidene)-9H-fluoren-2-yl)benzamide and (e) sodium (2’S)-(P)-N-(1-(9H-Fluoren-9-
ylidene)-2-methyl-2,3-dihydro-1H-benzo[f]-chromen-9-yl)benzamide [58, 75–78]

Living Anionic Polymerization of Isocyanates 359



aggregates and both initiated and protected the living chain end, generating living

polymer chains. The polymerizations generated chains with 5 times of the calculated

molecular weight. Other sodium benzamide initiators containing photo- and thermal-

isomerizable chiral units were also used in the anionic polymerization of HIC in THF

at �90 �C under N2 atmosphere (Fig. 6d, e) [77, 78]. In these cases, the initiation

efficiency was not 20 %, most likely because the bulky substituents interrupted the

self-aggregation. These bulky initiators might not protect the living chain ends.

7.2 ω-End Functionalization by Functional Terminators

Endcap installation reactions of living polymeric carbanion with electrophilic

reagents such as benzyl halide [79] are effective to generate quantitative ω-end-
functionalized vinyl polymers at low temperatures. However, an endcapping reac-

tion of the living polyisocyanate requires a more electrophilic agent than a benzyl

halide due to the low nucleophilicity of living amidate anions at�98 �C. Increasing
the temperature is counterproductive because doing so leads to rapid depolymeri-

zation. For quantitative termination, it is important to choose strong enough elec-

trophilic reagents to react with all of the living polymeric amidate anions at�98 �C
within a short time. Acyl chloride is an effective terminator for endcapping

reactions of living polyisocyanate anions. The living chain end from the isocyanate

quantitatively reacts with the acyl chloride in the presence of a pyridine catalyst in

THF at �98 �C. The typical procedure for an endcapping reaction of

polyisocyanate is described in Scheme 11. The acylpyridinium ion-mediated reac-

tion [80] raises the nucleophilicity of the living polyisocyanate anion and leads to

the quantitative introduction of the terminal residue.

Acyl chloride residues are located at either one end or both ends of the polymer

chain, depending on the type of initiator. For example, Na-Naph, which is a

bidirectional initiator, generates a bidirectionally growing polyisocyanate. The

termination reaction with acyl chloride leads to ω,ω-end functionalization. How-

ever, Na-BA, which is a monodirectional initiator, generates ω-end-functionalized
polyisocyanates after endcapping.

ω-End functionalization of PHICs with various acyl chlorides has been reported

by Lee et al. These polymers display ~100 % end-termination efficiency [29, 58, 75].

Scheme 11 Endcapping reaction using acyl chloride with the living PHIC end
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This reaction method installs a variety of functionalities on the chain end. Several

functionalities are suitable for further polymerization to prepare block copolymers

(Fig. 7a, b) or graft polymers (Fig. 7c). A chiral residue at the α-position of a polymer

chain end induces a one-handed helical sense (Fig. 7d–g). The endcapping of a living

poly(phenyl isocyanate) with an aromatic acyl chloride to prepare a macromonomer

has been reported byMaeda et al. (Fig. 7h) [81]. Because the aromatic acyl chloride is

less reactive than the aliphatic acyl chlorides, the termination efficiency was low and

the removal of non-terminated polymer chains was necessary.

7.3 Chain Middle-Functionalization by Difunctional
Terminators

Diacyl chlorides have been considered as useful difunctional terminators that

couple two living polyisocyanate chains in situ. The in situ coupling generates

coil-rod-coil triblock copolymers that cannot be synthesized using the sequential

polymerization of an isocyanate and a vinyl monomer. The coil-rod-coil triblock

copolymer, poly(2-vinylpyridine)-block-poly(n-hexyl isocyanate)-block-poly(2-
vinylpyridine) (P2VP-b-PHIC-b-P2VP), is synthesized by coupling two living

diblock poly(2-vinylpyridine)-block-poly(n-hexyl isocyanate) (P2VP-b-PHIC)
amidate anions with malonyl or suberoyl chloride [82]. The active methylene

group from the malonyl residue becomes a functional site for further modification

at the center of the rod block. For example, a Michael reaction of this coil-rod-coil

triblock copolymer with 7-(4-trifuloromethyl) coumarin acrylamide generated a

copolymer bearing a fluorescent group in the middle of a rod block with ~94 %

conversion. Pendant fullerene (C60) was also introduced to the middle of the rod

block using a Bingel reaction with ~54 % conversion [83]. Two chain-centered

functionalization reactions are illustrated in Scheme 12.

Fig. 7 Examples of acyl chloride terminator with functionality: (a) 2-Chloropropionyl chloride,
(b) 2-bromopropionyl chloride, (c) methacryloyl chloride, (d) (S)-(�)-2-acetoxypropionyl chlo-

ride, (e) (S)-2-bromo-3-methylbutyryl chloride, (f) (R)-2-bromo-3-methylbutyryl chloride,

(g) (R)-2-chloro-2-oxo-1-phenylethyl formate and (h) 4-ethynylbenzoyl chloride [29, 58, 75, 81]
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8 Synthesis of Side Chain-Functionalized Polyisocyanates

There have been difficulties with the anionic polymerization of vinyl monomers

containing a functional moiety because the carbanion encounters competition

between propagation reaction with monomers and a side reaction with the func-

tional groups. However, the anionic polymerization of functionalized isocyanates is

less restrictive compared to vinyl monomers. The amidate anion from an isocyanate

monomer is less nucleophilic than carbanions, leaving a wider range of functional

isocyanate monomers available for anionic polymerization. Polymer modification

strategies, such as the protection/deprotection method and addition reaction, are

also utilized for isocyanates containing protic side chains or other reactive func-

tional groups. In that case, the endcapped polyisocyanate precursor should be used

under mild reaction conditions to avoid trimerization during modification reactions.

8.1 Synthesis of Polyisocyanates with Heteroatom Bond

Many polyisocyanates with heteroatom bonds were synthesized using in situ

anionic polymerization. Alkyl isocyanates bearing ether, ester, or ketone side

groups were polymerized using sodium cyanide in toluene at �78 �C (Fig. 8a–c)

[84]. Phenyl isocyanates bearing chiral ester groups (Fig. 8d, e) [45, 46] and chiral

alkyl ether groups (Fig. 8f, g) [47] were polymerized using the lithium amide of

piperidine in THF at �98 �C. Phenyl isocyanate bearing a crown ether was

polymerized using methyl lithium and a lithium amide with a chiral moiety in

THF at �78 �C (Fig. 8h) [85, 86]. In the similar method, a α,ω-diisocyanate

Scheme 12 Endcapping reaction of malonyl chloride and two living P2VP-b-PHIC ends, as well as

the subsequent functionalization with a coumarin compound or C60 in the middle of the rod block

(Reproduced with permission from [83]. Copyright 2011 Elsevier.)
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monomer bearing a crown ether was polymerized according to an anionic

cyclopolymerization mechanism, to yield the linear poly(phenyl isocyanate) with-

out any insoluble portions (Fig. 8i) [87]. Alkyl isocyanates with a triethoxysilyl

group (Fig. 8j) [31] and a triethylsilyl group (Fig. 8k) [88] were polymerized using

Na-Naph in THF at �98 �C in the presence of a crown ether and NaBPh4,

respectively, generating well-defined polymers in quantitative yield. The bulky

side chain on 3-(triethylsilyl)propyl isocyanate stabilized the living anion end,

and therefore living polymerization successfully proceeded at �78 �C, which is a

unique case [88]. Most of isocyanate monomers listed in Fig. 8 are expected to be

polymerized by advanced anionic polymerization techniques (using additives or

dual functional initiators) designed by Lee et al. in a living manner.

8.2 Synthesis of Polyisocyanates with Active Hydrogen Side
Group

The synthesis of functional protic polyisocyanates bearing hydroxyl (–OH), amino

(–NH2), carboxyl (–COOH), amido (–NHCOR), and carbamate (–NHCOOR) side

groups has attracted considerable attention. These functionalities can strongly

influence the helical structure of the polymer and provide a chance for further

Fig. 8 Examples of isocyanate monomers with heteroatom bonds: (a) 3-(Benzyloxy)-n-
propyl isocyanate, (b) 3-(benzyloxycarbonyl)-n-propyl isocyanate, (c) 4-isocyanato-2-butanone,

(d) 3-((S)-sec-butoxycarbonyl)phenyl isocyanate, (e) 4-((S)-sec-butoxycarbonyl)phenyl isocyanate,
(f) 3-((R)-sec-butoxy)phenyl isocyanate, (g) 4-((R)-sec-butoxy)phenyl isocyanate, (h) 4’-
isocyanatobenzo-18-crown-6, (i) 1,14-bis(4-isocyanatophenoxy)-3,6,9,12-tetraoxatetradecane, (j) 3-
(triethoxysilyl)propyl isocyanate and (k) 3-(triethylsilyl)propyl isocyanate [31, 45–47, 84–88]
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functionalization with a variety of organic molecules. However, the construction of

well-defined functional polyisocyanates via anionic polymerization has not been

carried out in a living system due to inter- and intramolecular side reactions caused

by proton abstraction by anionic species.

The anionic polymerization of isocyanates bearing amide groups (Fig. 9a, b)

[44] and carbamate groups (Fig. 9c–i) [43, 89–94] using various initiators in THF at

�98 �C has been reported. Okamoto et al. achieved moderately controlled polymers

using this procedure, but insoluble portions were still obtained due to chain transfer

during polymerization (Fig. 9a–d) [43, 44]. Lee et al. reported the anionic poly-

merization of carbamate isocyanates bearing an azo group and a chiral alkyl group

on the side chain using a Na-Naph initiator with 15-crown-5 and NaBPh4 in THF at

�98 �C, respectively (Fig. 9e, f) [90, 91]. The resulting polymers were isolated in

~95 % yield and in narrow molecular weight distributions (Mw/Mn ~ 1.28). The

bulky side groups and additives prevented chain transfer and led to a living system.

Lee et al. also attempted the anionic polymerization of a carbamate isocyanate

bearing a simple alkyl group using additives (Fig. 9g–i) [93]. The resulting poly-

mer’s molecular weight was uncontrolled and the molecular weight distribution

was broad due to chain transfer, even in the presence of the additive.

This chain transfer was more effectively prevented when using Na-BA initiator

[94]. Na-BA stabilized the amidate anion by protecting the propagating chain end,

reducing the incidence of the chain transfer by proton abstraction. For anionic

Fig. 9 Examples of isocyanate monomers with active hydrogen side groups: (a) 3-((S)-

(a-Methylbenzyl)carbamoyl)phenyl isocyanate, (b) 4-((S)-(a-methylbenzyl)carbamoyl)phenyl

isocyanate, (c) 4-((S)-(+)-s-butoxycarbonylamino)butyl isocyanate, (d) 6-((S)-(+)-s-butoxycarbo-
nylamino)hexyl isocyanate, (e) 6-((S)-(�)-2-methylbutoxycarbonylamino)hexyl isocyanate,

(f) 6-[2-(4-[4-nitrophenylazo]-N-ethylphenylamino)ethoxycarbonylamino]hexyl isocyanate,

(g) methoxycarbonylaminohexyl isocyanate, (h) n-propyloxycarbonylaminohexyl isocyanate

and (i) n-pentyloxycarbonylaminohexyl isocyanate [43, 44, 89–94]
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polymerization using Na-BA, the effects of the alkyl side chain were clearly

observed. The results are summarized in Table 8. Polymerization of methoxycar-

bonylaminohexyl isocyanate (MAHI) and n-propyloxycarbonylaminohexyl isocy-

anate (PAHI) underwent full cross-linkage and partial side reactions, respectively.

However, the polymerization of n-pentyloxycarbonylaminohexyl isocyanate

(PEAHI) maintained a living nature without chain transfer, leading to quantitative

yield and predictable molecular weight and narrow molecular weight distributions.

The results demonstrated that the steric hindrance provided by longer alkyl group

protects the carbamate group and therefore perfectly supports the living polymer-

ization without chain transfer. This situation is visualized in Fig. 10.

The protection/deprotection strategy is another method used for polyisocyanate

with protic side groups. Protection/deprotection is carried out according to follow-

ing procedure: (1) Polyisocyanate bearing protective side groups is synthesized

using anionic polymerization, and (2) an endcapping reaction is sequentially carried

out. (3) The protective side groups of the precursor polymer are completely

removed with a deprotection reaction. Okamoto et al. utilized this method to

prepare the poly(phenyl isocyanate) with carboxylic acids in the side chain. As

shown in Scheme 13, poly(3-carboxyphenyl isocyanate) was synthesized using the

anionic polymerization of 3-(tert-butoxycarbonyl)phenyl isocyanate with the lith-

ium amide of piperidine in THF at �98 �C, followed by the rapid hydrolysis of the

tert-butyl ester using trifluoroacetic acid [95].

8.3 Synthesis of Polyisocyanates with Reactive Side Group
and Its Modification

Polymer modification reactions are a facile and effective approach to functionalize

polymers. The diverse reactions include alkyne-azide cycloaddition [96], thiol-ene

Table 8 Anionic polymerization of MAHI, PAHI, and PEAHI using Na-BA in THF at �98 �C
(Data from [94].)

Monomer

Na-BA

(mmol)

Monomer

(mmol)

Time

(mmol)

Mn (kDa) Mw/

Mn
c

Yield

(%)calcdb obsdc

MAHI 0.11 6.50 40 10.7

PAHI 0.12 6.92 60 14.5 16.4 1.18 98

0.11 6.15 60 14.0 19.8 1.22 95

PEAHI 0.12 4.77 70 10.7 10.9 1.14. 98

0.12 5.40 70 12.1 12.5 1.11 99

0.13 9.66 70 19.9 19.1 1.13 98

0.13 11.6 70 24.5 26.2 1.08 98
aThe presented number of moles of Na-BA is 20 % of the actual number of moles because the

initiation efficiency of Na-BA is 20 %
bNumber-average molecular weight (Mn) was calculated using the relation {[monomer]/[Na-BA]�
(molecular weight of monomer) + (molecular weight of benzanilide)}� yield of polymer/100
cMn and Mw/Mn were measured by SEC-MALLS in THF at 40 �C
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click reaction [97], and Diels-Alder cycloaddition [98]; these reactions offer

~100 % conversion without degrading the polymers (by the mild reaction condi-

tions) and compatibility with a wide range of functional groups (hydroxy, carboxyl

acid, amine, etc.). These reactions have been frequently utilized with controlled

polymerizations to prepare functionalized polymers. Until living anionic polymer-

ization of isocyanate was established, however, polymer modification had not

attracted an attention. Currently, living polymerization systems using additives or

dual functional initiators can make well-defined polyisocyanate precursors for

further modification.

Polyisocyanates with reactive furan side group have been investigated. Furan,

which is a diene compound, is utilized in the Diels-Alder reaction. Furan undergoes

[4 + 2] cycloadditions with the π bonds of various dienophiles, such as maleic

anhydride, maleimide, C60, alkene, and alkyne compounds. Gandini et al. attempted

to synthesize poly(furfuryl isocyanate) (PFIC) via anionic polymerization, but the

resulting polymers were generated in low yield and low molecular weight because

Fig. 10 Dependence on the length of the alkyl side chain in anionic polymerization of carbamate

isocyanates (Reproduced with permission from [94]. Copyright 2009 American Chemical

Society.)

Scheme 13 Anionic polymerization of 3-(tert-butoxycarbonyl)phenyl isocyanate and hydrolysis

of the protecting group [95]
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trimerization dominated [99]. Lee et al. synthesized well-defined PFIC with living

anionic polymerization using Na-BH in THF at �98 �C [100]. The sequential

addition of n-hexyl isocyanate provided poly(furfuryl isocyanate)-block-poly(n-
hexyl isocyanate) (PFIC-b-PHIC) with a unimodal molecular weight distribution

and the desired composition ratio. The addition of C60 with furan in the block

copolymer with a Diels-Alder reaction resulted in ~50 % conversion. The proce-

dure is shown in Scheme 14.

9 Synthesis of Rod-Coil Block Copolymers of Isocyanates

The inherent immiscibility between different blocks of a block copolymer raises the

microphase separation, forming periodic arrangements, such as spheres, lamellas,

cylinders, and gyroids. Block copolymers that contain a flexible coil block and a

rigid rod block may form unexpected self-organized structures. The self-assembly

of rod-coil block copolymers has potential applications for size-controlled

nanoparticles, nanoporous membranes, and periodically patterned films. Because

polyisocyanates have stiff and rodlike conformations in the solid and solution state,

they exhibit unique self-assembly behaviors, such as liquid crystalline ordering and

uniform nanostructure formation from the block copolymer [101, 102]. The supra-

molecular architectures are largely predicted depending on the relative volume

fraction and molecular weight of each block [103], as well as the uniformity of

polymer chain. Two synthetic routes for rod-coil block copolymers consisting of

polyisocyanate blocks have been reported: (1) sequential addition of monomers in

anionic polymerization and (2) combination of another controlled polymerization.

Scheme 14 Synthesis of PFIC-b-PHIC via sequential living anionic polymerization and a subse-

quent Diels-Alder reaction with C60 (Reproduced with permission from [100]. Copyright 2012

John Wiley and Sons.)
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9.1 Block Copolymerization by Sequential Monomer
Addition

In the living manner, the living chain end is reactive, even after the completion of

polymerization. It can react with a second monomer, forming a well-defined block

copolymer. The synthesis of a block copolymer via sequential anionic polymeriza-

tion depends on the reactivity of the two feeding monomers [104]. A more reactive

monomer toward a nucleophile forms a less nucleophilic anion after addition

reaction. Generally, less reactive monomer is added first so that second monomer

can be added to whole living chains homogeneously. Isocyanate is highly reactive

compared to most common vinyl monomers. The living amidate anion is not

nucleophilic enough to react with a vinyl monomer. For block copolymerization

with a vinyl monomer, the vinyl monomers must be polymerized first so that the

living carbanions can initiate the polymerization of the isocyanate monomers

homogeneously. The reverse sequence is impossible [13].

Because the living anionic polymerizations of isocyanates were established, the

synthesis of well-defined rod-coil block copolymers consisting polyisocyanates has

progressed rapidly. The living carbanion generated by anionic polymerization of a

vinyl monomer in THF at �78 �C undergoes sequential polymerization when an

isocyanate is added as a second monomer in the presence of excess NaBPh4 at

�98 �C. In that case, NaBPh4 replaces existing counter cations with Na+ and

prevents trimerization. The resultant block copolymers exhibit quantitative yield

and predictable molecular weight and narrow molecular weight distributions.

Well-defined rod-coil-rod triblock copolymers of n-hexyl isocyante with vinyl

monomers have been synthesized via living anionic polymerization using M-Naphs

by Lee et al. Homopolymerization of vinyl monomers, such as styrene and iso-

prene, using the appropriate M-Naph forms bis-carbanions that grow bidirection-

ally, and the sequential polymerization with HIC yields rod-coil-rod triblock

copolymers [32, 105]. An amphiphilic rod-coil-rod triblock copolymer, poly(n-
hexyl isocyanate)-block-poly(2-vinylpyridine)-block-poly(n-hexyl isocyanate)

(PHIC-b-P2VP-b-PHIC), is synthesized using the anionic polymerization of 2VP

and HIC as illustrated in Scheme 15 [106]. Hadjichristidis et al. synthesized

pentablock terpolymers of HIC with styrene and isoprene in the same manner [107].

Amphiphilic rod-coil diblock copolymers and rod-coil-rod triblock copolymers

are synthesized by the following procedure shown in Scheme 16 [82, 108]. Living

P2VP carbanions formed by the anionic polymerization of 2VP with

diphenylmethyl potassium (DPM-K) extends the chain monodirectionally after

the HIC is added. Termination by protonation of the growing chain end generates

rod-coil diblock copolymers [108]. A coupling reaction using malonyl chloride as a

difunctional terminator generates coil-rod-coil triblock copolymers [82]. Rod-coil-

rod tri-, rod-coil di-, and coil-rod-coil triblock copolymers each exhibit different

domain positions, significantly influencing self-assembly.
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9.2 Block Copolymerization in Combination with Another
Controlled Polymerization

A variety of controlled polymerization methods are utilized to prepare controlled

block copolymers. The monomer choice depends on each polymerization

Scheme 15 Synthesis of PHIC-b-P2VP-b-PHIC rod-coil-rod triblock copolymer via sequential

living anionic polymerization (Reproduced with permission from [106]. Copyright 2006 American

Chemical Society.)

Scheme 16 Synthesis of (a) P2VP-b-PHIC coil-rod diblock copolymer and (b) P2VP-b-PHIC-b-
P2VP coil-rod-coil triblock copolymer via sequential living anionic polymerizations (Reproduced

with permission from [82, 108]. Copyright 2007 American Chemical society and 2004 John Wiley

and Sons, respectively.)
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mechanism. The range of monomers available for anionic polymerization is highly

limited. It restricts the synthesis of block copolymers with a wide range of monomer

combination. In some cases, block copolymerization by combining two different

types of controlled polymerization is encouraged.

Hadjichristidis et al. reported switching the polymerization mechanism from one

type to another by using a difunctional initiator compatible with two different

polymerization methods. For example, poly(n-hexyl isocyanate)-block-poly(N-
vinylpyrrolidone) (PHIC-b-PVP) was synthesized by combining anionic and

nitroxide-mediated radical polymerization, as shown in Scheme 17 [109]. The

used difunctional initiator contains both an anionic and radical species. In the

detailed procedure, sodium-4-oxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPO-

ONa) initiated anionic polymerization of HIC in the presence of excess NaBPh4
in THF at �98 �C to make the PHIC. The isolated homopolymer was used as a

macroradical for the nitroxide-mediated radical polymerization of N-vinylpyr-
rolidone (VP) using 2,20-azobisisobutyronitrile (AIBN). The resultant block copo-

lymerization exhibited a shift to a higher molecular weight and a unimodal

molecular weight distribution without a trace of macroradical. Therefore, the

nitroxide radical end group of a homopolymer chain was proved to participate in

a sequential radical polymerization with VP to generate a homogeneous block

copolymer.

Lee et al. synthesized poly(n-hexyl isocyanate)-block-poly(3-(trimethoxysilyl)

propyl methacrylate) (PHIC-b-PTMSPMA) via living anionic polymerization and

atom transfer radical polymerization [110]. As shown in Scheme 18, a PHIC

macroinitiator was synthesized using the living anionic polymerization of HIC

with Na-BA in THF at �98 �C, followed by quantitative endcapping with 2-

Scheme 17 Synthesis of PHIC-b-PVP rod-coil block copolymer via anionic polymerization and

nitroxide-mediated radical polymerizations (Reproduced with permission from [109]. Copyright

2006 John Wiley and Sons)

Scheme 18 Synthesis of PHIC-b-PTMSPMA via living anionic polymerization and atom transfer

radical polymerization (Reproduced with permission from [110]. Copyright 2011 American

Chemical Society)
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bromoisobutanoyl bromide. ω-Functionalized PHIC was used for subsequent atom

transfer radical polymerization with (3-trimethoxysilyl)propyl methacrylate

(TMSPMA) in toluene at 35 �C to yield the diblock copolymer (coil fraction

~10 %) with a unimodal molecular weight distribution.

10 Synthesis of Nonlinear Polyisocyanates

Fundamental exploration of nonlinear polymers is an important research area.

Architectures distinguishable from linear polymers contribute to the difference of

properties, including segmental density, crystallinity, viscosity, and other physical

properties. Living anionic polymerization is the most ideal method to prepare star

polymers and graft copolymers with predictable molecular weights and narrow

molecular weight distributions. The features of the non-dissipating living anion

ends and quantitative end functionalization through reactions with linking reagents

can precisely modify the structure of polymers. The synthesis of nonlinear poly-

mers consisting of rodlike polyisocyanates has become more popular because living

polymers are now available. Some reports describe efficient routes to synthesize

star-branched (co)polymers, miktoarm star copolymers, and graft copolymers

consisting of polyisocyanate chains.

10.1 Synthesis of Star Polymers with Polyisocyanates

The in situ methodology to synthesize star polymers is classified into three different

techniques: the use of (1) a multifunctional initiator, (2) a divinyl monomer, and (3)

a multifunctional linking reagent. With the two former techniques, star polymers

are synthesized via living polymerization initiated by the multifunctional anionic

cores (“core-first” approach). The rest involves the termination reaction of living

polymer arms with linking reagents possessing the appropriate functionalities

(“arm-first” approach). The in situ synthesis of star polymers containing

polyisocyanate arms via arm-first approach remains a challenge. The in situ arm-

first approach requires a rapid reaction of the living polyisocyanate anions and a

multifunctional terminator to avoid trimerization. However, most multifunctional

terminators require long reaction times due to steric effects. The effective

multifunctional linking reagent may need to possess their ability of both in situ

couplings of living polymers and sequential linking reaction with other polymers.

Hadjichristidis et al. and Lee et al. reported well-defined star-shaped homopoly-

mers, block copolymers, and miktoarm copolymers containing PHIC arms via

anionic polymerization using the divinyl monomer and several linking reagents

[111, 112].
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Multifunctional initiators An anionic initiator with a specific number of func-

tionalities is employed to initiate anionic polymerization, leading to formation of a

growing star-shaped chain. Three-arm star-shaped PHIC was synthesized using the

trifunctional initiator displayed in Scheme 19 [111]. The trifunctional initiator was

prepared through a reaction of tris(4-isocyanatrophenyl)methane with a stoichio-

metric quantity of benzyl sodium in THF at �40 �C. The resulting initiator

molecule possessed the three amidate anions. HIC was polymerized with this

trifunctional initiator in the presence of NaBPh4 in THF at �98 �C. After anionic
polymerization, a relatively high yield and narrow molecular weight distribution

were obtained. The structure of the three-armed star polymer was confirmed by

contrasting its intrinsic viscosity between the resulting polymer and the linear

polymer.

Divinyl monomers The reaction of a nucleophilic anionic initiator with a slightly

large excess of divinyl monomer creates a tightly cross-linked core with a specific

number of anions. The multifunctional anion core acts as an initiator for the

synthesis of star polymers. Although the number of functionalities is not precisely

predicted in this method, it is approximately adjusted by varying the molar ratio of

divinyl monomer to initiator. The number of functionalities in the resulting star

polymers is determined by differences between the observed degree of polymeri-

zation and the molar ratio of monomer to initiator.

The multiarmed star PHIC was synthesized by using 1,4-divinylbenzene (1,4-DVB)

as shown in Scheme 20a [111]. The multifunctional initiator was prepared by reacting

benzyl sodium initiator and a suitable amount of 1,4-DVB in THF at �40 �C.
The anionic polymerization of HIC in the presence of NaBPh4 in THF at �98 �C
generated the multiarmed star PHIC. The star-shaped rod-coil block copolymers have

been synthesized via sequential anionic polymerization of a vinyl monomer and an

isocyanate using this multifunctional initiator as shown in Scheme 20b [111].

The multifunctional initiator formed from 1,4-DVB polymerized isoprene as a first

monomer in THF at�60 �C, followed by HIC as a second monomer in the presence of

NaBPh4 at �98 �C, leading to multiarmed star block copolymers containing polyiso-

prene-block-poly(n-hexyl isocyanate) (PI-b-PHIC) arms.

The miktoarm star copolymers (AnBn) are frequently synthesized using 1,4-

DVB. The linking reaction of linear living polymer with 1,4-DVB generates a

Scheme 19 Synthesis of a three-armed star polymer of PHIC via living anionic polymerization

using a trifunctional initiator (Reproduced with permission from [111]. Copyright 2007 John

Wiley and Sons)
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multifunctional initiator bearing polymer arms. The sequential addition of another

monomer forms miktoarm star copolymers (AnBn). The miktoarm star copolymer

of styrene and HIC was synthesized by linking a living PS anion with a suitable

amount of 1,4-DVB to form the multifunctional PS core, followed by the sequential

polymerization of HIC, as shown in Scheme 21 [111].

Multifunctional linking reagents Lee et al. synthesized a miktoarm star copoly-

mers of PHIC and poly(ethylene glycol) (PEG), which are shown in Scheme 22

[112]. In this manner, malonyl chloride acts as a multifunctional linking reagent for

both in situ coupling of two living PHIC chains and the linking reaction of PHIC

and PEG via the Michael reaction. The coupling of two living PHICs using malonyl

chloride proceeded after living anionic polymerization. The active methyl group of

the malonyl residue in the middle of PHIC underwent the Michael reaction with

monomethacrylate and dimethacrylate PEG under basic condition, leading to yield

of well-defined miktoarm star copolymers with A2B and A2BA2 structures,

respectively.

10.2 Synthesis of Graft Copolymers with Polyisocyanates

Synthesis of graft copolymers is classified into “grafting through,” “grafting from,”

and “grafting onto.” “Grafting through” polymerizes a macromonomer. “Grafting

from” initiates the polymerization of a second monomer at functional repeating

Scheme 20 Synthesis of (a) multiarmed star polymer of PHIC and (b) multiarmed star block

copolymer of PI-b-PHIC via living anionic polymerization using 1,4-DVB (Reproduced with

permission from [111]. Copyright 2007 John Wiley and Sons)
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sites in the backbone to extend branches. “Grafting onto” involves the coupling

reaction of the backbone polymer and branch polymers. The graft copolymers

containing well-defined polyisocyanate branches have been mostly synthesized

by the “graft through” method. The “graft through” process combines with the

living polymerization to prepare macromonomers with predictable and homoge-

neous branch lengths. The methods to introduce a polymerizable group to the

polymer chain end in living anionic polymerization use a functional initiator (α-
end functionalization) or a functional terminator (ω-end functionalization).

An example of the graft copolymerization of the polyisocyanate macromonomer

with a polymerizable group at α-end of polymer chain is described in Scheme 23

[75]. Chiral PHIC macromonomer was synthesized via living anionic polymeriza-

tion using sodium N-(4-vinylphenyl)benzamide bearing a polymerizable styryl

group and a chiral terminator. The resulting macromonomer was polymerized via

free radical polymerization using AIBN initiator, leading to graft copolymers

containing PS backbone and chiral PHIC side branches, polystyrene-graft-poly(n-
hexyl isocyanate) (PS-g-PHIC).

The graft copolymerization of the polyisocyanate macromonomer with a

polymerizable group at the ω-end has also been reported. As shown in Scheme 24,

Scheme 21 Synthesis of miktoarm star copolymer of PS and PHIC via living anionic polymer-

ization using 1,4-DVB (Reproduced with permission from [111]. Copyright 2007 John Wiley and

Sons)

Scheme 22 Synthesis of miktoarm star copolymers PEG and PHIC via living anionic polymer-

ization using malonyl chloride and Michael reaction (Reproduced with permission from [112].

Copyright 2008 American Chemical Society)
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poly(phenyl isocyanate) macromonomers with a polymerizable phenylacetylene

end group were synthesized by anionic polymerization of 3-methoxyphenyl isocy-

anate (3MeOPI) using chiral lithium amide initiator, followed by end capping with

4-ethynylbenzoyl chloride [81]. This polymerization was not living system, and the

end-caption was also not quantitative due to insufficient reactivity of the living

aromatic polyisocyanate end and aromatic acid chloride. Therefore, the uncapped

polymer chains had to be completely removed by selective depolymerization. The

prepared macromonomers were polymerized by using Rh+(2,5-norbornadiene)[(η6-
C6H5)B

-(C6H5)3] (Rh(nbd)BPh4) catalyst, leading to the graft copolymers of poly

(phenylacetylene) (PPA) bearing chiral poly(phenyl isocyanate) side branches, poly

(phenyl acetylene)-graft-poly(3-methoxyphenyl isocyanate) (PPA-g-P3MeOPI).

11 Development of Structural Studies in Well-Defined
Polyisocyanates

The rodlike and helical properties of polyisocyanates have been considered intrigu-

ing structural characteristic. Their macroscopic helical conformation is similar to

structural features of biological macromolecules such as DNA, RNA, and proteins.

Because the sophisticated control of helical conformation is an important key to

determine physiological functions involving signal transmission and recognition,

Scheme 23 Synthesis of PS-g-PHIC graft copolymer via living anionic polymerization and free

radical polymerization (Reproduced with permission from [75]. Copyright 2011 American

Chemical Society)

Scheme 24 Synthesis of PPA-g-P3MeOPI graft copolymer via anionic polymerization and

rhodium-catalyzed polymerization (Reproduced with permission from [81]. Copyright 2012

Royal Society of Chemistry)
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polyisocyanate as bioinspired model material is worth investigating its helical

properties. Interestingly, the introduction of the chirality in the polymers offers

the long-range control of helical conformation in polyisocyanate. Polyisocyanate

also exhibits the unique morphological aspect involving self-assembly and liquid

crystalline ordering of rod-coil block copolymers containing polyisocyanates.

Past findings on the helicity and the morphology from homo- and rod-coil block

copolymers with polyisocyanates were inconsistent, due to the absence of precise

control of molecular architecture in polymer synthesis. Because these properties are

highly dependent upon the molecular weight and molecular weight distribution, the

preparation of well-defined polyisocyanates by living polymerization is essential

for systematic investigation of these properties. Recent living anionic polymeriza-

tion techniques have provided high-quality polyisocyanates. These have brought

rapid development in the definition of the helical and morphological properties of

polyisocyanates. Many examples of experiments using controlled polyisocyanates

are briefly described in this section.

11.1 Chiroptical Properties of Polyisocyanates

The dynamic helical conformation of optically active polyisocyanate is a structural

motif that mimics biopolymers and performs the translation of macromolecular

stereochemistry. A number of studies related to polyisocyanates have focused on

examining helical properties. Chiral attachment into the polymer to induce a

preferred one-handed helical sense in polyisocyanate led to several discoveries,

including the cooperative effect, the sergeants and soldiers principle, and the

majority rules. Optical activity in polyisocyanate is highly dependent on the

molecular weight of the polymer. Modular quantification of helicity through CD

measurement requires sophisticated control of molecular weight of the

polyisocyanate. In the past, there has been little consistency during the analysis

of optical activity of polyisocyanates due to difficulties in controlling the molecular

weight using classical anionic polymerization.

After the elaborate design of a molecular weight scale via living anionic poly-

merization became possible, new helicity induction phenomena have been discov-

ered. Chiral benzamide initiators and chiral acyl chloride terminators offered

quantitative attachment of chiral residues at the α- and ω-ends of the polymer

chain. CD spectra of chirally terminated PHICs with varying molecular weights

indicated that a terminal chiral moiety in the PHIC chain induced a one-handed

helical sense of up to 36monomer units (up to 5.0 kDaMn). This outcome is the result

of helicity induction corresponding to the CCD effect [29, 76].

Graft copolymerization of a PHIC macromonomer containing a styryl end and a

chiral end yielded PS-g-PHIC. CD spectra showed that the graft copolymers

possessed the opposite helical sense compared to the chiral macromonomer. This

finding was attributed to the “double covalent chiral domino effect (DCCD effect)”
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of the coupled PHIC chain containing chiral moieties at both ends and covalent

linkage in the middle of the chain [75].

PHIC synthesized using a chiral benzamide initiator, in which a chiral residue is

located in the α-position to an N-atom end of polymer chain, exhibited kinetically

stable helical behavior (static helical conformation). On the other hand, PHIC

synthesized using a chiral terminator, in which a chiral residue is located at the

α-position to a C-atom end, showed thermodynamically stable helical behavior

(dynamic helical conformation). When chirality was introduced to the polymer

using both chiral initiator and chiral terminator, the resulting polymer showed an

one-handed helical conformation up to 7.2 kDa Mn according to the DCCD effect.

Furthermore, the overall helical sense was determined by the chirality of the

initiator, and the chirality of the terminator only supported the helical sense

(“governing initiation-supporting termination,” the GIST effect) [76].

PHIC synthesized using Na-Naph and chiral terminator contains two chiral

residues at both the C-atom ends of the polymer chain and the covalent linkage in

the middle of the polymer chain. This polymer showed a dynamic helical confor-

mation with the 12.0 kDa Mn according to the DCCD effect. As an effect of the

covalent linkage, PHIC containing chiral moieties at both C-atom ends of the

polymer chain possessed the opposite helical sense compared with PHIC containing

a chiral moiety at one C-atom end of the polymer chain [113].

11.2 Morphology of Polyisocyanate-Based Rod-Coil Block
Copolymers

Well-defined rod-coil block copolymers synthesized by living anionic polymeriza-

tion were utilized for studies on the morphology of these block copolymers. To

observe the transition of the microphase separation and self-assembly, the domain

length and the volume fraction of each block were varied by controlling the

molecular weight of each block based on the feed ratio of the monomer and

initiator. Well-defined rod-coil-rod triblock copolymers of HIC with styrene, iso-

prene, or 2VP displayed periodic patterns such as lamellar and cylindrical in the

film casting, which were strongly variable depending on the composition ratio of

block copolymers [32, 105, 106]. The morphology in rod-coil diblock and coil-rod-

coil triblock copolymers of 2VP and HIC was investigated to confirm the effect of

composition type [82, 108].

Amphiphilic rod-coil block copolymers exhibit more complicated morphologi-

cal aspects. The immiscibility between each block and the different affinity of each

block to a certain solvent strongly promote the phase separation. Furthermore, the

transition of self-assembly in these bock copolymers is induced by varying not only

the molecular weight of each block but also the solvent composition. The amphi-

philic rod-coil-rod PHIC-b-P2VP-b-PHIC triblock copolymer exhibited different

micellar structures depending on the solvent type. The triblock copolymer formed
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the solid micelle with a coil core in chloroform as a rod-selective solvent, whereas it

formed the hollow micelles with a rod core in methanol as a coil-selective solvent

[106]. The coil-rod P2VP-b-PHIC diblock copolymer formed intermicellar-chained

and cylindrical micellar networks in a chloroform/THF mixed solvent. The addition

of THF to the polymer in chloroform solution led to intermicellar fusion due to the

thermodynamic instability of spherical micelles [114]. In the THF/water mixed

solvent, P2VP-b-PHIC showed the transformation of the solid micelle into the

bilayered vesicle, as water content increased. After the degradation of rod block

under basic pH, a hollow vesicle remained intact [115]. In the rod-selective solvent,

P2VP-b-PHIC showed a chain-wrapped micelle and vesicle, in which rod chains

wrapped tangentially to the curved interface of the coil core [116].

The liquid crystalline nature of stiff and rodlike polyisocyanate influences the

self-organization of the rod-coil block copolymer containing a polyisocyanate

block. The several liquid crystalline morphology of the P2VP-b-PHIC emerged in

the coil-attractive substrate. Vapor annealing using different solvents made a liquid

crystalline monolayer or bilayer with long-range-ordered, smectic-on-nematic

biphasic sheets [117, 118]. A monolayer of rod-coil PHIC-b-PTMSPMA self-

organized in the substrate reactive with coil block, displaying nematic liquid

crystalline ordering [110].

12 Summary

Since the first discovery of feasible synthesis of polyisocyanate via anionic poly-

merization in 1959, it was hard to find the living nature in anionic polymerization of

isocyanate due to trimerization. After much effort, special anionic polymerization

systems have been invented, finally resulting in an excellent living nature including

quantitative yield and predictable molecular weight and narrow molecular weight

distributions. The living mechanism is mainly related to stabilization of living chain

end. Additives such as 15-crown-5 and NaBPh4 protected the living chain end from

trimerization by induction of the steric hindrance into living chain end. Several low

reactive initiators that form intrinsic self-aggregates in solution played a dual

function of both initiation and protection of living chain end. The quantitative

endcapping reaction using acyl chloride and pyridine catalyst generated end-

functionalized polyisocyanates. The living anionic polymerizations combined

with the endcapping reaction and other functionalization techniques have led to

synthesis of well-defined linear, telechelic, chiral, rod-coil block, star, and graft

polyisocyanates. The elaborate molecular design of polyisocyanate has contributed

to finding new properties on their helicity and morphology. From chiral

polyisocyanate, various helicity phenomena with different effects depending on

the type of chiral structures have been found. Self-assembly of amphiphilic rod-coil

block copolymers containing polyisocyanate has led to formation of stable

nanostructures such as micelles and vesicles in solution as well as the distinctive

liquid crystalline ordering in mono- and bilayer film.
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Abbreviations

1,4-DVB 1,4-Divinylbenzene

2VP 2-Vinylpyridine

3MeOPI 3-Methoxyphenyl isocyanate

AIBN 2,20-Azobisisobutyronitrile
C60 Fullerene

calcd Calculated

CCD effect Covalent chiral domino effect

CD Circular dichroism

DCCD effect Double covalent chiral domino effect

DMF N,N-Dimethylformamide

DNA Deoxyribonucleic acid

DPM-K Diphenylmethyl potassium

GIST effect Governing initiation-supporting termination effect

HIC n-Hexyl isocyanate
K-Naph Potassium naphthalenide

Li-Naph Lithium naphthalenide

M helix Left-handed helix

MAHI Methoxycarbonylaminohexyl isocyanate

Mn Number-average molecular weight

M-Naph Metal naphthalenide

Mw/M Molecular weight distribution

Mw Weight-average molecular weight

Na-BA Sodium benzanilide

Na-BH Sodium benzhydroxide

NaBPh4 Sodium tetraphenylborate

Na-DB Sodium deoxybenzoin

Na-DPM Diphenylmethyl sodium

Na-Naph Sodium naphthalenide

obsd Observed

P helix Right-handed helix

P2VP Poly(2-vinylpyridine)

P2VP-b-PHIC Poly(2-vinylpyridine)-block-poly(n-hexyl isocyanate)
P2VP-b-PHIC-b-
P2VP

Poly(2-vinylpyridine)-block-poly(n-hexyl isocyanate)-block-
poly(2-vinylpyridine)

PAHI n-Propyloxycarbonylaminohexyl isocyanate

PEAHI n-Pentyloxycarbonylaminohexyl

PEG Poly(ethylene glycol)

PFIC Poly(furfuryl isocyanate)
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PFIC-b-PHIC Poly(furfuryl isocyanate)-block-poly(n-hexyl isocyanate)
PHIC Poly(n-hexyl isocyanate)
PHIC-b-P2VP-b-
PHIC

Poly(n-hexyl isocyanate)-block-poly(2-vinylpyridine)-block-
poly(n-hexyl isocyanate)

PHIC-b-
PTMSPMA

Poly(n-hexyl isocyanate)-block-poly(3-(trimethoxysilyl)

propyl methacrylate)

PHIC-b-PVP Poly(n-hexyl isocyanate)-block-poly(N-vinylpyrrolidone)
PI Polyisoprene

PI-b-PHIC Polyisoprene-block-poly(n-hexyl isocyanate)
PPA Poly(phenylacetylene)

PPA-g-P3MeOPI Poly(phenyl acetylene)-graft-poly(3-methoxyphenyl

isocyanate)

PS Polystyrene

PS-g-PHIC Polystyrene-graft-poly(n-hexyl isocyanate)
PTESPI Poly(3-(triethoxysilyl)propyl isocyanate)

PTMSPMA Poly(3-(trimethoxysilyl)propyl methacrylate)

PVP Poly(N-vinylpyrrolidone)

Rh(nbd)BPh4 Rh+(2,5-norbornadiene)[(η6-C6H5)B
-(C6H5)3]

RNA Ribonucleic acid

SEC Size exclusion chromatography

SEC-MALLS Size exclusion chromatography-multiangle laser light

scattering

TEMPO-ONa Sodium-4-oxy-2,2,6,6-tetramethylpiperidinyloxy

TESPI 3-(Triethoxysilyl)propyl isocyanate

THF Tetrahydrofuran

TMSPMA 3-(Trimethoxysilyl)propyl methacrylate

VP N-Vinylpyrrolidone
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Poly(ferrocenylsilanes) with Controlled
Macromolecular Architecture by Anionic
Polymerization: Applications in Patterning
and Lithography

Lionel Dos Ramos, Mark A. Hempenius, and G. Julius Vancso

Abstract In this chapter, the versatility of poly(ferrocenylsilanes) (PFSs) as resists

in reactive ion etching (RIE) for nanofabrication is presented. PFSs, belonging to

the class of organometallic polymers, possess skeletal ferrocene and alkylsilane

units which provide these solution-processable materials with a very high RIE

resistance. First, it is shown that among the different paths for synthesizing PFS,

anionic polymerization creates an opportunity to produce well-defined PFSs with a

targeted molar mass and low polydispersity. Block copolymers and more complex

structures can also be realized, which leads to exciting openings in maskless self-

assembly lithography for nanopatterning. Then, optimization of the etching pro-

cess, aimed at maximizing aspect ratios for PFS-based resists, is discussed. Next,

several micro- and nanofabrication processes, using PFS homopolymers to fabri-

cate nanoscale structures, are demonstrated. Finally, phase separation of PFS block

copolymers and their use as self-assembled resists with long-range guided order in

nanolithography is discussed. With this technique, various nanopatterns useful for

CMOS design could be obtained.

Keywords CMOS • Poly(ferrocenylsilane) • Anionic polymerization •

Nanolithography • Microphase separation • Self-assembly • Epitaxy

1 Introduction

Complementary metal oxide semiconductor (CMOS) is a technology that was

patented in 1967 by Frank Wanlass [1]. It is used to construct integrated circuits,

such as microprocessors, microcontrollers, static RAM, and other digital logic

circuits. CMOS technology is also used for analog circuits, such as image sensors,

data converters, and highly integrated transceivers for many types of

communication [2].
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In the race to produce ever smaller, faster, and more economical electronic

devices, the component density of integrated circuits needs to be ever greater,

i.e., component sizes must decrease. One of the main limitations in the fabrication

of integrated circuits is the difficulty to further scale down CMOS transistors

[3]. Most of the patterning processes take place on the wafer in two steps: (1) the

patterning of a resist film on top of the functional material, known as lithography,

and (2) the transfer of the resist pattern into the functional material, termed etching.

Current state-of-the-art photolithographic techniques, such as immersion lithogra-

phy [4] and double patterning [5], combined with a 193-nm UV light source, allow

the fabrication of 22-nm-node technology. Electron and ion beam lithography have

allowed the creation of features with less than 10 nm wide and continue to be

developed in laboratories. However, due to the limits implied by the use of these

wavelengths and especially the high costs of implementing these new technologies,

alternative techniques capable of producing sub-10-nm-node features must be

introduced.

Non-radiation-based resist patterning techniques have been introduced and offer

fascinating prospects [6, 7]. Compared with radiation-based nanopatterning, non-

radiation-based patterning methods have major advantages due to the fundamen-

tally different physical principles involved. These techniques have no diffraction

limits to resolution; are easily applicable for 3D patterning; can directly pattern

functional materials, thereby reducing fabrication steps; and eliminate the need for

complicated and expensive equipments, such as particle sources and optical sys-

tems. These techniques are based on mechanical or chemical patterning processes,

and recently the combination of both has attracted research interest.

Mechanical patterning uses a mechanical mold as a template to shape the resist

on the substrate, for example, through nanoimprinting, or as a stamp to transfer an

ink onto the surface, e.g., nanoprinting or soft lithography [8]. Chemical patterning

methods are bottom-up processes and appear to be a viable alternative for the

fabrication of nanoscale features. They exploit the ability of a system to settle at

its minimum energy, forming polymeric patterns by self-organization [9]. Chemical

patterning processes include the self-assembly of monolayers on a surface and the

phase separation of block copolymers [10]. As shown in Fig. 1, several basic

structures obtained with block copolymer (BCP) patterning which are useful for

CMOS functions have already been achieved. These patterns include dense and

isolated bends, jogs, spots, line terminations, and T-junctions. Nealey and his

coworkers obtained these features [12, 13] by using a lithographically patterned

self-assembled monolayer or polymer brushes. These monolayers were subse-

quently etched with oxygen plasma to define regions with distinct surface tension,

which were used to guide the self-organization of a thermally annealed thin block

copolymer film.

Mixed patterning techniques combine mechanical and chemical methods, such

as guided self-assembly in which a larger mechanical or chemical pattern is used to

guide the self-assembly of smaller patterns. This technique induces self-

organization at predetermined locations with large domain sizes, possessing long-
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range order, instead of the random order and small domain sizes typically resulting

from unguided self-assembly [14].

Another challenge in CMOS fabrication and the scaling down of features is the

need for high-performance resists that allow the obtaining of high-contrast features.

In this chapter, we focus on poly(ferrocenylsilane) (PFS), an organometallic poly-

mer, which has shown very promising properties as reactive ion etch barrier and,

therefore, creates exciting opportunities in maskless self-assembly lithography for

nanopatterning [15].

In the second part of this chapter, the synthesis of PFS will be presented, and it

will be shown that anionic polymerization creates an opportunity to produce well-

defined PFS homopolymers with targeted molar mass and low polydispersity, as

well as block copolymers or more complex structures. In the third part, the reactive

ion etching properties of PFS and the optimization of the etching process to achieve

higher contrast will be discussed. The fourth part is dedicated to demonstrating the

opportunities of using PFS in various mechanical lithography processes to fabricate

nanoscale structures. Finally, in the fifth part, phase separation of PFS block

copolymers and their use as self-assembled resists with long-range guided order

in nanolithography will be discussed.

Fig. 1 Examples of structures obtained with BCP patterning which can have useful CMOS

functions (Reprinted from Team ERM [11]. © 2007 International Technology Roadmap for

Semiconductors)
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2 Poly(ferrocenylsilane) Synthesis

Poly(ferrocenylsilanes) are organometallic polymers composed of alternating fer-

rocene and silane units in the main chain. These materials were first obtained in

1962 by Rosenberg in a condensation polymerization between a biscyclopen-

tadienide and iron(II) chloride, resulting in oligomers with degrees of polymeriza-

tion ranging from 1 to 10 [16]. Manners and coworkers reported in 1992 a method

for synthesizing high-molar-mass PFSs, involving thermal ring-opening polymer-

ization (ROP) of strained silicon-bridged [1]ferrocenophanes [17]. The synthesis of

polysilane-poly(ferrocenylsilane) random copolymers by thermal ROP was

reported in 1995 by Manners and coworkers [18]. Enhanced control over the

molar mass of PFSs was gained by polymerizing [1]silaferrocenophanes in solution

using transition metal catalysts [19, 20]. Later, in 1998, transition metal-catalyzed

ring-opening polymerization was used to synthesize PFSs with regioregular, comb,

star, and block architectures [21]. Very well-defined PFSs with unprecedented

control over molar mass are obtained by the anionic ring-opening polymerization

of [1]silaferrocenophanes [22, 23]. This method allows one to synthesize near-

monodisperse PFS homopolymers, block copolymers, and end-functional PFS

chains. Interestingly, [1]silaferrocenophanes can also be polymerized in the solid

state using a 60C γ-ray source [24] (Fig. 2).

Several types of iron-containing macromolecules have been synthesized by

polymerizing ferrocenophanes with varying numbers and types of bridging atoms

[26] and substituents on the cyclopentadienyl rings [27, 28].

One of the main advantages of PFS compared to other organometallic polymers

is the possibility to adjust the macromolecular characteristics by changing the

substituents on the silicon atoms. Polymerization of asymmetrically substituted

[1]silaferrocenophanes [29] yields amorphous polymers, while symmetrically

substituted ferrocenophanes yield semicrystalline materials [30]. In addition, the

glass transition temperature of PFSs can be tuned by varying the size and type of the

substituents [31–33]. The synthesis of water-soluble PFS polyanions [34–36] and

polycations [37, 38] and their layer-by-layer deposition [37, 39] to form multilayer

thin films were also reported. The introduction of different reactive side groups

allowed the synthesis of hyperbranched structures [40], PFS-based hydrogels [41],

and recently the covalent fixation of PFS on a substrate [42].

Living anionic ring-opening polymerization of silicon-bridged [1] ferrocenophanes

enabled the synthesis of well-defined and near-monodisperse poly(ferrocenylsilane)

Fig. 2 Ring-opening

polymerization of strained

dimethyl[1]

silaferrocenophane (With

kind permission from

Springer Science and

Business Media [25])
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homo- and block copolymers. A variety of block copolymers with controlled molar

masses and low polydispersity have been prepared (see Table 1). The polymerization

mechanism, shown in Fig. 3, involves a nucleophilic attack by an alkyllithium initiator

at the bridging silicon atom with a simultaneous cleavage of the ipso-carbon-silicon

bond to create a metal-coordinated cyclopentadienyl anion. The propagation continues

from the living anionic chain end until the monomer is consumed. Highly purified

monomers, dry solvents, and an oxygen-free atmosphere are needed to avoid termina-

tion or chain transfer reactions. Under these conditions, predictable molecular weights

and narrow molecular weight distributions (PDI< 1.2) are realized [44].

Later, in 2004, it was reported that PFS can also be synthesized by living

photolytic anionic ring-opening polymerization [23, 58]. Dimethyl[1]silaferro-

cenophane was exposed to UV–vis radiation in the presence of an anionic initiator,

sodium cyclopentadienylide (Na[C5H5]), leading to photocontrolled ring-opening

polymerization. As shown in Fig. 4, under irradiation at 5 �C, some monomers

(M) are photoexcited (M*) and react with the initiator to form a ring-opened

monomer. The propagation proceeds via the opening of more Fe-η5-cyclopen-
tadienyl bonds in the photoexcited monomer (M*) via silyl-substituted cyclopen-

tadienyl anions which are less basic than iron coordinated cyclopentadienyl anions.

The chain is terminated with methanol and controlled molecular weights, and

narrow polydispersities (PDI¼ 1.04–1.21) were obtained. Several block copoly-

mers were obtained via this method (see Table 1), but this approach does not permit

the synthesis of acrylate-, methacrylate-, or acrylamide-based block copolymers by

sequential anionic polymerization as the uncoordinated cyclopentadienyl site is

insufficiently reactive [59].

Figure 5 shows some examples of PFS-based block copolymers synthesized by

traditional sequential anionic polymerization. For block copolymer synthesis, the

monomers have to be added following a decrease of the end-group reactivity

[59]. Nevertheless, sequential anionic polymerization has several drawbacks as it

cannot be used with monomers containing either an acidic proton, e.g., acrylamide

or N-alkylacrylamides, or reactive functional groups, such as acrylates or methac-

rylates. Moreover, some monomers which are suitable for anionic polymerization,

e.g., 2-vinylpyridine or ethylene oxide, will not react and polymerize with the

propagating PFS anion, and, conversely, a propagating poly(2-vinylpyridine) carb-

anion is not nucleophilic enough to initiate polymerization of dimethyl[1]silaferro-

cenophane. An elegant way to solve this problem, introduced by Rehahn and

coworkers [49], involves the end-functionalization of the propagating PFS anion

with a strained silacyclobutane to create a living end with enhanced basicity which

can be end-capped with 1,1-diphenylethylene. The resulting living end is quite

suitable as anionic initiator for acrylic monomers. Anionic ring-opening polymer-

ization also allowed the introduction of functional end-groups, providing access to

the synthesis of a broad range of PFS-based block copolymers [50]. For instance,

alkyne-ended PFS chains could be connected to azide-ended poly(N-isopropyla-
crylamide) chains, using a Cu-catalyzed “click” reaction [45]. Table 1 gives an

overview of PFS-based block copolymers synthesized by anionic polymerization

methods.
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More complex architectures, such as pentablocks [44, 60], dendrimers [61], or

block star terpolymers [62], have been synthesized recently.

3 Reactive Ion Etching Barrier Properties
of Poly(ferrocenylsilanes)

In microfabrication, reactive ion etching using oxygen and oxygen-containing

plasmas is a common dry etching technology used to selectively remove materials

deposited on wafers [63]. Two mechanisms, chemical and physical etching,

Fig. 4 Photocontrolled living anionic ring-opening polymerization reaction of [1]silaferro-

cenophane monomers and the photolytic living ring-opening polymerization mechanism

(Reprinted by permission from Macmillan Publishers Ltd: Nature Materials, copyright (2006)

[58])

Fig. 3 Reaction scheme for the living anionic polymerization of dimethyl[1]silaferrocenophane

(Reprinted with permission from Ni et al. [44]. Copyright 1996 American Chemical Society)

Fig. 5 Examples of poly(ferrocenylsilane)-based block copolymers (With kind permission from

Springer Science and Business Media [25])
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compete during this process [64]. In chemical etching, the active plasma reacts

chemically with the substrate material. Etchant species are adsorbed on the surface

and the reactions take place. Then the formed volatile products desorb from the

surface and are pumped out. In physical etching, the positive ions are accelerated

toward the surface and then mechanically eject substrate material after breaking

bonds upon impact. The balance between these two etching mechanisms depends

on different parameters, e.g., gas pressure and composition, reactor design, and

temperature [65, 66]. Adjusting the relative contribution of these two etching

processes is crucial for controlled nanofabrication as contrast is inversely propor-

tional to the etching rate ratio of resist and substrate.

Organometallic compounds are known for their etching barrier properties in

oxygen plasmas. Chemical etching products of these compounds are not volatile,

contrary to common organic compounds, and therefore they are not desorbed from

the surface. The behavior of poly(ferrocenylsilanes) under reactive ion etching

conditions was studied [67]. Due to the presence of iron and silicon in the main

chain, PFSs were found to be very efficient oxygen plasma etching barriers com-

pared to common organic polymers. Figure 6 gives a comparison between the

etched thickness of poly(styrene) (PS) and poly(ferrocenylsilane) (PFS) as a func-

tion of time. During etching, it was established by XPS that a thin iron and silicon

oxide layer was formed at the surface, which decreased the etching rate

considerably.

The composition in the depth of PFS films was investigated using Auger electron

spectroscopy (AES). In the AES spectra (Fig. 7), the front part corresponds to the

sample surface and the increase in sputtering cycles indicates a depth increase. The

silicon signal around cycle 90 originates from the underlying silicon substrate.

Compared to the film interior, on the surface little carbon and a significant amount

of oxygen are present, revealing a thin oxide-rich layer of approximately 10 nm.

Interestingly, more silicon is removed from the surface compared to iron during the

oxygen plasma treatment. The presence of iron gives a higher resistance than

silicon toward removal by oxygen plasma and also provides a high resistivity

when fluorocarbon plasmas are applied.

Fig. 6 Comparison of the

etched thickness by reactive

ion etching for PS and PFS

as a function of time
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Radio-frequency discharges in low-pressure fluorocarbon gases are frequently

used for etching silicon, silicon oxide, and silicon nitride [68, 69]. CF4, CHF3, C2F6,

and SF6 are common gases used in reactive ion etching [70]. The nature of the

plasma and its related etching characteristics can be radically changed by adjusting

the composition of the gas [71]. For example, the C/F atomic ratio of the feed gas is

a decisive parameter for the nature of the plasma [72]. An increase of the C/F ratio

of the feed-in gas leads to an increase of the concentration of CF and CF2 radicals

which results in polymerization of the plasma. The concurrent deposition of a very

thin fluorocarbon film on the substrate enhances the protection to etching, resulting

in a significant reduction of the SiO2 etch rate [73]. To overturn this etch stop, the

fluorocarbon gases have been diluted with other gases like oxygen [74–76]. Oxygen

atoms act as scavengers for carbon, and consequently the concentration of fluorine

atoms [F] (the etching component) will be relatively higher than the concentration

of fluorocarbons [CFX] (the polymerizing component). Figure 8 (left) shows an

example of a structured silicon wafer produced by exposure to CF4/O2 reactive ion

etching (RIE), using a PFS mask prepared by capillary force lithography

[77]. Under the employed conditions, the etch rate contrast between PFS resist

and silicon substrate is on the order of 10:1.

In order to fabricate structures with higher aspect ratios, the rate of the chemical

etching of the substrate compared to the polymeric mask has to be increased

without compromising the anisotropy of the etching process. This was reached by

Fig. 7 Auger electron spectroscopy depth profile of an oxygen plasma etched film of poly

(ferrocenyldimethylsilane) of 106 nm. Cycles start at the film surface and end at the substrate

(Reprinted with permission from Lammertink et al. [67]. Copyright 2001 American Chemical

Society)
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using SF6 as the etching gas in a cryogenic reactive ion etcher. The physical and

chemical etching parameters were varied independently, and conditions for the

highest etch rate contrast were optimized [78]. The substrate temperature was kept

at �110 �C during processing, resulting in an increase of the chemical etching rate

for Si and a drastic decrease of the physical sputtering rate. Using this process, etch

rates of 3,000 nm/min into Si and around 5 nm/min in the PFS layer were obtained,

giving an etch rate contrast of 600:1. Such a high etch rate contrast enables the

fabrication of high-aspect-ratio structures like silicon nanopillars with aspect ratios

of 10 as shown in Fig. 8 (right).

The etch barrier potential of PFS has now been demonstrated. In the next part,

we focus on pathways to generate patterns using this resist. The deposition of a very

thin resist layer of high etch resistance is a determining step in the fabrication of

defined high-aspect-ratio structures, as this minimizes pattern collapse.

4 Poly(ferrocenylsilane) Homopolymers in Lithography
Applications

With the ongoing miniaturization, polymers have rapidly become crucial in the

fabrication of submicron and nanoscale devices, most notably as highly tailorable

resist materials. Indeed, their well-defined architecture, wide range of chemical

functionalities, and ease of processing on micro- and nanoscale were extensively

used to fabricate optical systems and microelectronics devices. Nanoimprint lithog-

raphy, microcontact printing, micro-fluid-contact printing, lift-up, micromolding in

capillaries, replica molding, solvent-assisted micromolding with its variations, and

photolithography were the most used techniques in the past decades. Nevertheless,

Fig. 8 (left) SEM image of a patterned silicon substrate after introduction of poly(ferrocenyl-

methylphenylsilane) lines by capillary force lithography, followed by 10 min of CF4/O2 reactive

ion etching. (right) SEM image of silicon nanopillars obtained using SF6 (2 min) in a cryogenic

reactive ion etcher with a poly(ferrocenyldimethylsilane) mask. In both cases, the polymer mask

was subsequently removed using nitric acid (With kind permission from Springer Science and

Business Media [25])
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most of the polymers have low resistivity to etching which is a large disadvantage

when high-aspect-ratio patterns are to be obtained. Poly(ferrocenylsilanes), as seen

in paragraph 3, were shown to be ideal materials for one-step resists. The etch

barrier potential of poly(ferrocenyldimethylsilane) in O2 and CF4/O2 plasmas was

demonstrated for patterns made by micromolding in capillaries [67].

In the next sections, some examples of microfabrication will be presented, using

poly(ferrocenylmethylphenylsilane) (PFMPS) as etch barrier in O2 and CF4/O2

plasmas. The asymmetric substitution on the silicon atoms of PFMPS prevents

crystallization of the polymer film, providing excellent homogeneity. The depen-

dence of its glass transition temperature on the number average molar mass was

studied [29, 77]. The extrapolated value of Tg of the polymer with infinite molar

mass was found to be 92 �C. A low-molar-mass PFMPS of 3,700 g/mol, Mw/

Mn¼ 1.07, was used for its liquid-like behavior above its Tg of 74 �C. At this
molar mass, a favorable balance between Tg and viscosity was found, which permits

processing at relatively low temperatures. Above its Tg, the polymer should be

suitable to wet the stamp, while below Tg, the generated patterns retain their shape.

4.1 Solvent-Assisted Microcontact Printing

Microcontact printing, introduced by Whitesides and coworkers [79, 80], has

become one of the most prominent methods for introducing patterns on flat and

curved substrates with feature sizes ranging from micrometers to below 100 nm.

Relief patterns on a master poly(dimethylsiloxane) (PDMS) stamp are used to

transfer the “ink” to the surface of the substrate by physical contact printing.

Usually, small molecules are used as ink and react with the surface, creating self-

assembled monolayers (SAMs). When the stamp is removed, the pattern of ink,

directed by the stamp shape, remains on the surface of the substrate. One applica-

tion of the technique is the printing of etch-resistant polymer patterns.

Macromolecular “inks” have been used but poor wetting characteristics of

PDMS surfaces by many polymers limit the process. Compared to common poly-

mers, PDMS stamps have a low surface tension which is around 20 mN/m

[81]. Indeed, the wetting properties of the ink polymer on the stamp surface will

generate a continuous film or discontinuous islands on the substrate. A continuous

thin layer of polymer on the surface of the stamp during inking is necessary for the

transfer of a well-defined and continuous thin polymer film onto a substrate. In

order to form a homogeneous polymer film, it is essential to increase the wettability

of macromolecules by employing different surface oxidation techniques. For exam-

ple, oxygen-based plasma treatments were used to increase the surface free energy

of PDMS by creating a thin silica-like layer [82, 83]. However, this thin layer,

formed during plasma treatment, thermally expands and generates mechanical

stress on the stamp upon cooling. The relief of compressive stress by buckling of

the silica-like thin film that was formed as a result of the plasma exposure induces a
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periodic wavy structure perpendicular to the pattern of the stamp [84]. This sub-

micron structure can also be replicated on the PFS ink [85, 86].

Nevertheless, less aggressive cleaning and oxidation techniques were found and

the corrugation formation was eliminated. A mild ozone/UV environment can be

used to clean the PDMS stamp, making the PDMS surface hydrophilic [87]. This

treatment does not result in extensive heating and therefore stress related to thermal

expansion is suppressed.

A solution of PFMPS (1 wt%) in toluene was spin coated on a PDMS stamp

treated by the latter method. As shown in Fig. 9 (left), the patterns possessed a

spacing corresponding to the periodicity of the stamp structure. During printing, the

polymer solution dewets between the stamp and the silicon substrate, forming

continuous lines in the middle of the protruding stamp contact areas. The lines,

with a width on the order of 1 μm, were then etched into the underlying silicon

substrate. As shown in Fig. 9 (right), after 10 min in O2 and CF4/O2 plasmas, a

direct pattern transfer into silicon resulted, with approximately 300 nm of silicon

removed. The etch rate contrast between silicon substrate and PFMPS resist was

estimated by AFM at 6:1.

4.2 Capillary Force Lithography

In capillary force lithography, a PDMS stamp is used to expel a thin polymer film

from areas of contact between the substrate and the stamp. The polymer film was
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Fig. 9 Schematic diagram (left) and AFM height image with section analysis (right) of solvent-
assisted dewetting of PFMPS confined between PDMS stamp and silicon substrate after 10 min of

CF6/O2-RIE treatment (Adapted with permission from Korczagin et al. [77]. Copyright 2003

American Chemical Society)
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previously deposited on the substrate and heated above its Tg (74
�C for PFMPS).

As shown in Fig. 10 (left), the polymer diffuses into the grooves along the vertical

walls of the stamp due to capillary forces, and structures are formed with a shape of

a meniscus. A very thin film does not fill the grooves of the stamps completely;

hence, a double line is formed per groove. An increase of the initial polymer film

thickness results in thicker lines and a decrease of the space between the double

lines. With a sufficiently high film thickness, the two lines merge and a single line

with the dimensions of the groove (Fig. 10 (right)) is obtained.

Vancso and coworkers [77] used a PDMS stamp of 3-μm-wide cavity lines

spaced by 2-μm-wide prominent lines, denoted as 2� 3 μm. With a 27-nm thin

PFMPS film, patterns with 110-nm-high and 500-nm-wide features were fabricated.

It was observed from the section analysis of AFM height images that a meniscus of

the capillary rise is formed in the grooves. The contact angle between PFMPS and

PDMS was calculated to be 70� which is in agreement with microscopic measure-

ments (θPDMS/PFMPS¼ 67�). The receding contact angle between the silicon sub-

strate and PDMS was also determined from AFM section analysis and was found to

be 5�, whereas the static contact angle was 45�.
Using a 3� 5 μm stamp, lines with widths of 1.1, 2.1, 2.4, and 5.4 μm

corresponding to initial film thicknesses of 30, 80, 100, and 150 nm, respectively,

were obtained. The gap between the lines can be adjusted from 2.5 μm for a 30-nm
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Fig. 10 Schematic diagram (left) and AFM height image (right) of capillary force lithography of

PFMPS after etching and resist stripping for initial film thickness of (a) 30 nm, (b) 80 nm,

(c) 100 nm, and (d) 150 nm (Adapted with permission from Korczagin et al. [77]. Copyright

2003 American Chemical Society)
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film to 840 nm for a 100-nm film. With a film thickness higher than 140 nm, the two

lines merge and a single line with the size of the groove is formed (Fig. 10 (right)).

The structures were developed by CF4/O2-RIE into silicon and the remaining

PFMPS resist was stripped in HNO3. The pattern transferred into the silicon was

shown previously in Fig. 8 (left). In 10 min of CF4/O2-RIE etching, 300 nm of

silicon was removed and the etch rate contrast between silicon substrate and

PFMPS resist was determined to be 6:1.

4.3 Thermal and UV-Assisted Nanoimprint Lithography

Nanoimprint lithography (NIL) allows the fabrication of nanostructures with high

resolution and constitutes an alternative to traditional photolithography which uses

masks. Thermal NIL [88, 89] and UV-light-assisted NIL [90, 91] are two tech-

niques giving access to sub-10-nm features in a low-cost and high-throughput

manner. The technique is based on a rigid template or mold with prefabricated

topographic features which is used to replicate patterns within a resist layer that can

then be employed as an etch mask for further pattern transfer. In thermal NIL, the

template is replicated into a thermoplastic material by heating the polymer above its

glass transition temperature and applying pressure on the mold. By contrast, in UV-

light-assisted NIL, a transparent and rigid template is used to photocure a

low-viscosity UV-curing resist material. The main challenge is to find an appropri-

ate fast curable material that has a low adhesion to the mold, shows a good adhesion

to the substrate, and has a high etch resistance.

Huskens, Vancso, and coworkers suggested the use of PFMPS for thermal NIL

[92]. With this technique, small features below 100 nmwere not precisely transferred

on the substrate. Later, in order to obtain a higher contrast, they proposed a bilayer-

type step-and-flash imprint lithography using a UV-curable resist [92] covered on the

top by PFMPS. After patterning of the UV-curable resist, the template was demolded

from the substrate, and PFMPS was spin coated on the top of the structures to form a

bilayer structure with a distinctly different etch selectivity between the top layer and

the underlying one. Argon sputtering was applied to homogeneously etch down the

polymer until the organic imprint material became exposed. Subsequent treatment

with oxygen plasma was performed to remove the exposed organic imprint material

and keep the PFMPS lines on the substrate. Finally, pattern transfer into the silicon

substrate was accomplished by the use of a CHF3/SF6/O2 plasma and the resist was

stripped off with nitric acid (Fig. 11).

With this technique, etch-resistant patterns of PFMS with sizes down to the

nanometer range could be created. Nevertheless, because it is a bilayer process, the

final pattern size is defined not only by the imprinting resist but also depends on the

subsequent etch processes. PFMPS plays an important role here as it provides a

very high selectivity over UV-curable resist.

The S-FILTM method [93] was used to create PFMPS patterns on a substrate. A

template consisting of lines of 100-nm-wide pitches of 1:1, 1:2, and 1:3 and with a
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height of 100 nm was used. By SEM, the thickness of the transfer layer was

determined to be 60 nm, the residual UV-curable resist layer after imprinting was

about 40–50 nm, and the PFMPS after spin coating in toluene was 60 nm on the top

of a line and 120 nm between two lines. The etch rate of PFMPS upon argon

sputtering was determined to be 1.5 nm/min. Then the exposed organic imprint

layer and the transfer layer material underneath were selectively etched by O2 RIE.

The O2 RIE etch rates of PFMPS and the organic imprint material were found to be

1 and 60 nm/min, respectively, which results in an etch selectivity of 60. Because of

the oxide layer formation, PFMPS lines stayed intact while the material between the

lines was totally removed. PFMPS lines down to 30 nm were obtained after oxygen

plasma treatment as shown in Fig. 12b. Patterning of the silicon substrate was then

tested with CHF3 and SF6 plasma. The etch rates into Si and PFMPS were 300 and

1 nm/min, respectively, resulting in an etch contrast of 300. This process permitted

Huskens, Vancso, and coworkers to combine the advantages of UV-NIL with the

high etch resistance of PFS to realize the fabrication of feature sizes down to the

sub-100-nm range.

4.4 Nanosphere-Assisted Lithography

A nanosphere lithography multilayer fabrication process for a freestanding poly

(ethersulfone) (PES) membrane with well-defined pore size was proposed by

Vancso, Huskens, and coworkers [94]. This procedure employed a self-assembled

colloidal silica layer as template, embedded in a PFMPS matrix which acted as etch

resist. As shown in Fig. 13, first, a sacrificial layer of cellulose acetate was spin

coated on a silicon substrate, followed by spin coating of PES. Then a well-ordered

and closely packed assembly of silica nanoparticles was deposited by the convec-

tive self-assembly method [95], and PFMPS was spin coated on the top to fill the

pores between the silica particles. Subsequently, argon sputtering was used to

Fig. 11 Fabrication process of UV-light-assisted nanoimprint lithography using a spin-coated top

layer of PFMPS (Reprinted with permission from Acikgoz et al. [92]. Copyright 2009 American

Chemical Society)
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remove the top layer of PFMPS and silica particles, exposing a well-ordered surface

of half nanospheres surrounded with PFMPS. The ordered hexagonal close-packed

pattern was then transferred by oxygen plasma treatment into the PES layer and the

sacrificial layer. Contrary to conventional nanosphere lithography, the silica parti-

cles are not used as an etch mask but as an inversion mask, PFMPS being the etch

mask. Finally, the PFMPS layer was removed by nitric acid treatment, and the

sacrificial layer of cellulose acetate was dissolved in acetone in order to obtain

freestanding PES films.

The silica particles used were of a size of 300 nm and the PES membrane was

shown to have a thickness of 500 nm and a pore size of about 230 nm. The pore size

was less than the size of the particles used due to the difference in sputtering rate of

PFMPS and silica nanoparticles in a stream of Ar+ ions. Figure 14 shows the SEM,

AFM images, and the AFM section profile of freestanding PES films at different

stages of the process.

Fig. 12 SEM images of lines fabricated after oxygen RIE of (a) 80-nm PFMPS lines and (b)
30-nm PFMPS lines after 2 min of treatment. (c) 100-nm PFMS lines after 2.5 min treatment. The

dark stripes in the images correspond to PFMPS lines (Reprinted with permission from Acikgoz

et al. [92]. Copyright 2009 American Chemical Society)

Fig. 13 Scheme of freestanding PES membranes by silica nanosphere-assisted lithography

(Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [94])
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5 Poly(ferrocenylsilane)-Based Block Copolymers
in “Maskless” Nanolithography Applications

5.1 Block Copolymer Microphase Separation

Block copolymers (BCPs) are macromolecules composed of two or more different

polymeric segments. Due to this segmented structure, BCPs tend to phase-separate

and order themselves into a range of complex periodic domains with a size of tens

of nanometers. Figure 15 shows the classical morphologies in diblock copolymer

systems depending on the volume fraction of the two phases; here the volume

fraction of the black block increases from left to right. These include body-

centered-cubic packed spheres, hexagonally packed cylinders, and alternating

lamellae.

A complete study of microphase separation in block copolymers was done by

Leibler in 1980 [96]. In the example of a pure diblock copolymer A-B, the driving

force for phase separation is due to the free energy cost of contact between blocks A

and B which is described by the Flory–Huggins interaction parameter χAB. Several
experimental methods to determine this parameter exist, including light scattering

[97–99], small-angle neutron scattering (SANS) [100–104], ellipsometry [105],

melting point depression, and comparison of solubility parameters [106]. The

equilibrium structure depends also significantly on the degree of

polymerization, N, of each block. At large N, the minimization of A-B contacts

Fig. 14 SEM images of (a) a 300-nm silica particle array, (d) particles treated with argon

sputtering after PFMPS spin coating, (g) the substrate after particle removal by HF, and (j) the
substrate after oxygen plasma and PFMPS removal. (b), (e), (h), and (k) are the corresponding 3D
AFM images and (c), (f), (i), and (l) show the corresponding height profile (Copyright © 2009

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [94])
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and phase separation is thermodynamically more favorable even if there is a loss in

translational and configurational entropy due to the separate domains of each block.

The magnitude of χN determines whether a block copolymer will phase-separate

into an ordered system or remain disordered. The order-disorder transition (ODT) is

where the BCP phase-separates when χN exceeds a critical value denoted χNODT.

The relative volume fraction φ of A and B defines the morphology that the block

copolymer will reach at the equilibrium after phase separation, while the size of

each domain is directed by the degree of polymerization N.

For a BCP system in the strong segregation limit (χN>> 10), the width of the

interfaces separating block A from block B can be described by αχ�1/2 where α is

the characteristic segment length of a monomer unit. Consequently, the creation of

sharper interfaces between each block, allowing features with a smaller edge

roughness, is possible with higher χ-values. Furthermore, the period of the phase-

separated microdomains can be described as D ~ αN2/3χ1/6. This means that a

reduction of N while maintaining χN over the critical value for phase separation

would lead to smaller features with a smaller period [107]. Several organic BCP

systems have been studied, e.g., PS-b-PMMA, PS-b-PI, and PS-b-PB, but their
relatively low χ-values limit the definition of the domains and the scaling down of

the features. Inorganic-organic BCPs, such as PFS-based BCPs, tend to have higher

χ-values [108] and therefore allow the formation of sharp interfaces separating the

domains. Anionic polymerization enabled the preparation of various PFS-based

BCPs with narrow polydispersity and low N, permitting the formation of well-

defined microdomains with small size.

The solubility of BCPs in various solvents allows their processing into thin films

on solid substrates, for instance, by spin coating. The phase separation still occurs,

and detailed studies on the influence of block copolymer composition, molar mass,

and film thickness on microdomain morphology have been possible using AFM.

Figure 16 shows the tapping mode AFM phase images of PI-b-PFS of 30-nm thin

films with different volume fractions. The morphology of PI-b-PFS with a molar

mass ratio PI/PFS of 29/15 (in kg.mol�1 for each block), corresponding to 28 vol.%

of the organometallic phase, displays an in-plane wormlike cylindrical PFS

microdomain structure with an average distance between domains of 32 nm

(Fig. 16a). Parallel orientation is induced by preferential segregation of the lower

surface energy PI phase at the surface. A thin film of 31/13, corresponding to 24 vol.

% of PFS phase, displays a mixture of the previous wormlike cylindrical structures

and also exhibits domains of hexagonally arranged dots. From the 2D Fourier

Fig. 15 The classical morphologies in block copolymer systems (With kind permission from

Springer Science and Business Media [25])
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transform, the lattice spacing of these dots was determined to be 29 nm, resulting in

a domain spacing of 33 nm (Fig. 16b). A thin film of 36/12, corresponding to 20 vol.

% of PFS, shows a fully hexagonal microdomain morphology with a domain

spacing of 30 nm (Fig. 16c).

Other PFS-based diblock copolymers have also been studied, such as PS-b-
PFDMS [109], PS-b-PFEMS [110, 111], or poly(styrene)-b-poly(ferrocenylisopro-
pylmethylsilane) (PS-b-PFiPMS) [112]. However, in order to obtain a larger variety

of ordered structures with more complexity, different copolymer structures have

been developed and their phase separation studied. Figure 17 shows, for example, a

simple geometry prediction of the different morphologies that an ABC triblock

terpolymer can adopt. These morphologies only take into account the possible

combinations of lamellar, cylindrical, and spherical microdomains, but more com-

plex microdomains have been observed [114, 115].

Blends of PFS-based diblock copolymer with the corresponding homopolymers

also presented different morphologies [116]. As shown in Fig. 18, bicontinuous

gyroidic morphologies of blends of PFS-b-PMMA in different volume fractions

(percentage of each block in subscript) with PFS or PMMA homopolymers (hPFS

and hPMMA) have been demonstrated. Annealing temperature was also found to be

an important parameter. The influence of annealing temperature on the morphology

of the triblock copolymer PS-b-PB-b-PMMA was presented earlier [117]. Solvent

annealing is also possible and was studied as well. Later, pentablock copolymer

PMMA-b-PFS-b-PS-b-PFS-b-PMMA systems [60] and recently PS/PI/PFS star

terpolymer systems [62] have been studied and revealed more complex

microdomains as shown in Figs. 19 and 20, respectively.

Anionic polymerization has given the opportunity to synthetize well-defined and

sophisticated PFS-based structures which opened a broad research of PFS-based

block copolymer microdomain phase separation in bulk and in thin films.

a b c

0 2 mm 0 2 mm 0 2 mm

Fig. 16 Tapping mode AFM phase images of 30-nm PI-b-PFS thin spin-coated films. (a)
PI/PFS¼ 29/15 (in kg.mol�1), i.e., 28 vol.% of PFS. (b) PI/PFS¼ 31/13, i.e., 24 vol.% of PFS.

(c) PI/PFS¼ 36/12, i.e., 20 vol.% of PFS. The insets (top right) show the 2D Fourier transform

(Adapted with permission from Lammertink et al. [47]. Copyright 2000 American Chemical

Society)
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5.2 Block Copolymer Thin Films as Nanolithographic
Templates

The ability of block copolymer thin films to self-assemble into tunable and different

morphologies makes them suitable candidates for bottom-up lithography processes.

The nanoscale ordered structures formed by block copolymer self-assembly can be

transferred into an underlying substrate via plasma etching. As traditional photo-

resists, they act as sacrificial templates but the bottom-up approach obviates the

Fig. 17 Possible

microdomain morphologies

for three-phase structures of

ABC triblock terpolymers

composed of lamellar,

cylindrical, and spherical

microdomains (Reprinted

from Yamauchi et al. [113],

Copyright 2002, with

permission from Elsevier)

Fig. 18 TEM images of (a) PFS36-b-PMMA64 + 4 % hPFS annealed at 190 �C. (b) PFS37-b-
PMMA63 + 2 % hPFS annealed at 190 �C. (c) PFS40-b-PMMA60 + 5 vol% hPFS annealed at

190 �C. (d) PFS45-b-PMMA55 + 6 % hPMMA annealed at 190 �C (Adapted with permission

from Kloninger and Rehahn [116]. Copyright 2004 American Chemical Society)
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complicated template designs and expensive optical setups. In the late 1990s,Register,

Chaikin, and coworkers used poly(styrene)-b-poly(butadiene) and poly(styrene)-b-
poly(isoprene) for the fabrication of periodic arrays of densely packed holes [118,

119]. The self-assembly into a hexagonally packed array of PB cylinders and into

body-centered-cubic ordered spheres of PI, both embedded in a PSmatrix, allowed the

etching of holes with sizes reaching approximately 13 nm and a lattice constant of

27 nm. Later, PS-b-PMMA was used for the fabrication of several microelectronic

devices, e.g., semiconductor capacitors [120, 121], field effect transistors [122], and

flashmemory devices [123, 124]. But asmentioned previously (Sect. 5.1), these block

copolymers present low χ-values. Other organic BCP systems with high χ-values
exist, e.g., amphiphilic poly(styrene)-b-poly(4-vinylpyridine) and PS-b-PEO, but

Fig. 19 TEM images and corresponding morphology schemes of a PMMA-b-PFS-b-PS-b-PFS-b-
PMMA pentablock copolymer presenting different morphologies. (a) Lamellar morphology of PS

and PMMA with PFS droplets at the interphase. (b) Spheres-on-spheres morphology. Thin films

were cast from dichloromethane solution and annealed for 1 day at 180 �C (Copyright © 2004

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [60])

Fig. 20 TEM images of thin-sectioned bulk films of PFS star terpolymer with the corresponding

morphology scheme. (a) Polymer 1 PS/PI/PFS¼ 12.7/15.5/71.8 wt%, no stain. (b) Same as (a)
with OsO4 stain. (c) Polymer 2 PS/PI/PFS¼ 42.5/29.7/27.7 wt%, no stain. (d) Same as (c) with
OsO4 stain. (e) Polymer 2 PS/PI/PFS¼ 36.3/35.5/28.1 wt%, no stain. (f) Same as (e) with OsO4

stain (Adapted with permission from Manners [62]. Copyright 2013 American Chemical Society)
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their low etch selectivity between the organic blocks reduces their potential in the

fabrication of nanoscale features with high contrast.

PFS-based block copolymer lithography, because of the high χ-values which

allow high contrast of the domains, as discussed in Sect. 5.1, and the good etch

selectivity between the PFS block and the organic block, as shown in Sect. 3, appear

to be an excellent system for pattern transfer. Vancso, Ross, and coworkers used

PS-b-PFS for the fabrication of an ultrahigh-density cobalt magnetic dot array via

BCP lithography [125]. Figure 21 shows the fabrication process of the cobalt

magnetic dot array.

PS-b-PFS diblock copolymer with 20 vol.% of PFS was spin coated, using a 2 %

solution, on a multilayer substrate of silica, tungsten, and cobalt. After annealing,

the 60-nm thin films presented close-packed PFS spheres in a PS matrix. The

spheres were found to be about 25 nm in diameter with a periodicity of 50 nm.

The block copolymer lithographic mask was formed through an oxygen plasma

reactive ion etching process (RIE). This step removes the PS block and leaves the

PFS block with a thin layer of iron and silicon oxide on the top, giving a high etch

resistance (see Sect. 3). Then the PFS pattern was transferred into the silicon film

using CHF3-RIE. The tungsten hard mask was patterned using CF4 +O2-RIE. The

Fig. 21 Fabrication process of a cobalt magnetic dot array via block copolymer lithography.

Tilted SEM images of the intermediate stages of cobalt magnetic dot array formation via block

copolymer lithography (© 2001 WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany

[125])
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silicon and residual polymer layers were then removed by high-pressure ashing.

Finally, the cobalt dot array was formed using ion beam etching using the tungsten

pattern as hard mask. The cobalt dots after etching had diameters of 20 nm.

Recently, Manners, Ross, and coworkers used the self-assembly of 3-miktoarm

star terpolymer chains of polyisoprene-arm-polystyrene-arm-polyferrocenylethyl-
methylsilane (3 μ-ISF) thin films to create novel microdomain structures

[126]. Their use as nanolithographic masks was also demonstrated by the transfer

of square and triangular hole arrays into a substrate. As shown in Fig. 22, a range of

2D Archimedean tiling was obtained after solvent annealing of 3 μ-ISF with PS

homopolymer blends. The 3 μ-ISF consisted of PI/PS/PFS with a volume fraction of

39/35/26 vol.% and a polydispersity index (PDI) of 1.03, and the homo-PS had a

molar mass of 10 kg.mol�1 with a PDI of 1.08. This narrow PDI was obtained by

(a) (b) (c)

(d) (e) (f)

PFS (F)
PS (S)
PI (I)

PFS (F)
PS (S)
PI (I)

Fig. 22 (a) TEM and (b–f) SEM images and the corresponding morphology scheme of (a)
unblended bulk 3 μ-ISF, (b–d) blended 3 μ-ISF with 15 vol.% of PS homopolymer on untreated

Si wafer with chloroform annealing at (b) 0.7P0, (c) 0.75 P0, and (d) 0.85 P0. (e–f) Blended 3 μ-ISF
with 15 vol.% of PS homopolymer on P2VP-coated surface with chloroform annealing at (e)
0.75P0 and (f) 0.8P0. Samples were stained with OsO4. Thin films (b–f) were etched by O2 RIE

before SEM observation, so PFS appears bright and regions formerly occupied by PS appear dark.

The film thicknesses were (b–e) 34 nm and (f) 42 nm. Scale bars are 200 nm (Reprinted with

permission from Aissou et al. [126]. Copyright 2013 American Chemical Society)
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anionic polymerization (see Sect. 2). Furthermore, it was shown that thin films

annealed on a substrate with P2VP brushes, which are preferentially wetted by PI,

produced additional morphologies (see Fig. 22e–f). Thin films were then etched by

O2 RIE before SEM observation. PFS appears bright and regions formerly occupied

by PS appear dark.

Later, they used solely a 3 μ-ISF, without adding homopolymer, consisting of

PI/PS/PFS with a volume fraction of 34/43/23 vol.% and annealed in chloroform

vapor to obtain a “knitting pattern” morphology [127]. This system allowed the

formation of periodic structures consisting of undulating lamellae and alternating

cylinders, and it was shown that the knitting morphologies could be tuned by

varying the film thickness. Furthermore, 90� bends and T-junctions which are

generally considered energetically unstable conformations in block copolymers

were obtained, due to the unique microdomain structure of the films, as shown in

Fig. 23.

5.3 Nanostructures with Long-Range Guided Order Using
Block Copolymer Lithography

The use of the self-assembling properties of block copolymers for block copolymer

lithography has been shown to yield nanoscale patterns over large areas. These

patterns present good short-range order, but the order is reduced over longer ranges

Fig. 23 SEM images of 3 μ-ISF thin films with different thickness and different RIE exposure

times. The film thicknesses were (a) 28 nm, (b, e, f) 35 nm, (c) 40 nm, and (d) 43 nm. The films

were etched in O2 RIE for (a–d) 15 s, (e) 20 s, and (f) 30 s. Samples were stained with OsO4 before

RIE treatment. Scale bars are 300 nm (Adapted with permission from Choi et al. [127]. © 2014

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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which can be a limitation for block copolymer lithography. The combination of

block copolymer self-assembly with long-range ordering methods could permit the

fabrication of nanostructures in precise positions on a substrate. Graphoepitaxy is a

method that uses surfaces patterned with shallow grooves to order nanostructures

formed by the phase separation of block copolymers [128]. Several examples of

graphoepitaxy using PFS-based copolymers are presented below.

Figure 24 shows how the long-range pattern order of a thin film of PS-b-PFS
diblock copolymer changes with the width of the grooves in which the film is

deposited [129]. Within the 500-nm-wide groove, about three rows of close-packed

PFS features are aligned parallel to the sidewall (Fig. 24a). In the 320-nm-wide

groove, alignment of the PFS features was observed across the groove, but a

significant amount of defects existed (Fig. 24b). However, in the 240-nm-wide

groove, the alignment was almost perfect with a sixfold symmetry, and the pattern

in each groove has the same orientation, as shown in the superposed fast Fourier

transform of the image in Fig. 24c. The rare domain-packing defects were appar-

ently caused by the edge roughness of the grooves. The patterns were then trans-

ferred to the silicon substrate by a single etching step, resulting in arrays of well-

ordered silica pillars with 20-nm diameters and aspect ratios above 3.

Fig. 24 SEM images of

48 h annealed and plasma-

treated PS/PFS 50/12 spin-

coated films at 3,500 rpm on

a silica substrate with (a)
500-nm-wide, (b) 320-nm-

wide, and (c) 240-nm-wide

grooves (Reprinted with

permission from Cheng

et al. [129]. Copyright 2002

American Institute of

Physics)
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By using a similar PS-b-PFS diblock copolymer thin film, spin coated in etched

channels of 30–80 nm wide, isolated 1D arrays of distorted PFS spheres were

obtained [130]. In the confined channels of width W, approaching the row spacing

of the spherical domains, d0, a single row of ordered PFS domains was observed

over the range 0.6<W/d0< 1.5 (Fig. 25). The ellipticity of the domains and the

orientation of their major axis were controlled by W/d0. At W/d0 ~ 1.0, the domain

projections were circular; for W/d0> 1.0, they were elongated perpendicular to the

channel; and for W/d0< 1.0, they were elongated parallel to the channel. Below a

W/d0 of 0.6, the domains were found to be hemispheres, and above 1.5, regions

consisted of two rows of domains. This method allowed the fabrication of a linear

array of dots which is difficult to create by conventional lithography.

The influence of topographically patterned substrates on the spherical morphol-

ogy and close-packing of PS-b-PFS domains was also studied by templating thin

films within V-shaped grooves [130]. The V-grooves promoted the formation of a

well-ordered face-centered cubic (fcc) close-packed sphere array with (100) planes

of the array parallel to the groove walls (Fig. 26b), while it typically formed a body-

centered-cubic (bcc) sphere array in bulk. The top surface of the close-packed array,

parallel to the substrate, showed a square symmetry (see Fig. 26a), while a mono-

layer of spherical domains showed a hexagonal symmetry.

Fig. 25 SEM images of

PS-b-PFS domains within

channels of different

confinement widths W,

proportional to the

equilibrium row spacing, d0
(Reprinted with permission

from Cheng

et al. [130]. Copyright 2006

American Chemical

Society)
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Fig. 26 SEM images of PS-b-PFS films in V-grooves after 72 h annealing and etching. (a) Square
packing from the top view. (b) Cross section of the same groove showing a sphere array with

11 rows presenting a fcc packing (Reprinted with permission from Cheng et al. [130]. Copyright

2006 American Chemical Society)
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Successful positioning of PI-b-PFS block copolymer spheres in hexagonal

grooves was also achieved, and complete 2D alignment was demonstrated

[131]. Figure 27 shows the alignment of the domains with respect to the six

sidewalls over the entire 800-nm-diameter hexagonal groove. The hexagonal

grooves open up the possibility of accurate positioning of the domains, since one

single domain is located in each corner, as shown in Fig. 27b.

The block copolymer architecture and the wettability of the substrate also play a

key role in the self-assembly of the domains. Figure 28 illustrates both factors

combined with graphoepitaxy by showing the self-assembly of a triblock terpolymer

Fig. 27 SEM images of PI-b-PFS thin film self-assembly (a) in an 800-nm-wide hexagonal

groove and (b) zoom on the corner showing single domain positioning (Copyright © 2007

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [131])

Fig. 28 (a, b) SEM images of ISF/PS blend self-assembly in shallow grooves after annealing in

chloroform vapor for 2.5 h at room temperature, followed by etching with O2-RIE to remove PI

and PS domains, (a) with uncoated trenches and (b) with PS brush coated trenches. (c, d)
Schematic of the options for packing the microdomains with (c) uncoated trenches and (d) PS
brush coated trenches (Adapted with permission from Chuang et al. [132]. Copyright 2009

American Chemical Society)
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PI-b-PS-b-PFS blended with PS (ISF/PS), deposited as a thin film within shallow

etched grooves in silica. As shown in Fig. 28a, thin films of the ISF/PS blend

presented perfectly ordered cylinders with square-packed morphology, and the num-

ber of rows was controlled by the width of the grooves. The dots on the top view show

PFS cylinders after etching of PS and PI blocks. The influence of the substrate surface

chemistry was proved by coating the walls of the grooves with PS brushes. The

difference in wettability of the various blocks leads to a different morphology during

self-assembly. While an uncoated groove gave square-packed cylinders with the

principal axis at 90� of the walls of the trench, PS brush coated grooves provided

PFS microdomain arrays with 45� orientation, as shown in Fig. 28b.

The polymer film thickness of the previous system was investigated, and thicker

films of ~35 nm presented different morphologies. As shown in Fig. 29a, for PS

brush coated trenches, the PFS (and PI) cylinders lie in plane perpendicular to the

trench walls without contacting the walls. Contrary to the previous examples of

cylinders oriented perpendicular to the substrate surface, which was attributed to

kinetic effects, the orientation in this case comes from the requirement for the

middle PS block to contact the trench walls while maintaining its connectivity to the

in-plane PI and PFS cylinders. In contrast, untreated grooves showed regions of

mixed parallel and perpendicular cylinders (Fig. 29b, c). Figure 29b presents the

case of narrow trenches containing in-plane PFS cylinders parallel to the trench

walls and rows of cylinders oriented perpendicular to the substrate surface.

Figure 29c shows wider grooves containing a variety of morphologies including

branched cylinders and 90� and 45� oriented arrays. These results demonstrated that

the cylinder microdomain orientation and the principal axes of the cylinder lattice

can be controlled by tuning the film thickness and the relative affinity of the groove

walls.

In order to gain more control on the positioning and ordering of the PFS

cylindrical microdomains over larger surface areas, topographically guiding walls

and posts were recently used by Ross, Manners, and coworkers [133]. Topograph-

ical ridge patterns with a rectangular layout and sparse arrays of posts were

Fig. 29 SEM images of ~35 nm thick films of ISF/PS blend assembly in (a) a PS brush coated

template and (b, c) uncoated silica substrates with (b) narrow and (c) wide grooves, after annealing
and etching with oxygen RIE (Reprinted with permission from Chuang et al. [132]. Copyright

2009 American Chemical Society)
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prepared by electron-beam patterning of a negative tone inorganic hydrogen

silsesquioxane (HSQ) resist (Fig. 30). To obtain preferential wetting on the side-

walls and nonpreferential wetting on the horizontal substrate surface, the substrate

was functionalized with a PEO brush layer, and the sidewalls and posts were coated

with a PFS brush layer. Highly ordered square patterns with a 44-nm period and

an average grain size on the micrometer scale were produced. Topographical

templates consisting of rectangular walls could produce “single grain” square

symmetry patterns inside the template (Fig. 30a–c), while single and double HSQ

post arrays allowed the authors to accurately align and register the PFS arrays

(Fig. 30d–f). This method shows that a perfect control and positioning of the self-

assembled block copolymer domains is possible, enabling the design of litho-

graphic masks which can be used in the fabrication of complex CMOS.

Non-selective wetting
on the substrate

Selective wetting
at HSQ Walls

HSQ Sidewall
height - 32 nm

Selective wetting
at HSQ Posts

Non-selective wetting
on the substrate

HSQ Post
heights
- 20 nm

Single Dots

Double Dots

150 nm

150 nm

500nm

500nm

(e)

(f)

(b)

(a) (d)

(c)

Fig. 30 (a, d) Schematics and (b, c, e, f) SEM images of highly ordered square arrays of ISF/PS

blend self-assembly in HSQ templates consisting of (b) 1.5 and 2 μm� 3 μm topographical

sidewalls; (c) 0.5 μm, 1 μm, and 1.5 μm� 4 μm topographical sidewalls; (e) 88 nm� 132 nm

single posts; and (f) 44 nm spacing double posts (Adapted with permission from Lammertink

et al. [133]. Copyright 2011 American Chemical Society)
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6 Conclusion

In this chapter, the ability of anionic polymerization to synthesize various well-

defined PFS-based copolymers with a narrow molar mass distribution, a low degree

of polymerization, and complex architectures has been shown. The range of usable

monomers was even expanded by the discovery of photoassisted anionic polymer-

ization and the developments in the end-capping of living PFS chains, such as the

use of a silacyclobutane which is acting as a “carbanion pump.” Due to the

possibility of varying the side groups of PFSs, a wide range of controllable

properties has become accessible. Considering its exceptionally high resistance

toward plasma etching, PFS may be of considerable value as an etch resist material

in CMOS fabrication. The protective layer of silicon oxide and iron oxide formed

on PFS features during reactive ion etching processes allows high contrasts to be

achieved compared to common organic polymers. This contrast can be controlled

by adjusting the conditions during the etching process, and one of the remaining

challenges is to find the perfect parameter settings for etching, such as gas compo-

sition and pressure.

PFSs may be used as resists in soft lithography-based patterning approaches.

Such patterning methods are both versatile and cost-effective and enable the

generation of patterns at the micro- and submicrometer scales. PFSs have also

been employed as resists in nanoimprint lithography processes, which offers

advantages compared to conventional optical lithography techniques, due to the

suppression of resolution limitations caused by diffraction. Several examples in

which PFS was used as a resist in soft lithography, nanoimprint lithography, and

nanosphere-assisted lithography have been presented. These examples demonstrate

the utility of PFS in both micro- and nanofabrication.

Nevertheless, for sub-10-nm-node fabrication, challenging techniques remain to be

developed and bottom-up lithography seems to hold the greatest potential. PFS-based

BCPs are optimal candidates for bottom-up resists because of their low polydispersity,

accurately controlled degrees of polymerization, high χ-value, high selectivity to

etching, and long-range order of the microstructures. Polymer thin film physics differs

from the bulk; therefore, properties, such as thermal transitions and surface viscoelas-

ticity, need to be studied separately for each system. Precise and quantitative molar

mass characterization is also required to obtain PDIs for both components and blocks.

Edge roughness and defects must be reduced to improve pattern fidelity. The

microphase separation patterns and the phase separation kinetics remain to be studied

in detail. Long-range order has been induced using graphoepitaxy and several con-

trolled geometries have been fabricated by thismethod. The ability to form ordered 3D

arrangements makes BCPs attractive for the templated self-assembly of nanoscale

periodic arrays. The coating of substrates by polymer brushes provides access to

additional morphologies and constitutes an important tool in guided BCP self-

assembly. Surfaces of underlying substrates and of topographic features in

graphoepitaxy can be tailored to preferentially attract one block. Therefore, insight

in creating both neutral and block-selective surfaces is needed. Substrate engineering
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opens several new research avenues by giving opportunities to control grafting type,

i.e., “to” or “from,” grafting density and composition, and chain length. Furthermore,

solvent and high-temperature annealing must be optimized to reduce both fabrication

time and chemical costs and make these processes more feasible. In addition to BCP

self-assembly, it would be of interest to create patterns of etch-resistant materials with

thicknesses of 1 or 2 nm. The assembly of nanomaterials into such ultrathin barrier

layers is expected to further improve resolution in the fabrication of nanoscale CMOS.

BCPs, soft matter, and inorganic materials, such as nanooptics and QD emitters,

could also be integrated into complex systems with applications in areas, such as

sensing and bionanomedicine. Resist development for CMOS fabrication, requiring

ever smaller feature sizes and low defect densities, will continue to challenge

polymer scientists in the years ahead.
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Abbreviations

3 μ-ISF PI-arm-PS-arm-PFS
AES Auger electron spectroscopy

ATRP Atom transfer radical polymerization

bcc Body-centered cubic

BCP Block copolymer

CMOS Complementary metal oxide semiconductor

fcc Face-centered cubic

HSQ Hydrogen silsesquioxane

ISF PI-b-PS-b-PFS
NCA ROP α-amino acid N-carboxyanhydride ring-opening polymerization

NIL Nanoimprint lithography

ODT Order-disorder transition

PB Poly(butadiene)

PDI Polydispersity index

PDMS Poly(dimethylsiloxane)

PEO Poly(ethylene oxide)

PES Poly(ethersulfone)

PFiPMS Poly(ferrocenylisopropylmethylsilane)

PFMPS Poly(ferrocenylmethylphenylsilane)

PFS Poly(ferrocenylsilanes)

PI Poly(isoprene)

PMMA Poly(methyl methacrylate)

PROP Photocontrolled living anionic ring-opening polymerization

PS Poly(styrene)
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RIE Reactive ion etching

ROP Ring-opening polymerization

SAM Self-assembled monolayer

SANS Small-angle neutron scattering

SPPS Solid-phase peptide synthesis
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Polymerization Using Phosphazene Bases

Junpeng Zhao, Nikos Hadjichristidis, and Helmut Schlaad

Abstract In the recent rise of metal-free polymerization techniques, organic

phosphazene superbases have shown their remarkable strength as promoter/cata-

lyst for the anionic polymerization of various types of monomers. Generally, the

complexation of phosphazene base with the counterion (proton or lithium cation)

significantly improves the nucleophilicity of the initiator/chain end resulting in

highly enhanced polymerization rates, as compared with conventional metal-

based initiating systems. In this chapter, the general features of phosphazene-

promoted/catalyzed polymerizations and the applications in macromolecular

engineering (synthesis of functionalized polymers, block copolymers, and mac-

romolecular architectures) are discussed with challenges and perspectives being

pointed out.
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1 Introduction

Organocatalytic, i.e., metal-free, polymerization/depolymerization techniques are

among the most appealing topics in polymer chemistry, not only for the inherent

merit that products are free of residual metal compounds but also for the powerful

synthetic toolbox for sophisticated macromolecular engineering [1–3]. Through the

activation of monomer, initiator/chain end, or simultaneous activation of both,

polymerization (in most cases a ring-opening polymerization of heterocycles) from

initiating sites on certain substrates can be conducted, usually in a controlled manner,

giving rise to polymers with narrow molecular weight distribution, high-level chain-

end functionality, and/or designated macromolecular architectures [1–4].

Organic phosphazene superbases (Fig. 1) [5] and corresponding phosphazenium

cations (Fig. 2) [6], first introduced by Schwesinger et al., have been utilized as

Fig. 1 Chemical structures of phosphazene bases Px (x¼ 1–4, number of P¼N units)

in the order of increasing basicity (pKa values in acetonitrile in parentheses). BEMP,

2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine; t-BuP4,
1-tert-butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)phosphoranylidenamino]-

2λ5,4λ5-catenadi(phosphazene)

Fig. 2 Chemical structures of non-protonated phosphazenium cations Px
+ (x¼ 2, 5)
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effective catalysts or promoters for the polymerizations of heterocycles and also of

vinyl monomers. The main feature of phosphazenes is, besides good solubility in

many organic solvents and easy handling and work-up, the high basicity to generate

a reactive anionic species associated to a very soft counterion. So far, the polymer-

izations of epoxides [7–13], cyclosiloxanes [14–18], lactams [19, 20], cyclopropane

derivatives [21–23], cyclic esters [24–28], cyclic carbonates [29–31], alkyl (meth)

acrylates [32–36], and dienes [37] have been reported. By intentionally employing

different substrates, this synthetic strategy has also manifested the strength in facile

achievement of end-functionalized polymers (the substrates being small molecules

or biomolecules) [38, 39] and complex macromolecular architectures (the sub-

strates being macromolecules) [40–42].

In the following sections, the general polymerization reactions and the advanced

application of phosphazenes in macromolecular engineering will be described.

2 Polymerization Reactions

The main feature of the phosphazene bases P1–4 (Fig. 1) used in anionic polymeri-

zation is that they are bulky and extremely strong (26< pKa< 43 in acetonitrile, the

pKa is increasing from P1 to P4) but non-nucleophilic Br€onsted bases, in contrast to

the commonly employed alkali metal organic initiators [4]. Due to their basicity, they

can readily generate reactive anions by the deprotonation of acidic or protic moieties,

i.e., hydroxyl (�OH) [4], thiol (�SH) [21–23], secondary amide (�CONH–) [43],

and alkyne (�C�CH) [44], or by the complexation of lithium ions [12] (similar to

the formation of cation inclusion complexes with crown ethers or cryptands [4]).

However, deprotonation also involves polar CH acidic solvents like acetone, aceto-

nitrile, or dimethyl sulfoxide, especially with P4 but also P2 [5, 45]; hence,

phosphazenes are preferably used in non-acidic and aprotic solvents (hexane, tetra-

hydrofuran, etc.). The non-protonated phosphazenium cations P2
+ or P5

+ (Fig. 2) can

replace metal ions of initiating species to promote a fast anionic polymerization

[6]. In any case, an anionic species (alcoholate, ester enolate, etc.) with a large and

very soft counterion is generated, which then exhibits higher reactivity because of the

larger interionic distance and the lower tendency for ion-pair association.

2.1 Polymerization with Protonated Phosphazene Bases

Epoxides, mainly ethylene oxide and propylene oxide, were polymerized by the

anionic species formed by deprotonation of an alcohol (methanol, octanol [7, 8],

dipropylene glycol [46], terpene–OH [39], or polymer–OH [8, 47, 48]), phenol [38,

40, 41], or amide [43], usually with t-BuP4 (Scheme 1).

Polymerizations were preferably performed in tetrahydrofuran solution at

25–50 �C but as well in toluene (�80 �C) or in bulk (propylene oxide, 100 �C).
The propagating species were ion pairs with a protonated phosphazenium cation,
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t-BuP4H
+, with expected higher reactivity than for instance the commonly used

potassium ion pairs (radii: t-BuP4H
+ 7.0 Å [49] or 4.7 Å [50], K+ 1.4 Å). However,

kinetic data are not available. A poly(ethylene oxide) of 5.8 kDa and narrow

molecular weight distribution (dispersity <1.1) at >90 % conversion could be

prepared within 2 days at room temperature [7, 8]. In tetrahydrofuran at 45 �C,
monomer conversion was quantitative within less than a day to give a polymer of

2.5 kDa [38]. With the less bulky t-BuP2H
+ (radius: 3.3Å [50]), higher temperature,

higher monomer concentration, and longer polymerization time were needed to

reach high conversion of ethylene oxide (target molecular weight: 5 kDa); poly-

merization of propylene oxide with t-BuP2H
+ was not successful [51].

While the polymerization of ethylene oxide with t-BuP4H
+ proceeds in the

absence of side reactions [7], the polymerization of propylene oxide (bulk, 95–

110 �C) was accompanied by transfer reactions [46]. The poly(propylene oxide)s

contained unsaturated chain ends, 0.06 mol/kg, but had narrow molecular weight

distribution with a dispersity of ~1.1 (see also Sect. 2.3).

Octamethyl- (D4) and octaphenylcyclotetrasiloxane (P4) have been polymerized

with CH3O
�[t-BuP4H

+] in toluene solution or in bulk, respectively, at room

temperature [7, 15]. The polymerization of D4 was extremely fast, the equilibrium

being reached within about 1 min, and homogeneous compared to the bulk poly-

merizations with alkali metal hydroxides. Polydiphenylsiloxanes with number-

average molecular weight of >120 kDa and rather broad molecular weight distri-

butions, dispersity index ~1.5, were obtained. Polymerizations of other cyclotetra-

siloxane derivatives have been performed in the bulk at 80 �C to give linear

polymers with broad molecular weight distributions, eventually contaminated

with linear and cyclic oligomers [52–54].

The bulk polymerization of decamethylcyclopentasiloxane (D5) was studied

using different phosphazene bases (t-BuP1, t-OctP1, t-BuP2, t-BuP4, and t-OctP4)
in combination with water (250 ppm water in the monomer) [18]. The OH�[t-
BuP4H

+] system, however, appeared to be more efficient than the OH�[t-OctP4H
+]

and produced polymer within a few minutes at 90–130 �C (with 5 % monomer at

equilibrium). The less bulky phosphazenes led to a slow polymerization (P2H
+) or

were ineffective (P1H
+), similar to what was observed for the polymerization of

ethylene oxide (see above).

Cyclic esters, such as lactide, δ-valerolactone, and ε-caprolactone, have been

polymerized using alcohols, i.e., 1-pyrenebutanol, benzyl alcohol, or polymer–OH,

associated with t-BuP1 or BEMP as initiators in toluene or dichloromethane solu-

tion or in bulk at room temperature [25]. Polymerizations were very slow, reaching

Scheme 1 Polymerization of epoxide, cyclosiloxane, or lactone by alkoxide-[t-BuP4H
+] ion

pair [38]
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monomer conversions of 47–97 % after several days. However, the rates with

BEMP were little higher than with t-BuP1, which correlates with the pKa values.

The polyesters prepared had predictable molecular weights, narrowmolecular weight

distributions (dispersity ~1.1), and high end-group fidelity, indicative of a living

polymerization. The polymerization occurred through an activated alcohol mecha-

nism (cf. Scheme 1) without activation of the ester group in the monomer. With the

more bulky phosphazene base t-BuP2, the polymerization of lactide in toluene was

found to come to completion within 10 s at 20 �C and within 3 h at�75 �C [24]. The

high reactivity and excellent stereocontrol of the polymerization were explained by

the basicity of t-BuP2 and steric hindrance suppressing transesterifications.

Other cyclic monomers that have been polymerized using t-BuP4 included

lactams (bulk, 220–270 �C) [19] and cyclopropane-1,1-dicarboxylates (tetrahydro-

furan, 30–60 �C, toluene, 30–100 �C) [21, 22].
The poly(ethylene oxide)–OH/t-BuP4 was used to initiate the anionic polymeri-

zation of 2-(dimethylamino)ethyl methacrylate in tetrahydrofuran at 5–20 �C (see

also Sect. 2.2) [55]. The block copolymers had broad molecular weight distributions

(1.6–1.7) and were contaminated with 20 % homopolymer, attributable to a slow

initiation process. Methyl methacrylate, on the other hand, could be polymerized with

ethyl acetate/t-BuP4 as the initiator in tetrahydrofuran at 60
�C to give polymers with

predictable molecular weight and narrow molecular weight distribution (dispersity

<1.2) [32]. A controlled polymerization of n-butyl acrylate, however, could not be

achieved with the methyl isobutyrate/t-BuP4 initiating system [33].

2.2 Polymerization with Lithiated Phosphazene Bases

Organolithium compounds in the presence of phosphazene bases, usually t-BuP4
but also EtP2, have been used for the living anionic polymerization of epoxides and

cyclosiloxanes (Scheme 2) and also of vinyl and diene monomers.

Ethylene oxide was first reacted with n-butyl lithium in tetrahydrofuran at�78 �C
before the addition of an equimolar amount of t-BuP4. Complexation of the Li+ by t-
BuP4 produced the reactive alcoholate species shown in Scheme 2, which was able to

add further monomer at room temperature to give poly(ethylene oxide) with predict-

able molecular weight and narrow molecular weight distribution (dispersity <1.3)

[56]. Other organolithium species included sec-butyl lithium and lithium tert-
butoxide [37, 57] as well as lithiated polymer chains [37, 58–60]. Importantly, it

was noticed that the polymerization kinetics was considerably affected by the

initiator preparation protocol (type of organolithium, amount of phosphazene base,

sequence of addition of reactants, and temperature) due to the complex association

equilibria of ionic species and possible occurrence of side reactions [57]. The poly-

merizations of ethylene oxide were usually conducted in benzene, toluene, or tetra-

hydrofuran solution at 20–60 �C and were finished within 2–3 days.

The 1-ethoxyethyl glycidyl ether has been polymerized using macroinitiators

with terminal alkoxide-[t-BuP4Li
+] end groups in tetrahydrofuran solution at
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50 �C [61]. Polymerizations came to completion within 2–3 days (the rate constant

being comparable to that of polymerization of ethylene oxide, ~0.01 L mol�1 s�1)

and proceeded in a living (i.e., in the absence of termination and transfer reactions)

and controlled manner. The polymers had very narrow molecular weight distribu-

tions with dispersity index of 1.02. The same procedure could also be applied to

statistical copolymers of glycidyl ethyl/methyl ether with tBuOLi/t-BuP4 or

polymer–OLi/t-BuP4 as the initiators [62]. However, the molar ratio of monomer

to initiator had to be kept below 80 to avoid significant side reactions.

It is noteworthy that the molecular weights of the polymers obtained by the

polymerization of 1-ethoxyethyl glycidyl ether with sec-butyl lithium/t-BuP4 (ben-
zene, 20 �C, 5 days)were always lower than expected and that polymers contained 29–

62 % allyl end groups [63]. The t-BuP4 (but not the sec-butyl lithium) was able to

abstract a proton from the monomer to form an allylic alcoholate initiating species,

and the alkoxide-[t-BuP4Li
+] was prone to chain transfer (even more than the

alkoxide–K+). Nevertheless, the dispersity of the polymers remained low (1.11–1.16).

Cyclosiloxanes, i.e., hexamethyl- and hexaethylcyclotrisiloxane (D3), were

polymerized in toluene or in bulk, respectively, at 25 �C [7, 64]. Lithium silanolates

were formed by the addition of sec-butyl lithium to the cyclotrisiloxane, followed

by the addition of EtP2 to start the polymerization. The polymerization of the

hexamethylcyclotrisiloxane was found to proceed in the absence of termination,

backbiting, or transfer at low conversion (<10 %). Polymers with (apparent)

number-average molecular weights of 13–274 kDa and narrow molecular weight

distributions (dispersity of 1.05–1.27) could be obtained at monomer conversions of

�80 %. At near quantitative conversions, i.e., >90 %, the molecular weight

distributions were still monomodal but significantly broadened (dispersity >1.4).

Poly(ethylene oxide)–O�[t-BuP4Li
+] was used to initiate the anionic polymer-

ization of 2-(dimethylamino)ethyl methacrylate in tetrahydrofuran at 10 �C
[55]. The block copolymer had a rather broad molecular weight distribution

(dispersity of 1.4), attributable to a slow initiation process, but contained much

less homopolymer (<4 %) as compared to the sample prepared with poly(ethylene

oxide)–O�[t-BuP4H
+] (see Sect. 2.1).

Butadiene and isoprene have been polymerized with sec-butyl lithium/t-BuP4 as
the initiator in tetrahydrofuran at �110 �C [37]. The very low temperature ensures

that the initiation step is fast compared to the propagation to give narrow disperse

polymers (dispersity <1.03). Monomer conversion was usually quantitative

within a few hours (overnight) at �78 �C. The microstructures of polybutadiene

Scheme 2 Polymerization of epoxide or cyclosiloxane by alkoxide-[t-BuP4Li
+] ion pair [12]
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(89 % 1,2- and 11 % 1,4-addition) and polyisoprene (28 % 1,2-, 61 % 3,4-, and 11 %

1,4-addition) were little or not affected by the presence of the phosphazene base.

2.3 Polymerization with Non-protonated Phosphazenium
Cations

Anionic initiating species, particularly alcoholates and ester enolates, with

non-protonated phosphazenium cations were readily available by ion exchange

from phosphazenium chlorides or tetrafluoroborates (Scheme 3) [34, 46].

The anionic bulk polymerization of propylene oxide at 95–110 �C was found to

proceed more than 100 times faster with Me12P2
+ instead of K+ as the counterion,

reducing the reaction time from several days to a few hours, which can be ratio-

nalized in terms of cation size (radii: P2
+ ~5 Å [65], K+ 1.4 Å) and charge

delocalization [46]. The polymer exhibited narrow molecular weight distribution,

dispersity index<1.2, but contained a larger content of unsaturation (resulting from

transfer reactions to monomer).

The polymerization of hexamethylcyclotrisiloxane (D3) proceeded faster than

that of the less strained octamethylcyclotetrasiloxane (D4) using Pyr6P2
+OH� as the

initiator in toluene–acetonitrile mixed solvent at room temperature [17]. The poly-

merization rate was even higher than with the cryptated Li+ counterion in toluene,

which could be attributed to cation size and also solvation effects (acetonitrile). The

polysiloxanes contained lesser amounts of cyclic by-products and had narrower

molecular weight distributions than those produced with conventional alkali metal-

based systems. For silanolates with bulky phosphazenium counterions, however,

the rate of monomer addition appeared to be faster than the intra- or intermolecular

attack of the polysiloxane chain. Also, the Pyr6P2
+OH� was used for the polycon-

densation and disproportionation of oligosilanols in toluene at 25 �C [66].

The anionic polymerization of methyl methacrylate with Me24P5
+ as the coun-

terion in tetrahydrofuran proceeded extremely fast, reaching full conversion within

about 0.2 s at room temperature [34]. The very high polymerization rate, roughly

corresponding to that observed with cryptated Na+ but being lower than that of the

free anion, could be attributed to the large size of Me24P5
+ (radius: ~6.0 Å [67]) and

the absence of aggregates in tetrahydrofuran solution (as confirmed by small-angle

neutron scattering and UV–visible spectroscopy [68]). Albeit the initiator efficiency

was low, just about 20 %, the polymerization proceeded with little or no termination

Scheme 3 Polymerization of epoxide by alcoholate-[Me12P2
+] ion pair [46]
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and in the absence of transfer reactions even at room temperature. The polymers

had a rather narrow molecular weight distribution with a dispersity of 1.2.

3 Macromolecular Engineering

Owing to the simplicity of the mechanism, i.e., activation of initiating sites on the

substrate via deprotonation/delithiation followed by polymerization therefrom and

the remarkably enhanced polymerization efficiency, phosphazene-promoted

anionic polymerization techniques have been applied to enrich the toolbox for

macromolecular engineering toward polymer chain-end functionality and architec-

tures (i.e., block/star/graft/hyperbranched polymers). A few types of monomers

have been used so far, however, the most common ones being epoxides.

3.1 Functional Polymers

End-functionalized polyethers could be easily obtained by the use of a bifunctional

agent (Scheme 4), i.e., a small molecule containing a protic moiety acting as the

initiating site and another chemical functionality which remains unreactive during

the polymerization and can undergo further chemical modification (“click” chem-

istry, polymerization as macroinitiator or macromonomer, etc.). Due to the pres-

ence of two different functional groups at the two chain ends, such polyethers have

also been referred to as α,ω-heterobifunctional or telechelic polymers.

The heterobifunctional initiators used for different epoxide monomers are listed

in Table 1. Usually, 1 equivalent of t-BuP4 was used with regard to the initiator,

leading to high polymerization rate as well as high chain-end functionality. How-

ever, some results have indicated that reducing the amount of t-BuP4 to a certain

extent (e.g., from 1 to 0.6) did not cause too much influence to the polymerization of

1,2-butylene oxide [11]. Further decrease (to 0.3) slowed down the polymerization,

but initiation efficiency was still high owing to the rapid proton exchange between

alkoxide and alcohol. Chain transfer to substituted epoxide monomers was believed

Scheme 4 General synthetic mechanism toward end-functionalized polyethers via t-BuP4-pro-
moted ring-opening polymerization [9, 11, 38, 69]
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to be suppressed in this case, probably due to the low reaction temperature and

relatively low targeted degree of polymerization. With the help of a Lewis acid like

triisobutylaluminum, which was to reduce the basicity of the alkoxide (suppressing

chain transfer reactions) and to activate the monomer, it was possible to prepare

high molecular weight poly(propylene oxide) with narrow molecular weight distri-

bution and high chain-end functionality [69].

The same synthetic strategy has been used to control the chain end of poly

(cyclopropane-1,1-dicarboxylates) [22]. Different types of initiators (thiol, alcohol,

carbazole, and malonate) have been used to control the end group at α-position. The
use of 1 equivalent of t-BuP4 accelerated the polymerization, and high temperature

ensured high monomer conversion, and finally halogenated capping agents were

used to introduce a functional group, e.g., allyl or propargyl, to the ω-chain end.

Excess of capping agent was employed for quantitative functionalization.

Terpene alcohols, including menthol, retinol, cholesterol, and betulin, have been

used as initiators for the anionic ring-opening polymerization of ethylene oxide to

introduce biological component at the end of poly(ethylene oxide) (Scheme 5)

[39]. Very low amount of t-BuP4 has been used ([t-BuP4]/[OH]¼ 0.01–0.2) to

achieve nearly complete initiation efficiency, as revealed by macromolecular char-

acterization, indicating that the proton transfer between active and dormant chain

ends during the polymerization is much faster than the chain growth. However, it is

to be expected that a low amount of t-BuP4 should lead to a reduced polymerization

Table 1 Heterobifunctional initiators used for different epoxide monomers in t-BuP4-promoted

anionic ring-opening polymerization

Initiators Monomers Reference

CN
OH

O [38]

OH OH

OH O OH
N3

O [9]

O
O

OH
O

O O

O O

OH

O [69]

OH OH

N3 OH

O O O

OO

[11]
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rate. In order to better reveal the influence of terpene entities, low molecular

weights were targeted at in this study. However, on a chemical point of view, it

would be interesting to examine the limitation of the achievable molecular weight

with different amounts of t-BuP4 or proportion of activated chain ends. The

different terpene entities have been demonstrated to affect the thermal and solution

properties of these terpene–poly(ethylene oxide) conjugates [70]. The successful

synthesis of bioconjugate polymers in this manner should also be attributed to the

simplicity of chemical structures of the involved terpene alcohols, which stay intact

during the anionic polymerization process. It is also of interest to investigate the

tolerance of such metal-free polymerization system toward other types of biological

entities.

3.2 Block Copolymers

Polyether-based block copolymers have been synthesized by conducting anionic

ring-opening polymerization of epoxide monomers from macroinitiators. The chain

end of the macroinitiator was activated by t-BuP4 via either delithiation

(Scheme 6a, b) [37, 58–61, 71] or deprotonation (Scheme 6c) [47, 48]. The

combination with butyl lithium-initiated anionic polymerization of dienes and

styrene were the mostly employed. The t-BuP4 was usually introduced after com-

pletion of the first block and addition of the epoxide monomer (Scheme 6b) [58–61,

71], but sequential polymerization with a sec-butyl lithium/t-BuP4 complex has also

been reported (Scheme 6a) [37]. No side reaction was caused between the active

carbanion and t-BuP4 probably due to the very low temperature (�110 to �78 �C)
used. In all these studies, high ratio of [t-BuP4]/[Li] (0.9–1.05) has been used, and

quantitative blocking efficiency could be achieved. The polymerization of epoxides

was conducted at elevated temperature (40–50 �C) for 2–4 days to ensure complete

conversion. Triblock copolymers have been achieved by sequential polymerization

of two diene monomers and an epoxide monomer [60] or styrene and two epoxide

monomers [61].

Scheme 5 Synthesis of terpene–poly(ethylene oxide)conjugates by t-BuP4-promoted anionic

ring-opening polymerization of ethylene oxide [39]
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Hydroxyl-terminated macroinitiators based on poly(2-ethylethylene) and

polyisobutylene have been used in combination with t-BuP4 to polymerize ethylene

oxide toward the preparation of diblock copolymers (Scheme 6c) [47, 48]. The

macroinitiators have been activated with 0.5 equivalents of t-BuP4 to give the pure

diblock copolymers without homopolymer contaminations.

A similar strategy has been applied on the preparation of polyester-based block

copolymers, for which phosphazene bases with lower basicity are employed

[24–26]. BEMP and t-BuP2 have been used to catalyze the polymerization of rac-
lactide from hydroxyl-terminated macroinitiators based on poly(ethylene oxide),

polystyrene, and poly(methyl methacrylate), as shown in Scheme 7 [24, 25]. Despite

of the high molecular weight of the macroinitiators and relatively low monomer

concentrations, high yields could be achieved with quantitative initiation efficiency

and low dispersity. Since t-BuP2 exhibits a higher basicity than BEMP, low temper-

ature has been used in the case of t-BuP2 to suppress transesterification reactions on

the polyester chains (thus preserving the narrowmolecular weight distribution). Also,

carboxyl-terminated poly(ethylene oxide) has been used as a macroinitiator for the

polymerizationof4-benzyloxycarbonyl-3,3-dimethyl-2-oxetanone [26]. Phosphazene

bases with different basicity (t-BuP1, t-BuP2, and t-BuP4) have been used as
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Scheme 6 Synthesis of polyether-based block copolymers via t-BuP4-promoted anionic ring-

opening polymerization [37, 47, 48, 58–61, 71]
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Scheme 7 Synthesis of polylactide-based block copolymers via phosphazene-catalyzed ring-

opening polymerization from macroinitiators [24, 25]
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promoters, the polyesters with highest molecular weight (>1.5� 106 kDa) being

produced with t-BuP4.
Block copolymers were prepared by sequential polymerization of two functional

epoxide monomers, allyl glycidyl ether and 1-ethoxyethyl glycidyl ether, from a

primary alcohol initiator (Scheme 8) [10]. The homopolymerization of the

1-ethoxyethyl glycidyl ether was plagued by side reactions, i.e., chain transfer to

monomer, while the sequential polymerization of allyl glycidyl ether followed by

1-ethoxyethyl glycidyl ether appeared to be a smooth reaction at room temperature.

Selective deprotection of the two blocks allowed further chemical modification

toward novel polyether-based materials.

A one-pot synthesis of a diblock copolymers has been attempted by polymeri-

zation of a methacrylate monomer, i.e., 2-(dimethylamino)ethyl methacrylate,

using poly(ethylene oxide)–O�[t-BuP4Li]
+ as a macroinitiator [55]. High blocking

efficiency has been achieved, but the block copolymer exhibited a relatively broad

molecular weight distribution (dispersity of 1.4) (see Sect. 2.2).

As discussed above, the phosphazene-promoted polymerizations of epoxides,

cyclic esters, and methacrylates benefit from high polymerization rates but some-

times suffer from side reactions due to the high basicity of the initiator/chain end,

e.g., chain transfer to monomer (in the case of substituted epoxide) or to polymer

chains (in the case of cyclic esters). Such side reactions might lead to some

undesirable effect on synthesis of block copolymers, such as low initiation effi-

ciency, broad molecular weight distribution, and contamination with homopoly-

mer. As a matter of fact, every system requires specifically optimized synthetic

reaction conditions.

3.3 Graft Copolymers

A multifunctional backbone, i.e., (co)polymer containing multiple protic groups as

initiating sites, in combination with t-BuP4 was used to promote the anionic graft

(co)polymerization of epoxides. This grafting from technique enabled the genera-

tion of various comblike macromolecular architectures including graft copolymers

with homopolymer [8, 40, 43], statistical [42], and block copolymer [41] side

chains.

O
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n
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Scheme 8 Synthesis of poly(allyl glycidyl ether)-block-poly(1-ethoxyethyl glycidyl ether) by t-
BuP4-promoted sequential anionic ring-opening polymerization [10]
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The first reported t-BuP4-promoted graft polymerization of ethylene oxide was

performed on a poly[ethylene-co-(vinyl alcohol)] backbone [8]. The poor solubility
of the backbone copolymer did not affect the graft polymerization as the solution

turned homogeneous after a certain reaction time (25 % monomer conversion). The

number of hydroxyl groups grafted with poly(ethylene oxide) side chains, i.e., the

grafting density, was found to correspond to the initial ratio of [t-BuP4]/[OH],
indicating that there was no effective proton exchange between active alkoxide

and inactive hydroxyl sites left on the backbone. This behavior appears to be

common for graft polymerizations, as will be discussed further below, but is

substantially different to the case of mono- or di-alkoxide-initiated polymerizations

(see above).

Amphiphilic graft block copolymers were prepared by graft polymerization of

ethylene oxide from polystyrene-block-poly(p-hydroxystyrene) backbones [40]. Dif-
ferent ratios of t-BuP4 to phenol were used. Direct analysis for the proportion of the

incorporated phenol moieties on the backbone was not performed; however, the

crystallinity of poly(ethylene oxide) side chains indicated that, at least qualitatively,

the grafting density could be controlled. Sequential or statistical copolymerizations of

ethylene oxide and propylene oxide from poly(p-hydroxystyrene) backbones allowed
for the preparation of graft copolymers with densely grafted block copolymer or

statistical copolymer side chains (Scheme 9) [41, 42]. The poor solubility of the

highly charged backbone ([t-BuP4]/[phenol]¼ 0.9) did not affect the results, i.e., low

dispersity, as the solutions became homogeneous in the course of reaction.

Secondary amide moieties, in combination of t-BuP4, have also been utilized to

perform graft polymerizations. Thermoresponsive poly(N-isopropylacrylamide)-
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Scheme 9 Synthesis of graft copolymers by t-BuP4-promoted graft (co)polymerization of pro-

pylene oxide and ethylene oxide from poly( p-hydroxystyrene) [41, 42]
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graft-poly(ethylene oxide) copolymers have been prepared in this way (Scheme 10)

[43]. It was found that the grafting density could be controlled by the initial ratio of

t-BuP4 to secondary amide moiety, consistent with the previously discussed results,

probably due to steric hindrance, inhibiting the proton transfer from the unreacted

protic moiety on the backbone to the growing side chain. However, more investi-

gations need to be performed toward kinetic details.

This concept has also successfully been applied to high molecular weight

acrylamide-based homo- and copolymers, i.e., primary amides, to yield complex

macromolecular combs with one or two polyether chains per amide unit. The

grafted polyether chains included poly(ethylene oxide), poly(propylene oxide)-

block-poly(ethylene oxide), poly[(ethylene oxide)-co-(1,2-butylene oxide)], and

poly[(ethylene oxide)-co-(tert-butyl glycidyl ether)] [72].

3.4 Star-Shaped Polymers

Synthesis of star-shaped polyether through t-BuP4-promoted anionic ring-opening

polymerization has scarcely been reported, which, however, can be predicted to be

readily conductible via a core-first protocol. Pentaerythritol has been used to make

four-armed star-shaped poly(ethylene oxide) [8]. Regardless of its poor solubility in

the solvent, tetrahydrofuran, a homogeneous solution was obtained at about 30 %

monomer conversion, and the final product had a low dispersity of 1.1. Narrowly

distributed four-armed star-shaped poly(butylene oxide)s have been prepared in a

similar manner [73]. The predicted number and molecular weight of the arms were

confirmed by cleaving the (benzyl ether) linkage between the initiator residue and

the arms and characterization of the arms. A polylithiated carbosilane dendrimer

has been used to prepare multi-armed poly(ethylene oxide) star polymer [74], aided

by the formation of t-BuP4–Li complex. Such initiating system benefits from the

dendritic structure, preventing the multiply charged species from intermolecular

association and precipitation.

Group transfer polymerization (GTP) catalyzed by t-BuP4 has been used to

prepared star-shaped polymethacrylates (Scheme 11) [35]. Despite the fact that

the ratio between t-BuP4 and the silyl enolate initiating sites was usually kept below
unity, star-shaped polymers with the desired number of arms were obtained in all

cases. The polymerization/catalysis mechanisms are still awaiting further evidence

and discussion; however, the utilization of silicon activation ability of phosphazene

NH NH NH[t-BuP4H]+
N–

x t-BuP4n n-x n-x xx
O O OO

N
O

O
Hm

O
xm x H+

Scheme 10 Synthesis of graft copolymers by t-BuP4-promoted graft polymerization of ethylene

oxide directly from poly(N-isopropylacrylamide) [43]
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base toward star-shaped polymethacrylates has definitely opened a new pathway

toward macromolecular engineering based on metal-free polymerization

techniques.

3.5 Hyperbranched Polymers

Hyperbranched polysiloxanes have been prepared by t-BuP4-promoted anionic

ring-opening polymerization of hydroxyl-functionalized pentamethylcyclotri-

siloxane monomers (Scheme 12) [75, 76]. Rapid proton transfer between

deprotonated and protonated hydroxyl groups was believed to facilitate the forma-

tion of hyperbranched structure, since in this case the reaction with monomer can

occur at any of the six silanolate/silanol centers. Low reaction temperature was also

needed to suppress the occurrence of cross-linking (base-catalyzed silanol

condensation).
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BuP4-catalyzed group transfer polymerization [35]
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4 Summary

Although still in the preliminary stage of employment and exploration, phosphazene

bases have already manifested their remarkable strength as catalyst/promoter in

metal-free anionic polymerization techniques for a wide range of monomer types,

i.e., epoxides, cyclosiloxanes, lactones, cyclic carbonates, lactams, cyclopropane

derivatives, and alkyl (meth)acrylates. By associating with the counterion (proton,

lithium cation, etc.) and thus enhancing the nucleophilicity of the initiator, such

organic superbases have allowed a significant increase of the polymerization rate

and, in many cases, achievement of high molecular weight polymers with narrow

molecular weight distribution. Moreover, the simplicity and efficiency of the catal-

ysis/promotion allows in situ growth of (co)polymer chains from substrate containing

initiating sites (mono- or multifunctional small molecules, biomolecules, and mac-

romolecules), which provides a new strategic metal-free concept for sophisticated

macromolecular engineering toward end-functionalized polymers, complex macro-

molecular architectures, and bioconjugates. But still a lot of work, concerning the

understanding of the activation/polymerization mechanism and kinetics, remains to

be done. It is also of great interest to further investigate the applicability of other

monomer/initiator types; to optimize the conditions for each specific system in terms

of basicity and the amount of phosphazene base, cocatalyst, polymerization solvent/

concentration/temperature, etc.; and to exploit the strength of this technique for more
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Scheme 12 Synthesis of hyperbranched polysiloxane by t-BuP4-promoted anionic ring-opening

polymerization of 1-(hydroxydimethylsiloxy)pentamethylcyclotrisiloxane [76]

444 J. Zhao et al.



applications in macromolecular engineering such as surface modification of poly-

meric materials.

Abbreviations

BEMP 2-tert-Butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-

diazaphosphorine

t-BuP1 tert-Butylimino-tris(dimethylamino)phosphorane

t-BuP2 1-tert-Butyl-2,2,4,4,4-pentakis(dimethylamino)-2λ5,4λ5-catenadi
(phosphazene)

t-BuP4 1-tert-Butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)

phosphoranylidenamino]-2λ5,4λ5-catenadi(phosphazene)
EtP2 1-Ethyl-2,2,4,4,4-pentakis(dimethylamino)-2λ5,4λ5-catenadi

(phosphazene)

D3 Hexamethylcyclotrisiloxane

D4 Octamethylcyclotetrasiloxane

D5 Decamethylcyclopentasiloxane

t-OctP1 tert-Octylimino-tris(dimethylamino)phosphorane

t-OctP4 1-tert-Octyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)

phosphoranylidenamino]-2λ5,4λ5-catenadi(phosphazene)
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Group Transfer Polymerization of Acrylic
Monomers

Yougen Chen, Keita Fuchise, Toshifumi Satoh, and Toyoji Kakuchi

Abstract Group transfer polymerization (GTP) as one of the living

polymerizations was put forward over 30 years ago by DuPont for the upscale

and cost-reducing synthesis of acrylic polymers. In the GTP process, a silyl ketene

acetal compound is used as an initiator and a Lewis base/acid as the catalysts, and

polymerizations can be operated at advantageously moderate temperatures when

compared with the conventional living anionic polymerizations of acrylic mono-

mers. GTP using conventional catalysts, referred to as conventional GTP, had

experienced a booming development during 1980–1990s. In retrospect, most of

the studies in this field before 2007 had been focusing on the optimization of

conventional catalysts, the exploration of applicable monomers, and the molecular

design of polymeric architectures. In addition, debates on polymerization mecha-

nisms involving associative and dissociative routes had also been discussed. In

contrast to the conventional GTP, the recent progress (2007~) in this field has been

mainly reflected on the significant and creative utilization of organocatalysts, such

as strong organic Lewis acids/bases, which might be termed as organocatalytic

GTP. This subchapter strives to provide a latest, systematic, and comprehensive

summary throughout the over 30-year development, and in particular, the

organocatalytic GTP will be emphatically described.

Keywords Group transfer polymerization • Silyl ketene acetal • Nucleophilicity/

silicophilicity • Associative mechanism • Dissociative mechanism • Organocatalyst

1 Introduction

Group transfer polymerization (GTP) was first discovered by Webster et al. in 1983

as to find an alternative polymerization method of anionic polymerization for

industrially practical and cost-reducing synthesis of acrylic polymers [1]. Immedi-

ately after the discovery, GTP had attracted great attention and was evaluated as
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“the first new approach to polymers to occur in several decades” from the academic

viewpoint by polymer chemists, because of its excellent performance for “living

control” under moderate polymerization conditions [2]. In principle, the initiation

and propagation reactions during a GTP process are rooted on the iteration of an

elementary organic reaction of the Mukaiyama-Michael reaction, which is a typical

C–C formation reaction affording high yield and stereoselective control [3]. The

term “group transfer polymerization” has been conferred based on the repetitive

transfer of the silyl group from the propagating end to the incoming monomer,

which becomes the new propagating end, during propagation, though it was later

proven to be inappropriate according to its mechanistic studies. Except for some

harsh conditions, such as superhigh pressure of thousands atms, polymerizations do

not proceed at all only with silyl ketene acetals (SKAs) and without any catalysts,

which strongly indicates that the Lewis base/acid plays a significant role during the

polymerization process [4]. Similarly, polymerizations do not proceed only with a

Lewis base/acid and without SKA, suggesting that the Lewis base/acid does not

initiate any anionic/cationic polymerizations, though they are potentially an initi-

ator or a catalyst in anionic/cationic polymerizations. Obviously, the coexistence of

an SKA and a catalyst turns out to be indispensable. This finding, to some extent,

supplementarily explains the concept that the polymerization proceeds through a

“group transfer” mechanism. When compared with other living polymerizations,

the most characteristic feature of GTP method is that the trialkylsilyl-capped end of

a propagating polymer is electronically neutral. Therefore, GTP is free from

recombination terminations, which is similar to an ionic polymerization. In addi-

tion, side reactions caused by impurities, such as chain transfer and termination

reactions, can be suppressed to a minimum. For this reason, GTP method has been

widely used to polymerize functional (meth)acrylates which bear reactive side

groups such as epoxides, cyclic esters, dienes, vinyl, allylic, and styrenic groups;

these functionalities are normally sensitive to the conditions of ionic and radical

polymerizations [5].

Since its first discovery, GTP, which can actually be referred to as conventional

GTP, had experienced a florescent development period from middle 1980s until

early 1990s, basically covering all the aspects in terms of (1) the exploration of new

efficient catalysts, (2) the broadening of applicable monomers, and (3) the efforts in

elucidating polymerization mechanisms. During the middle 1990s–2007, the study

of GTP had been a minor research field because of the emergence and rapid

development of living radical polymerizations (LRPs). However, the application

of organocatalysts to GTP after 2007 has made a breakthrough and significant

progress in this field. Relative to the conventional one, Kakuchi et al. have proposed

a new definition to the GTPs using organocatalysts as “organocatalytic GTP.” Since

2007, many aspects in this field have much improved in terms of catalytic activity,

applicable monomers, livingness of polymerization, and control of polymer archi-

tecture, owing to the use of organocatalysts.

This subchapter sequentially describes the introduction of catalysts and covers

the contents in the following three sections:
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1. A comprehensive overview on the Lewis-base-catalyzed GTP, including GTPs

using conventional nucleophilic anions and organic strong bases

2. A comprehensive overview on the Lewis-acid-catalyzed GTP, including GTPs

using conventional metallic catalysts and organic Lewis acids

3. A recapitulative introduction on the control of polymer architectures

It is worth mentioning that an overview on the scope of applicable monomers

and polymerization mechanisms is also discussed throughout this subchapter.

2 Lewis-Base-Catalyzed GTP

2.1 Overview

The first GTP of methyl methacrylate (MMA) was realized using tris(dialkylamino)

sulfonium (TAS) salts of nucleophilic anions, such as SiMe3F2
� [1, 6, 7], HF2

� [1,

6–8], CN� [1, 6, 8, 9], and N3
� [1, 8]. The catalytic activity of these nucleophilic

anions was then extensively studied and widely used as catalysts for GTP. Mean-

while, a variety of other nucleophilic anions, such as F� [6, 8, 9], oxyanions [10,

11], and hydrogen bioxyanions [11, 12], were also used to optimize the conditions

for the GTPs of (meth)acrylates. These nucleophilic anions are now referred to as

conventional Lewis base catalysts. For each of them, a bulky and sterically hindered

counter cation is basically required to enhance its catalytic activity and solubility in

organic solvents. In addition to TASs, much cheaper and readily available tetraalk-

ylammoniums were commonly used later. Other cations, such as cesium ion (Cs+)

[13], bis(triphenylphosphoranylidene)ammonium (Ph3PNPPh3
+) [14], and

18-crown-6-complexed K+ [15], were also reported to be suitable for the counter

cations of the catalysts. Among all the used nucleophilic anions, the fluoride-based

ones exhibited the highest activity, probably due to their extremely high affinity

toward silyl groups. Oxyanions and hydrogen bioxyanions are more favorable for

the polymerizations above ambient temperatures. The relative order of catalytic

activity is as F�>HF2
�> oxyanions> hydrogen bioxyanions [16]. It has, for a

long time, been considered that the catalytic activity of a nucleophilic anion is

correlated to basicity. However, Hertler et al. found that too high basicity would

cause side reactions, such as chain transfer, in the GTP of MMA [17]. In fact, the

silicophilicity, rather than basicity, could be a much more suitable notion to account

for the catalytic activity because Lewis base catalysts actually attack the silicon

atom to activate the Si–O bond in an initiator or a propagating polymer end for the

initiation reaction or the propagation reaction. The nucleophilic anions have been

recognized to be suitable catalysts only for methacrylates because their catalytic

activities are too high to control the polymerization of acrylates with much higher

reactivity than methacrylates. Most of the GTPs of acrylates are out of control by

nucleophilic anions.
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In addition to the conventionally used nucleophilic anions, the use of recently

developed organocatalysts has opened a new avenue in the field of GTP. Lewis base

organocatalysts, such as N-heterocyclic carbenes (NHCs) [18–24]; organic strong

bases such as proazaphosphatranes and phosphazene bases [25–28]; and phosphines

[29] have been used as catalysts for GTP since 2007. In comparison with the

aforediscussed nucleophilic anions, the Lewis base organocatalysts are more

advantageous because they are electronically neutral and much less nucleophilic,

thus enabling to suppress side reactions between the catalyst and a monomer, a

living polymer, or a solvent. Scheme 1 shows the structures of nucleophilic anions

and Lewis base organocatalysts that have been used for GTP so far. The detailed

discussion on each class of catalysts is separately implemented in the following

sections.
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The Lewis base catalysts are widely used for (co)polymerizing most of methac-

rylates to produce polymers with homo, random, block, or other architectures. The

polymerizable methacrylates include n-alkyl, non-n-alkyl, oligo(ethylene glycol)-,
and amino-containing, functionalized, protected, core-forming, cyclopoly-

merizable, and some fluorine-containing methacrylates, as shown in Scheme 2.

The n-alkyl methacrylates include methyl (MMA), ethyl (EMA) [30, 31], n-butyl
(nBMA) [1, 5, 8, 32–35], n-octyl (nOMA) [36], lauryl (LMA) [8, 36, 37], and

stearyl methacrylate (SMA) [26], which are widely used to synthesize homopoly-

mers or copolymers. Other methacrylates, such as non-n-alkyl methacrylates

(tBMA and M1-6) [11, 38–45], oligo(ethylene glycol)- and amino-containing

methacrylates (M7-14) [27, 46–53], functionalized methacrylates (M15-20) [1, 8,
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54–59], protected methacrylates (M23-28) [36, 39, 46, 47, 55, 60–63], core-

forming methacrylates (M29–30) [48–50, 52, 53, 64], cyclopolymerizable methac-

rylate derivatives (M31–34) [5, 35, 65, 66], and fluorine-containing methacrylates

(M35–37) [67], can also be polymerized to afford corresponding (co)polymers as

designed. Generally, the Lewis-base-catalyzed GTP is effective to polymerize most

of methacrylates, though livingness of polymerization should be optimized by

selecting an appropriate catalyst depending on the structure of a methacrylate.

In addition to methacrylates, acrylates, such as methyl (MA) [6, 7, 9], ethyl

(EA) [1, 8], n-butyl (nBA) [8, 23, 26], tert-butyl (tBA) [21, 23], and functionalized

(M38–42) acrylates [23, 67, 68], have been used to synthesize (co)polymers by the

Lewis-base-catalyzed GTP, though most of their GTPs lack ideal control. Other

vinyl monomers, such as polyunsaturated esters (M43–49) [69], some of acrylam-

ides [1, 8, 24, 70–72], and acrylonitriles [8, 24, 73, 74], can also be polymerized by

the GTP method. Their structures are shown in Scheme 3.

When it comes to GTP, initiators should be brought to discussion. It is recognized

that a fast initiation can be achieved when the structure of a silyl ketene acetal has a

similar structure with that of the propagating polymer chain end. Webster et al. gave

a detailed summarization [75]. In order to precisely control the architectures of

resulting polymers, many initiators have been designed, as shown in Scheme 4.

1-Methoxy-1-(trimethylsiloxy)-2-methylprop-1-ene (MeSKA) is undoubtedly the

most commonly used one in GTP. Other monofunctional SKAs, such as EtSKA,
Me2tBuSKA, Me2nC18H37SKA, Me2PhSKA, and SKA1-3 [1, 8, 69], have also been used

to synthesize homopolymers and block copolymers. The bifunctional initiators

(SKA4-13) are useful initiators for the synthesis of ABA-type block copolymers

[5, 8, 51, 69, 76–78]. Other SKAs, such as functionalized and star-shaped SKAs, are

discussed in Sect. 4.

Table 1 summarizes the ranges of molar mass (Mn) and dispersity (Mw/Mn)

reported for poly(meth)acrylates synthesized by Lewis-base-catalyzed GTP. Gen-

erally, polymethacrylates with high molar mass can be hardly synthesized using the

conventional Lewis base catalysts, probably due to their high nucleophilicity which
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leads to side reactions to terminate living polymer ends. In contrast, the use of

organocatalysts can advantageously overcome these limitations in a great extent to

improve the livingness of polymerization and thus afford high molar mass

polymers.

2.2 Mechanisms of Lewis-Base-Catalyzed GTP

For Lewis-base-catalyzed GTP, two mechanistic routes, i.e., associative [1, 79, 80]

and dissociative mechanisms [13, 81–83], have been widely accepted so far. The

associative mechanism was originally proposed by Webster et al. based on the fact

that no intermolecular exchange of the silyl groups occurred between two propa-

gating polymers labeled with an isotope of the silicon atom [1]. This mechanism

involves the formation of a pentacoordinated siliconate by the addition of the

catalyst to the electrophilic silyl group and a continuous intramolecular transfer

of the silyl group along the same polymer chain end after each addition reaction of

monomer, which was claimed to proceed in a “concerted” fashion, as shown in

Scheme 5. Afterward, Müller et al. proposed a “two-step” associative mechanism

based on their kinetic and stereocontrol studies, in which the formation of C–C
bond between pentacoordinated SKA and monomer does not simply complete

through a “concerted” fashion but through a two-step reaction [84, 85]. The for-

mation of C–C bond first occurs via the formation of a hexacoordinated state

from the pentacoordinated SKA and a monomer. The silyl group then migrates

through the formation and rupture of the unstable eight-membered intermediate.

However, the associative mechanism had been questioned by Quirk et al. They

proposed the dissociative mechanism and believed that the dissociated enolate ions

or anions, which are derived from the interaction between SKA and catalyst, are the

true active species, as shown in Scheme 5 [81, 86, 87]. In the dissociative pathway,
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the active chain ends are true anionic species in equilibrium with dormant com-

plexes. Due to the dissociation of silyl groups from enolates, the degenerative

exchange of silyl groups between propagating polymers can readily take place.

The dissociative mechanism may proceed through two possible routes, namely, the

reversible dissociative mechanism and the irreversible dissociative mechanism. In

the reversible dissociative mechanism, the dormant species are a propagating

polymer not coordinated by a catalyst and a bis(enolate)siliconate, the adduct of

an active enolate and a silyl enolate. On the contrary, the dormant species in the

Table 1 Ranges of Mn and Mw/Mn reported for poly(meth)acrylates synthesized by Lewis-base-

catalyzed GTP

Catalyst Monomer Solvent Mn(expt.) (kg mol�1) Mw/Mn

TASHF2 MMA THF �22.1 �
TBAF MMA THF �62.3 �
TASN3 MMA MeCN 3.0 1.03

TASCN MMA DMF/THF (9/91) 10.5 1.14

Et4NCN MMA DMF/THF (9/91) 11.5 1.06

Oxyanions MMA THF �17.6 1.06–1.56

TBABA MMA THF �57.9 –

TBABB MMA THF �67.6 –

NHC-1 MMA THF �18.9 �1.35

tBA THF �16.3 <1.20

NHC-2 MMA THF 6.7–330 1.07–1.30

MMA Toluene �31.0 �1.30

nBA THF 9.0–31.0 1.39–1.60

nBA Toluene 19.7 1.60

tBA THF 4.8–40.0 1.09–1.25

tBA Toluene 4.9–24.0 1.19–1.45

M10 THF 6.5–34.0 1.10–1.15

M38 THF 23.0 1.46

DMAA THF �42.0 �1.15

MAN DMF 5.0–18.0 1.37–1.51

NHC-3 MMA THF 2.6–110 1.10–1.30

nBA THF �33.0 �1.40

nBA Toluene 21.4 1.50

tBA THF 4.8 1.30

M10 THF 18.0 1.19

DMAA THF 37.0 1.17

t-Bu-P4 MMA THF 6.5–109.6 1.15–1.32

M14 THF 6.2–34.0 1.06–1.26

TiBP MMA THF 6.5–55.9 1.05–1.14

TTMPP MMA THF 3.0–22.6 1.13–1.16

MMA Bulk 3.6–57.0 1.30–1.37

tBA THF 2.1–7.8 1.12–1.45
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irreversible dissociative mechanism should be only a bis(enolate)siliconate. Both

the associative and dissociative mechanisms are respectively supported by persua-

sive proofs, as discussed in ref. [75].

2.3 Trimethylsilyl Bifluoride, Hydrogen Bifluoride,
and Fluoride

Fluoride-based catalysts, including TAS or tetra-n-butylammonium (TBA) salts of

trimethylsilyl bifluoride (SiMe3F2
�) [1], hydrogen bifluoride (HF2

�) [1, 6–8], and
fluoride (F�) [6, 8, 9], are most generally used in GTP and were studied since the

development of GTP. The initial use of them might be attributed to their high

silicophilicity, which has been well known in Mukaiyama aldol reaction and

Mukaiyama-Michael reaction. As aforediscussed, they have the highest catalytic

activity to promote the GTPs of methacrylates among the catalysts for the conven-

tional GTP. A quite low loading of SiMe3F2
� (0.1–1 mol% relative to an SKA) is

Monomer

O

R

R'O
Si

OR'

O

R

LB

LB

Concerted
Associative
Mechanism

LB

OSi

R
OR'X

SKA or Polymer
(dormant)

R

O

X

OSi

R
OR'X

concerted reaction

X = H or polymer
Si = SiMe3, SiMe2

tBu etc.

pentacoordinated SKA
(active)

Propagation

R = H or Me

Monomer

R

R'O R'OOR = H or MeO

R

R'O
Si

OR'

O

R

LB

X

O

R

R'O
Si

OR'

O

R

LB

X

Two-step
Associative
Mechanism

hexacoordinated state
(first step)

eight-membered intermediate
(second step)

Propagation

Activation

Intramolecular silyl group transfer
occurs in the associative mechanism.

O

R

OR'O

R

R'O
Si

X'X
Si

LB
++

–

LB
OSi

R
OR'X

SKA or Polymer
(dormant)

X = H or polymer
Si = SiMe3, SitBuMe2 etc.

Si

LB

R

R'O O

Monomer

O

R
OR'X

enolate anion
(active)

Propagation

R = H or Me

bis(enolate)siliconate
(dormant)

Reversible
Dissociative
Mechanism

Irreversible
Dissociative
Mechanism

+

OSi

R
OR'X

The silyl group can exchange
among propagating polymers.

Scheme 5 Proposed associative (top) and dissociative (bottom) mechanisms of Lewis-base-

catalyzed GTP

Group Transfer Polymerization of Acrylic Monomers 459



enough for the GTPs of (meth)acrylates to proceed fast. Due to its high catalytic

activity, the SiMe3F2
�-catalyzed GTP is best to be implemented at low tempera-

tures like �78 �C. Any moisture in polymerization system causes the decomposi-

tion of SiMe3F2
� to its hydrolyzed product, HF2

�. SiMe3F2
� has been less used

than HF2
� and F� perhaps because of its lower stability. The catalytic activity of

HF2
� and F� is not so high that realizes GTPs of (meth)acrylates at room temper-

ature. Fluorine-based catalysts are effective in the GTPs of most methacrylates to

produce corresponding polymers with moderately controlled molar masses and

relatively low dispersities. However, side reactions, such as chain transfer and

backbiting reactions, often accompany with the chain propagation because of the

high nucleophilicity of these catalysts. Therefore, these fluoride-based catalysts are

usually used at a low loading relative to initiator to minimize such side reactions.

The F�-catalyzed GTP of MMA could afford a hydroxyl end-functionalized

PMMA with a Mn of up to 64.7 kg mol�1 and a Mw/Mn of 1.14. To obtain a

PMMA withMn, more than 50–60 kg mol�1 has been difficult by the fluoride-based

catalysts.

2.4 Azide and Cyanide

N3
� and CN� have been also used as catalysts with 3–15 mol% relative to an

initiator for the polymerizations of methacrylates and acrylates [1, 6, 8, 9]. Due to

their poor solubility in apolar solvents, they required the use of polar solvents like

DMF and CH3CN.

2.5 Oxyanions and Hydrogen Bioxyanions

Oxyanions, such as carboxylates, benzoates, phenoxides, phosphinates, sulfinates,

sulfonates, sulfonamides, nitrite, and corresponding bioxyanions, can effectively

activate SKAs, though they are not often used [10, 11]. All the oxyanions shown in

Scheme 1 can catalyze the GTP of MMA to afford moderate control over molar

mass and dispersities. Sogah et al. have provided a deep insight into the oxyanion-

catalyzed GTP and found that the catalytic activity of an oxyanion strongly

depended on the acidity (pKa value) of its conjugated acid [11].

Hydrogen bioxyanions are the most effective conventional catalysts for meth-

acrylates [11, 12]. The best examples of hydrogen bioxyanions are bibenzoates and

biacetates. In most of cases, they afford better control over molar masses and

dispersities than their homologous oxyanions. The reason for this phenomenon

might be that the hydrogen bioxyanions have much lower nucleophilicity than

corresponding oxyanions because the negative charges in hydrogen bioxyanions

are more favorably delocalized than the homologous oxyanions. It has been

reported that hydrogen bioxyanions could catalyze not only the GTP of MMA to
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produce a PMMA with a Mn of up to 67.6 kg mol�1 and Mw/Mn of 1.13 but also

catalyze the GTPs of other methacrylates. For instance, the biacetate-catalyzed

GTP of nBMA can produce a PnBMA with an Mn of up to 67.6 kg mol�1 and a

Mw/Mn as narrow as 1.13. The biacetate- and bibenzoate-catalyzed GTPs have also

been used to polymerize methacrylates, such as M1, M10, M15, M24, and M28.

2.6 N-Heterocyclic Carbenes

The recent development of GTP catalyzed by Lewis base organocatalysts dates

back to 2007–2008 when Waymouth and Hedrick et al. and Taton

et al. independently reported the GTP of (meth)acrylates using N-heterocyclic
carbenes (NHCs). Waymouth and Hedrick reported the GTPs of MMA and tBA
using 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (NHC-1) (0.026–3.2 mol%

relative to initiator) in THF at room temperature, which afforded good control over

polymerization to produce PMMAs with an Mn of up to 18.9 kg mol�1 and Mw/Mn

narrower than 1.35 as well as PtBAs with anMn of up to 16.3 kg mol�1 andMw/Mn

narrower than 1.20 [18, 20]. Taton et al. first reported the GTPs of MMA, tBA, and
nBA using 1,3-diisopropylimidazol-2-ylidene (NHC-2) and 1,3-di-tert-
butylimidazol-2-ylidene (NHC-3) (5–6 mol% relative to initiator for the polymer-

ization of MMA and 1 mol% relative to initiator for the polymerization of tBA and

nBA) both in THF and toluene at room temperature, which produced PMMAs with

theMn of 2.6–330 kg mol�1 andMw/Mn of 1.07–1.3 as well as PtBAs with theMn of

4.8–33.0 kg mol�1 and Mw/Mn of 1.15–1.6 [19, 21]. The polymers synthesized in

toluene had relatively broader Mw/Mn than those obtained in THF. It is noteworthy

that the PMMA with an Mn greater than 100 kg mol�1 has been obtained using

NHCs, which can be hardly synthesized using a conventional catalyst. In addition to

MMA, M10, nBA, M38, DMAA, and MAN can also be polymerized using NHC-2

and NHC-3 [21, 23].

2.7 Organic Strong Bases

Kakuchi et al. have recently used the organic strong bases, which have

low nucleophilicity and high basicity, to catalyze GTP [25]. Their structures

are shown in Scheme 6. Among the five bases, 2,8,9-triisobutyl-2,5,8,9-tetraaza-1-

phosphabicyclo[3.3.3]undecane (TiBP) and 1-tert-butyl-4,4,4-tris(dimethylamino)-

2,2-bis[tris(dimethylamino)-phosphoranylidenamino]-2Λ5,4Λ5-catenadi(phosphazene)

(t-Bu-P4) are the efficient ones to catalyze GTP of MMA. The polymerization using

TiBP or t-Bu-P4 rapidly proceeded with a [TiBP or t-Bu-P4]0/[
MeSKA]0¼ 0.01, which

produced PMMAs with Mn of 6.5–55.9 kg mol�1 and 6.5–109.6 kg mol�1, while the

narrowMw/Mn was kept in a range of 1.05–1.14 and 1.15–1.32, respectively. It is worth

noting that the t-Bu-P4 can catalyze the GTP of MMA to produce a PMMA with Mn
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greater than 100 kg mol�1. On the contrary, the GTPs of MMA using 1,8-diazabicyclo

[5.4.0]undec-7-ene (DBU), 2,8,9-trimethyl-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]

undecane (TMP) and 1-tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-2Λ5,4Λ5-

catenadi(phosphazene) (t-Bu-P2) were very slow or did not proceed at all both in THF

and toluene even when a large amount of the catalysts was used. Interestingly, TMP,

TiBP, and t-Bu-P2 showed different catalytic activity in the GTP of MMA though they

have similar Brønsted basicity, indicating that ability to activate a silicon atom for the

polymerization is crucially affected by the structure and silicophilicity of the strong

bases, rather than by the Brønsted basicity.

2.8 Phosphines

Most recently, Taton et al. attempted to use phosphines, including tri-n-
butylphosphine (Bu3P), tricyclohexylphosphine (Cy3P), triphenylphosphine

(Ph3P), and tris(2,4,6-trimethoxyphenyl)phosphine (TTMPP), as the catalysts of

GTP [29]. Among these phosphines, only TTMPP showed high catalytic activity

probably due to its higher Lewis basicity than others. TTMPP (10 mol% relative to

initiator) promoted the GTP of MMA in THF in a living fashion to produce a

PMMA with Mn of up to 22.6 kg mol�1 and Mw/Mn narrower than 1.16. However,

in toluene or bulk, the GTP of MMA was out of control. The polymerization

produced PMMAs with Mw/Mn broader than 1.3. In addition to MMA, the GTP

of tBA has also been achieved using TTMPP. A low monomer concentration is

more favorable for the GTP of tBA. For instance, the GTP of tBA in THF under the

conditions of [tBA]0/[
MeSKA]0/[TTMPP]0¼ 22/1/0.01 and [tBA]0¼ 0.7 mol L�1

produced a PtBA with Mn of 2.1 kg mol�1 and Mw/Mn of 1.12, while the same

polymerization under ten times condensed condition produced a PtBA with an Mn

of 3.1 kg mol�1, and anMw/Mn¼ 1.4. 2 h induction period has been observed in the

polymerization of MMA in THF at 25 �C under the condition of [MMA]0/

[MeSKA]0/[TTMPP]0¼ 30/1/0.1, though the polymerization rate followed the first

order of the concentration of MMA after the induction period.
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3 Lewis-Acid-Catalyzed GTP

3.1 Overview

Lewis-acid-catalyzed GTP is considered to proceed through the activation of a

monomer by a Lewis acid (LA), as illustrated in Scheme 7. Scheme 8 summarizes

catalysts, monomers, and initiators used in Lewis-acid-catalyzed GTP so far. Con-

ventional Lewis acid catalysts, such as zinc halides and organoaluminums, are only

suitable for the controlled polymerizations of acrylates because of the low catalytic

activity, i.e., weak Lewis acidity [88]. Thus, several metallic Lewis acids with high

acidity have been examined to develop controlled polymerizations of other mono-

mers [8, 70, 89–99]. The controlled polymerization of alkyl crotonates has been

achieved by the GTP catalyzed by the mixture of mercury(II) iodide (HgI2) and

trialkylsilyl iodide, even though it has been hardly achieved by radical polymeriza-

tion and anionic polymerization. The emergence of highly Lewis acidic nonmetallic

catalysts, namely, Lewis acid organocatalysts, has broken the limit of conventional

Lewis-acid-catalyzed GTPs. The GTPs of alkyl methacrylates, DMAA,

α-methylenebutyrolactone (MBL), and γ-methyl-α-methylenebutyrolactone

(MMBL) have been newly achieved using Lewis acid organocatalysts, such as tris

(pentafluorophenyl)borane (B(C6F5)3) with a silylating agent, triphenylmethyl salts,

and strong organic Brønsted acids. The Lewis acid organocatalysts are regularly used

at a ratio of ca. 1–50 mol% relative to the initiator to obtain polymers with Mw/Mn

narrower than 1.15. Apolar solvents, such as CH2Cl2 and toluene and cyclohexane,

are more favorable for the Lewis-acid-catalyzed GTP. Generally, the polymerization

rate increases with the increasing polarity of the solvent. However, polar and

donating solvents, such as THF and DMF, inhibit the polymerization. The mecha-

nism of each polymerization is described in detail in the following sections because it

slightly varies depending on the used catalyst. Table 2 summarizes the ranges ofMn

and Mw/Mn for the polymers obtained from the Lewis-acid-catalyzed GTP using

respective catalyst.
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3.2 Zinc Halides and Zinc Triflates

Hertler et al. first reported the Lewis-acid-catalyzed GTP of methacrylates and

acrylates using zinc halides, such as zinc(II) iodide (ZnI2), zinc(II) bromide

(ZnBr2), and zinc(II) chloride (ZnCl2) [8, 88]. ZnI2 has been the best catalyst for

the polymerization of EA at ambient temperature in the conventional GTP. The

GTPs of EA using 1-[2-(trimethylsiloxy)ethoxy]-1-(trimethylsiloxy)-2-

methylprop-1-ene (SKA14) and ZnI2 in CH2Cl2 or ethylene dichloride produced

PEAs with Mn of 1.25–3.30 kg mol�1 andMw/Mn of 1.03–1.10. The GTP of MMA

using MeSKA and ZnBr2 in ethylene dichloride produced a PMMA with Mn of

6.02 kg mol�1 andMw/Mn of 1.20, though theMn was almost 1.8 times greater than

the calculated Mn. 10–20 mol% of the catalyst is required for the controlled

polymerization of both EA and MMA. ZnBr2 has been used for the GTP of

2-methacryloxyethyl acrylate and DEAA using MeSKA. In the former polymeriza-

tion, the acryloyl group in the monomer was selectively polymerized to produce a

polyacrylate-bearing methacryloyl groups on the side-chain [8]. The latter
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polymerization in CH2Cl2 did not proceed [70]. The combined use of ZnI2 and

trialkylsilyl iodide has been found to be as effective as the catalytic system of HgI2
and trialkylsilyl iodide for the controlled polymerization of methyl crotonate

(MC) (see Sect. 3.4) [95].

Table 2 Mn and Mw/Mn scopes of Lewis-acid-catalyzed GTP

Catalyst Monomer Solvent Mn(expt.) (kg mol�1) Mw/Mn

ZnI2 EA CH2Cl2 1.25–3.30 1.03–1.10

DEAA CH2Cl2 –a –a

ZnBr2 MMA CH2Cl2 6.02 1.20

Organoaluminums EA or nBA CH2Cl2 1.98–2.37 1.06–1.17

(iBuO)2Al EA Toluene 1.33 1.19

HgI2 +R3SiI nBA Toluene �3.7 1.08–1.15

MC CH2Cl2 5.2–13 1.12–1.22

MiC CH2Cl2 9.0 1.20

CdI2 + Et3SiI MC CH2Cl2 1.3–7.7 1.06–1.19

B(C6F5)3 + silylating agents MMA CH2Cl2 12.1 1.06

EA CH2Cl2 5.3–21.7 1.14–1.26

EA Toluene 17.4 1.12

TTPB MMA CH2Cl2 20.8 1.07

MMA Toluene 21.6 1.07

nBMA CH2Cl2 42.1 1.07

nBMA Toluene 49.1 1.08

nBA Toluene 24.3 1.07

MMBL CH2Cl2 18.8–548 1.01–1.06

[Ph3C][TRISPHAT] MMA –b –b –b

MMBL CH2Cl2 36.2 1.01

Tf2NH MMA CH2Cl2 3.86–17.0 1.04–1.08

DMAA CH2Cl2 12.7 1.08

DMAA Toluene 3.24–53.9 1.06–1.16

Tf2NSiMe3 MMA CH2Cl2 4.1–8.6 1.07–1.11

Tf2CHC6F5 MA Toluene 2.9–108 1.03–1.07

DMAA CH2Cl2 2.8–10.4 1.04–1.07

H(Et2O)2[B(C6F5)4] MMA CH2Cl2 11.3-74.1 1.07–1.12

MMA Toluene 20.0 1.08

BMA CH2Cl2 44.3 1.07

nBA Toluene 23.2 1.08

DMAA CH2Cl2 102 1.09

MMBL CH2Cl2 40.0 1.07

H(Me2NPh)[B(C6F5)4] MMA CH2Cl2 18.5 1.07

List’s sulfonimide MMA CH2Cl2 –a –a

DMAA CH2Cl2 30.2 1.13
aNot polymerized
bNot mentioned in the original article [100]
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3.3 Organoaluminums

The GTPs of EA and nBA using MeSKA and organoaluminum, such as

chlorodiethylaluminum, chlorodiisobutylaluminum, and oxybis(diisobuty-

laluminum), in CH2Cl2 or a mixture of CH2Cl2 and acetonitrile (1/2, v/v) produced

corresponding polyacrylates with Mn of 1.98–2.37 kg mol�1 and Mw/Mn of 1.06–

1.17, though it required low polymerization temperature as �78 �C. On the

contrary, the GTP of EA using oxybis(diisobutylaluminum) and MeSKA in toluene

quantitatively proceeded at ambient or higher temperatures (20–58 �C) to produce

PEA with Mn of 1.33 kg mol�1 and Mw/Mn of 1.19 [8, 70]. The polymerization of

MMA using chlorodiisobutylaluminum and MeSKA in CH2Cl2 was uncontrolled,

which produced a PMMA with Mn of 3.0 kg mol�1 and Mw/Mn of 2.43. In contrast

to zinc halides, the aluminum catalysts were used at 10 mol% relative to an initiator.

The combination of alkylaluminum bis(2,6-di-tert-butylphenoxide) and

trimethylsilyl iodide was effective for the synthesis of highly syndiotactic PMMA

using MeSKA in CH2Cl2 at 0
�C under the condition of [M]0/[I]0/[Al]0/[Si]0¼ 50/1/

0.75/0.5, though the resulting PMMA had bimodal and dispersity [89]. The high

molar mass part was highly syndiotactic (rr¼ 95.6–98.7 %) and insoluble in

acetone, THF, and toluene, while the solubility of the low molar mass part

(rr¼ 78.9–88.6 %) was the same as conventional PMMA.

3.4 Mercury(II) Iodide with Trialkylsilyl Iodide

Conventionally, the most efficient catalytic system consisting of Lewis acids is a

mixture of HgI2 and trialkylsilyl iodide, which was effective for the controlled

polymerization of acrylates in toluene, with 5.2 mol% of HgI2 and 2.1 mol% of

trimethylsilyl iodide relative to the initiator [90–93], as well as crotonates in

CH2Cl2, with 8 mol% of HgI2 and 24 mol% of triethylsilyl iodide relative to the

initiator [94, 95]. Müller et al. proposed the mechanism of the GTP catalyzed by

HgI2 and trialkylsilyl iodide, as shown in Scheme 9, in order to elucidate the high

catalytic activity of this catalytic system [92, 93]. The polymerization of nBA using

HgI2 itself as a catalyst required a maximum of 200 min of induction period, though

the polymerization eventually proceeded with a first-order kinetics on monomer

concentration [92]. Trimethylsilyl iodide (Me3SiI) itself did not show any catalytic
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activity for the polymerization. Thus, they proposed that Me3SiI is generated from

the reaction of a trimethylsilyl enolate and HgI2 as a byproduct in the formation of

α-mercuroester or O-mercuric enolate. The generated Me3SiI forms a nucleophilic

adduct with HgI2, Me3SiI-HgI2, which can activate a silyl enolate of an initiator or

the propagating end to catalyze the initiation/propagation reaction. The isolated

mixture of α-mercuroester or O-mercuric enolate has been recognized to be not the

active species in the polymerization, because they produced only a mixture of

oligomer of nBA.
The controlled polymerization of alkyl crotonates has been achieved with the

GTP catalyzed by HgI2 and trialkylsilyl iodide for the first time [94–97]. The

polymerization of methyl crotonate (MC) at �20 �C using EtSKA/Et3SiI,
nPrSKA/nPr3SiI, or Me2tBuSKA/Me2tBuSiI in CH2Cl2 produced poly(methyl

crotonate) (PMC) with Mn of 5.2–13 kg mol�1 and Mw/Mn of 1.12–1.22 [95,

97]. The PMC obtained using Me2tBuSKA/Me2tBuSiI had the highest disyndio-

tacticity up to 94 % among them. The polymerizations of n-propyl crotonate

(nPC), isopropyl crotonate (iPC), and n-butyl crotonate (nBC) using EtSKA and

HgI2/Et3SiI were also controlled to produce corresponding polymers with Mn of

71–90 kg mol�1, Mw/Mn of 1.07–1.16, and predominant disyndiotacticity [96]. In

addition, the controlled polymerization of methyl isocrotonate (MiC) has been for

the first time achieved by the GTP using MeSKA, HgI2, and Me3SiI at �40 �C in

CH2Cl2 to produce a poly(methyl isocrotonate), which has the same primary

structure as PMC, with Mn of 9.0 kg mol�1 and Mw/Mn of 1.20. Interestingly, the

stereoregularity of the resulting polymer was similar to the PMC obtained by the

same polymerization condition, though the structures of the monomers are geomet-

rically different. The unique mechanism of the GTP using HgI2/trialkylsilyl iodide

might be the reason why the controlled polymerizations of alkyl crotonates and

methyl isocrotonate have been achieved.

3.5 Other Metallic Catalysts

Matyjaszewski et al. once reported that tris(trifluoromethanesulfonyl) lanthanides,

such as Yb(OTf)3 and Sc(OTf)3, were effective for the GTP of acrylates [98]. Oishi

et al. attempted the GTP of N-cyclohexylmaleimide catalyzed by the complexes of

zinc(II) trifluoromethanesulfonate (Zn(OTf)2) and chiral diamine ligands

[99]. Kitayama et al. found that a catalytic system of cadmium(II) iodide and

trialkylsilyl iodide was also effective for the polymerization of MC, which pro-

duced PMC with Mn of 1.3–7.7 kg mol�1 and Mw/Mn of 1.06–1.19 [95].
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3.6 B(C6F5)3 with Silylating Agents

The first example of the GTP catalyzed by a nonmetallic Lewis acid is the GTP of

EA catalyzed by B(C6F5)3 [101, 102] or triethylsilyl trifluoromethanesulfonimide

(TfOSiEt3) [103] reported in 2000, though it was not originally reported as an

organocatalytic polymerization [104]. The former polymerization was carried out

with EtSKA in CH2Cl2 at 20
�C for 1 h under the conditions of [EA]0/[

EtSKA]0/[B

(C6F5)3]0¼ 100/1/0.1 and [EA]0¼ 2.5 mol L�1 to produce a PEA with an Mn of

7.5–12.6 kg mol�1 and an Mw/Mn of 1.13–1.52. The latter polymerization was

carried out in CH2Cl2 at 0 �C for 24 h under the conditions of [EA]0/[
EtSKA]0/

[TfOSiEt3]0¼ 50/1/0.5 and [EA]0¼ 2.5 mol L�1 to produce a PEA with an Mn of

3.2 kg mol�1 and an Mw/Mn of 2.35. However, the combined use of B(C6F5)3 and

TfOSiEt3 improved the control of the polymerization; the GTP of EA catalyzed by

B(C6F5)3 and TfOSiEt3 under the conditions of [EtSKA]0/[B(C6F5)3]0/

[TfOSiEt3]0¼ 5–20/1/0.01 produced PEAs with Mn of 5.3–21.7 kg mol�1 and

Mw/Mn of 1.14–1.18. The same catalytic system allowed the controlled block

copolymerization of EA and nBA. It is noteworthy that the controlled polymeriza-

tion of MMA by the GTP catalyzed by a Lewis acid has been for the first time

achieved by the combined use of B(C6F5)3 and Et3SiI in the same report. The

polymerization was carried out in CH2Cl2 at 0
�C under the conditions of [MMA]0/

[EtSKA]0/[B(C6F5)3]0/[Et3SiI]0¼ 100/1/2/0.5 and [MMA]0¼ 2.5 mol L�1 to pro-

duce PMMA with an Mn of 12.1 kg mol�1 and Mw/Mn of 1.06, though it required

two equivalents of B(C6F5)3 relative to the initiator. The triethylsilyl cation gener-

ated from B(C6F5)3/TfOSiEt3 and B(C6F5)3/Et3SiI was presumed to be the true

catalyst in the polymerization, though a detailed mechanism of the polymerization

had not been experimentally investigated.

3.7 Triphenylmethyl Salts

Since 2008, Chen et al. proposed and demonstrated the oxidative GTP catalyzed by

triphenylmethyl salts, especially triphenylmethyl tetrakis(pentafluorophenyl)borate

(TTPB), which can lead to the living polymerization of alkyl (meth)acrylates as

well as MMBL [100, 105–107]. The controlled polymerization of MMA has been

achieved by adding TTPB to a solution of MMA and MeSKA at ambient temper-

ature both in CH2Cl2 and toluene, which produced PMMAs with anMn greater than

100 kg mol�1 and narrowMw/Mns of 1.04–1.12 [105]. However, donating solvents,

such as tetrahydrofuran (THF), inhibited the polymerization. The same initiating

system consisting of MeSKA and TTPB allowed the quantitative polymerization of

nBMA at room temperature (~25 �C) within 60 min to give poly(n-butyl methac-

rylate) (PnBMA) with an Mn of 54.4 kg mol�1, an Mw/Mn of 1.06, and a high

syndiotacticity (rr¼ 80 %). Scheme 10 depicts the proposed mechanism of the

oxidative GTP promoted by triphenylmethyl salts, which postulates that in situ
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generated silylium cation is the actual catalyst for the polymerization. The

triphenylmethyl cation abstracts a hydrogen atom from a SKA to generate a

triphenylmethane and an alkyl methacrylate coordinated by a silylium cation,

which has been proven from a 1H NMR measurement at low temperature. Another

silyl enolate reacts with the activated methacrylate to produce an adduct coordi-

nated by the silylium cation. The catalyst transfer from the propagating polymer to

the incoming monomer is much faster than the C–C bond formation by

intermolecular Michael addition between the propagating polymer and the mono-

mer activated by the silylium cation because the kinetics of the polymerization is

zero order on monomer concentration and first order on the concentrations of SKA

and TTPB regardless of the [M]0/[SKA]0/[TTPB]0 ratio. It has not been investi-

gated whether the silyl groups of the propagating end and the catalyst exchanged

through the propagation reaction.

The silyl group in the silyl enolate significantly affects the reactivity and stability

of the propagating polymer [100]. This result is rational because the silyl group has

been involved in whole polymerization step as the propagating end and the catalyst.

For example, in the polymerization of MMA, the reactivity of the propagating

PMMA decreased as the increasing bulkiness of the silyl group, which caused the

deceleration of polymerization rate of MMA. The polymerization of MMA under

the condition of [MMA]0/[
MeSKA]0/[TTPB]0¼ 400/2/1 at 25 �C in CH2Cl2 could

complete within 25 min. Under the same condition, the polymerizations using
iBuSKA with a triisobutylsilyl group and 1-tris(trimethylsilyl)siloxy-1-methoxy-2-

methyl-1-propene (TMSSKA) with a tris(trimethylsilyl)silyl group became 5 times

and 175 times slower than that using MeSKA. Instead, the syndiotacticity of the

resulting PMMA increased with the increasing bulkiness of the silyl group; the

polymerization using MeSKA, iBuSKA, 1-triphenylsilyl-1-methoxy-2-methyl-1-

propene (PhSKA), and TMSSKA produced PMMAs with rr triad content of 70 %,

73 %, 73 %, and 77 %, respectively. The stability of the propagating polymer also

increased with the increasing bulkiness of the silyl group. Rapid and controlled

polymerization of nBA has been achieved with iBuSKA in toluene at room temper-

ature (~25 �C) under the condition of [nBA]0/[
MeSKA]0/[TTPB]0¼ 200/1.1/0.1 to

produce a PnBA with an Mn of 24.3 kg mol�1 and an Mw/Mn of 1.06, though the

polymerization with MeSKA under the condition of [nBA]0/[
MeSKA]0/
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[TTPB]0¼ 400/2/1 at 25 �C in CH2Cl2 was terminated within 6 h at a conversion of

24.6 % to give a PnBA with an Mn of 15.5 kg mol�1 and a broad Mw/Mn of 1.63.

The Mn of PnBA was controlled in a range of 23.1–73.1 kg mol�1 while keeping

Mw/Mn narrower than 1.17, though attempts to synthesize PnBAs with Mn more

than 100 kg mol�1 resulted in the formation of PnBA withMw/Mn broader than 1.5.

Even cyclohexane as a less polar solvent than toluene was available for the

polymerization of nBA to give PnBA with anMw/Mn of 1.06. In addition,
TMSSKA

was also effective for the polymerization of nBA.
For the TTPB-promoted GTP, the effectiveness of other dimethyl ketene group

14 (alkyl, germyl, and stannyl) acetals has been investigated [100]. Dialkyl

dimethylketene acetal did not act as an initiator for the polymerization, though

the oligomerization occurred in the presence of TTPB. The synthesis of germyl and

stannyl dimethyl ketene acetal was unsuccessful because of exclusive formation of

C-germyl/stannyl compounds, which was ineffective for the polymerization, in the

reaction of lithium enolate and germyl/stannyl chlorides. On the contrary to the

large effect of the silyl group on the polymerization behavior, the alkoxy group of

the initiator did not show any appreciable effects on entire polymerization charac-

teristics because the difference in the alkoxy group only affected the initiation

reaction, which was similar to the result in the conventional GTP [8, 100].

The effect of the counter anion of triphenylmethyl salt on the polymerization

was also reported [100]. Ph3C[BF4] and Ph3C[(C6F5)3Al-F-Al(C6F5)3] led to the

addition of the triphenylmethyl group to MeSKA rather than the polymerization of

MMA because the silylium cation, which was supposed to be generated from the

reaction between the triphenylmethyl salts and MeSKA, was trapped by the fluoride

anion released from the counter anions. On the other hand, [Ph3C][rac-TRISPHAT]
promoted the polymerization of MMA in CH2Cl2 at 25

�C to produce PMMA with

rr triad content of 73 %, though the polymerization rate was three times slower than

the polymerization using TTPB.

Applicable monomers for the TTPB-promoted GTP have been expanded to

MMBL [106]. The GTP of MBL using either MeSKA or iBuSKA in CH2Cl2 was

uncontrolled to produce poly(α-methylenebutyrolactone) (PMBL) with bimodal

molar mass distribution due to the low solubility of resulting polymer. The poly-

merization in DMF was totally inhibited probably due to the exclusive coordination

of the silylium cation to the solvent, even though a polar solvent was favorable for

PMBL. On the other hand, the GTP of MMBL using iBuSKA and TTPB in CH2Cl2
at ~25 �C under the condition of [MMBL]0/[

iBuSKA]0¼ 200 homogeneously

proceeded within 10 min with a quantitative monomer conversion. The obtained

poly(γ-methyl-α-methylenebutyrolactone) (PMMBL) had an Mn of 30.4 kg mol�1

and an Mw/Mn of 1.02 as determined by size exclusion chromatography (SEC)

combined with a light-scattering detector. Kinetics of the polymerization in CH2Cl2
at ambient temperature (25 �C) showed zero-order dependence on monomer con-

centration regardless of the ratio of [MMBL]0/[
iBuSKA]0/[TTPB]0, which implied

that the polymerization mechanism of MMBL could be also expressed by

Scheme 10. The Mn of the resulting PMMBL increased with the increasing mono-

mer conversion while keepingMw/Mn narrower than 1.09. [Ph3C][TRISPHAT] was
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also effective for the polymerization, though the polymerization rate was slightly

slower than that using TTPB. The resulting PMMBL had almost similar stereoreg-

ularity, mm/mr/rr¼ 11.3/43.0/45.7, in comparison with that obtained using TTPB,

mm/mr/rr¼ 14.3/39.9/45.8.

Furthermore, the TTPB-promoted GTP of MMA was investigated using difunc-

tional silyl enolates (diSKA), namely, 1,2-bis([(1-methoxy-2-methyl-1-propenyl)

oxy](dimethyl)silyl)ethane (diSKA-1) and 1,3-bis([(1-methoxy-2-methyl-1-

propenyl)oxy])-1,1,3,3-tetramethyldisiloxane (diSKA-2), to increase activity of

the silylium catalyst and stereoregularity of the resulting PMMA [107]. The poly-

merization of MMA using diSKA-1 and TTPB in CH2Cl2 at ambient temperature

(~25 �C) under the condition of [MMA]0¼ 0.935 mol L�1 and [MMA]0/[diSKA-

1]0/[TTPB]0¼ 400/1/1 was 12 times more rapid than that using MeSKA in the early

stage of the polymerization. However, a resulting PMMA had an Mn around 1.5

times smaller than Mn calculated from the polymerization condition and a broad

Mw/Mn of 1.2–1.7, which indicated occurrence of side reactions, such as chain-

transfer reaction. The polymerization of MMA using diSKA-2 under similar con-

ditions reached completion within 1 min to give a PMMA with an Mn of

47.4 kg mol�1 and an Mw/Mn of 1.28, which was 3.7 times faster than that using

diSKA-1 though theMw/Mn was still broad. The presence of oxygen atom between

two silicon atoms in diSKA-2 might have caused the increased reactivity of the silyl

enolate. The polymerization with tenfold smaller amount of TTPB ([MMA]0/

[diSKA-1]0/[TTPB]0¼ 400/1/0.1) produced PMMA with a broad Mw/Mn of 1.28,

though the rate of polymerization significantly decreased (42.1 % conversion in

31 h). Opposite to the expectation of Chen et al., the stereoregularity of the PMMA

synthesized with diSKAs was similar to that synthesized with MeSKA regardless of

the polymerization condition and the employed triphenylmethyl salts, i.e., TTPB

and [Ph3C][TRISPHAT]; the polymerization in CH2Cl2 at 25 �C and �78 �C
produced PMMA with mm/mr/rr of 2/28/70 and 1/7/92.

Unlike the GTP using MeSKA and TTPB, the kinetics of the polymerization

using diSKA-2 in CH2Cl2 at 25
�C under the condition of [diSKA-2]0/[TTPB]0¼ 1/

1 showed first-order dependence on monomer concentration, which implied that the

mechanism of the propagation reaction differs in respective polymerizations. The

mechanism of the polymerization using a diSKA was presumed as illustrated in

Scheme 11. The reaction of TTPB and diSKA generates mono cationic adducts of

the triphenylmethyl cation, which was proven by 1H NMR measurements in

deuterated CH2Cl2 at �78 �C. The propagation reaction proceeds with intramolec-

ular Michael addition through the formation of the propagating polymer coordinat-

ing to MMA (J) as an intermediate, which was considered plausible because the

polymerization rate must show second-order dependence on catalyst concentration

and zero-order dependence on monomer concentration when two propagating poly-

mers are involved in the reaction. The first-order dependence of the polymerization

rate on monomer concentration also implied that the transfer of the silylium cation

from the propagating polymer, i.e., intermediate J0, to the incoming monomer was

the rate-determining step.
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The GTPs of MBL and MMBL were also examined with diSKAs and TTPB,

though they were less controlled than the polymerization using iBuSKA. The

polymerization of MBL using TTPB in CH2Cl2 was uncontrolled because the

resulting PMBL was insoluble in CH2Cl2. The polymerization in DMF did not

proceed because the silylium cation dominantly coordinated to DMF rather than to

the monomer. The polymerization of MMBL using diSKA-1 and TTPB terminated

before reaching perfect monomer conversion and only produced PMMBLs with

broad Mw/Mns of around 1.4–1.5. The GTP of MMBL using diSKA-2 and TTPB

was about 6.7 times faster than that using diSKA-1. The resulting PMMBL had

broad Mw/Mns of 1.64–2.07 regardless of the polymerization condition, though

monomer conversion reached 78–98 %.

3.8 Organic Strong Acids

Not only triphenylmethyl salts but also Brønsted acids have been found to be

effective for GTP. Kakuchi et al. first paid attention to the potential of strong

Brønsted acids and applied them to GTP [108]. In advance of the series of study,

Yamamoto et al. have reported that trifluoromethanesulfonimide (Tf2NH), one of

the strong Brønsted acids, can efficiently promote Mukaiyama aldol reaction of

which reaction mechanism is similar to the propagation reaction of GTP [109,

110]. List et al. achieved the asymmetric Mukaiyama aldol reaction promoted by a

chiral strong Brønsted, which showed a high reactivity and high enantioselectivity

[111]. In these reactions, a strong Brønsted acid (A-H) was considered to first react

with a silyl enolate to form silicon Lewis acid (A-SiR3) as an actual catalyst with

extremely high Lewis acidity.

The GTP of MMA was carried out using Tf2NH and MeSKA in CH2Cl2 at 27
�C

under the condition of [MMA]0/[
MeSKA]0/[Tf2NH]0¼ 100/1/0.05 to produce

PMMA with an Mn of 13.5 kg mol�1 and an Mw/Mn of 1.04 within 24 h of the
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polymerization time [108]. The kinetics of the polymerization showed first-order

dependence between polymerization time and monomer conversion. The Mn of the

resulting PMMA linearly increased with the increasing monomer conversion while

retaining low Mw/Mn. The postpolymerization experiment directly proved the

living nature of the polymerization. The matrix-assisted laser desorption ionization

time-of-flight mass spectrometry (MALDI-TOF MS) spectrum of the resulting

PMMA showed only one population of molecular ion peaks, which corresponded

to the molar mass of PMMA bearing terminal structure originated from MeSKA.

The polymerization allowed to synthesize PMMAs with various Mns of 3.86–

17.0 kg mol�1 and Mw/Mns of 1.04–1.08 by changing initial feed ratio of MMA

and MeSKA, [MMA]0/[
MeSKA]0. Another feature of the polymerization was simul-

taneous control of molar mass and stereoregularity; the polymerization of MMA in

CH2Cl2 at �55 �C afforded PMMA withMn of 14.0 kg mol�1,Mw/Mn of 1.04, and

mm/mr/rr of 0/10/90 after the 168 h of polymerization.

The polymerization mechanism was presumed based on an analogy with the

mechanism of the strong Brønsted-acid-promoted Mukaiyama aldol reaction, as

shown in Fig. 1 [111–113]. Five possible elemental reactions were considered as

following: (a) the generation of the silicon Lewis acid (ASi) as the actual catalyst

from the irreversible reaction between a strong Brønsted acid (AH) and the silyl

enolate, (b) the reversible coordination of ASi to the monomer for the formation of

an activated monomer (M*), (c and d) the initiation/propagation reaction between

M* and the silyl enolate or the propagating polymer, and (e) the decomposition of

ASi with protic impurities (Nu-H) accompanied by the regeneration of AH as a side

reaction. Thus, the polymerization was considered to proceed through a similar

mechanism to the conventional Lewis-acid-catalyzed GTP, though the generation

and decomposition of ASi additionally occurred [88]. It has not been investigated

whether the silyl groups of the propagating end and the catalyst exchange through

the propagation reaction. Figure 2 depicts plausible structure of the reaction center

on the propagation reaction for the formation of r diad and m diad. Highly selective

formation of r diad in the polymerization of MMAwas described by the fact that the

structure on the left for the formation of r diad was considered more favorable
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because of the low steric repulsion between the propagating end and the MMA

coordinated by Tf2NSiMe3.

Kakuchi et al. later investigated the GTP of MMA using the isolated Tf2NSiMe3
itself as the catalyst [114]. The polymerization in CH2Cl2 at 25

�C under the condition

of [MMA]0/[
MeSKA]0/[Tf2NSiMe3]0¼ 80/1/0.05 and [MMA]0¼ 2.0 mol L�1 pro-

duced a PMMAwithMn of 8.6 kgmol�1 andMw/Mn of 1.07 within 9 h. The initiation

efficiency of the polymerization using Tf2NSiMe3 (94–100 %) improved from that

using Tf2NH (71–75 %). The kinetics of the polymerization using Tf2NSiMe3 also

showed first-order relationship between polymerization time and monomer conver-

sion. The Mn of the resulting PMMA linearly increased with increasing monomer

conversion while retaining low Mw/Mn. The MALDI-TOF MS measurement proved

that the product is PMMA-bearing terminal structure originated from MeSKA. The

consumption of a silyl enolate can be avoided by the direct use of a silicon Lewis acid

instead of a strongBrønsted acid. However, onemust still be aware that contamination

of protic impurities causes the decomposition of the silicon Lewis acid and the

consumption of a silyl enolate by the regeneration of the silicon Lewis acid from the

strong Brønsted acid.

Living polymerization of MA was achieved by the GTP using iPrSKA as the

initiator and 2,3,4,5,6-pentafluorophenyl-1,1-bis(trifluoromethanesulfonyl)meth-

ane (Tf2CHC6F5) [115, 116] as the catalyst [117]. On analogy to the TTPB-

promoted GTP of nBA, a silyl enolate with bulky silyl group was favorable for

the polymerization. A PMA with anMn of 108 kg mol�1 and anMw/Mn of 1.07 was

obtained from the polymerization in toluene at room temperature (23 �C� 5 �C)
under the condition of [MA]0/[

iPrSKA]0/[Tf2CHC6F5]0¼ 1000/1/0.02 and

[MA]0¼ 1.0 mol L�1 within 1 h of the polymerization time. Polymerization

kinetics showed first-order relationship between monomer conversion and poly-

merization time. Unlike the polymerization of MMA, the stereoregularity of the

resulting PMA was poor.
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The Tf2NH-promoted GTP of N,N-dimethylacrylamide (DMAA) initiated by (Z)-
1-(dimethylamino)-1-trimethylsiloxyprop-1-ene ((Z)-DATP), an amino silyl enolate,

proceeded in a living fashion, which is the first success for the controlled/living

polymerization of acrylamide monomers in the chemistry of GTP [118]. The poly-

merization using MeSKA was uncontrolled and produced PDMAA with broad

Mw/Mns of 1.24–1.76 due to the slower initiation rate than the propagation rate.

The analogous structure of (Z)-DATP to the propagating end of PDMAA was

considered to increase the initiation rate, which led to the living nature of the

polymerization. The Tf2NH-promoted GTP of DMAA in CH2Cl2 was faster than

that in toluene. The Mn of the resulting PDMAA was controlled in a range of 3.24–

53.9 kg mol�1 while retaining narrow Mw/Mns of 1.06–1.16. The MALDI-TOF MS

analysis revealed that the resulting PDMAA had a terminal structure originated from

(Z)-DATP initiator residue and desialylated propagating end, indicating that the

Tf2NH-catalyzed GTP of DMAA proceeded without any side reactions. Although

the polymerization kinetics was originally regarded as first order of the monomer

concentration [118], it was later revealed to be intermediate of zero order and first

order by analytically deriving the polymerization rate equation and numerically

analyzing the experimental polymerization rate [119]. The stereoregularity of the

resulting PDMAA was moderately syndiotactic and controlled in a range of 56–73 %

of r diad contents depending on the polymerization solvent and polymerization

temperature. Only strong Brønsted acids, such as Tf2NH and Tf2CHC6F5, were

effective for the GTP using (Z)-DATP; the polymerizations using other conventional

catalysts, such as TAS-HF2, tetra-n-butylammonium acetate (TBA-AcO), and ZnI2,

did not proceed or was uncontrolled.

Chen et al. have employed Brønsted acids, such as H(Et2O)2[B(C6F5)4],

H(Me2NPh)[B(C6F5)4], and (R)-3,30-Bis[3,5-bis(trifluoromethyl)phenyl]-1,1binaph-

thyl-2,20-disulfonimide (List’s sulfonimide), for GTP [106, 107, 120]. Formation of

silicon Lewis acids from the reaction of the Brønsted acids and MeSKA was carefully

investigated by 1H, 19 F, and 29Si NMR measurements in CD2Cl2 [120]. The reaction

of MeSKA and H(Et2O)2[B(C6F5)4] generated both trimethylsilyl cation coordinated

bymethyl isobutyrate and diethyl ether. On the other hand, the reaction ofMeSKAwith

H(Me2NPh)[B(C6F5)4] or the List’s sulfonimide generated only trimethylsilyl cation

coordinated by N,N-dimethylaniline or the sulfonimido group, which indicated coor-

dinating nature of the nitrogen atom to the silylium cation. The GTP of MMA

promoted by H(Et2O)2[B(C6F5)4] in CH2Cl2 at 25 �C under the conditions of

[MMA]0¼ 0.935 mol L�1 and [MMA]0/[
MeSKA]0/[H(Et2O)2[B(C6F5)4]]0¼ 100/1/

0.05, 133/1/0.067, 200/1/0.10, 400/1/0.20, and 800/1/0.40 reached perfect monomer

conversion within 3 h and produced PMMAs with Mns of 11.3–74.7 kg mol�1, Mw/

Mns of 1.07–1.12, and mm/mr/rrs of 2/26/72. Unlike the GTP of MMA promoted by

Tf2NH, the kinetics of the polymerization showed zero-order dependence on the

monomer concentration, whichwas explained by the difference in coordinating nature

of the counter anions, namely, Tf2N
� and B(C6F5)4

� (vide infra). The polymerization

rate was first order with respect to the concentration of both H(Et2O)2[B(C6F5)4] and
MeSKA. TheMn of the resulting PMMA linearly increased with monomer conversion

while keeping lowMw/Mn. The GTP ofMMA promoted by H(Me2NPh)[B(C6F5)4] in
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CH2Cl2 at 25 �C under the condition of [MMA]0/[
MeSKA]0/[H(Me2NPh)[B

(C6F5)4]]0¼ 200/1/0.10 reached only 97.6 % of monomer conversion after 15 h of

polymerization, while the polymerization using H(Et2O)2[B(C6F5)4] completed

within 40 min under the similar polymerization condition. The GTP of MMA using

the List’s sulfonimide did not proceed due to exclusive coordination of the silylium

cation to the sulfonamide as the counter anion. The result indicated that the presence of

a nucleophilic counter anion or a nucleophilic compound inhibits the catalytic activity

of the silicon Lewis acid. Chen et al. proposed that the polymerization mechanism for

the GTP promoted by a strong Brønsted acid in a manner slightly differed from that

shown in Fig. 1, in which the silicon Lewis acid was considered to always coordinate

to a propagating polymer or a monomer as well as the mechanism shown in

Scheme 10.

The controlled polymerization of DMAA, which has higher Lewis basicity than

MMA, was also achieved by the GTP using MeSKA as the initiator and both H

(Et2O)2[B(C6F5)4] and List’s sulfonimide as the precatalyst, which produced

PDMAAs with Mns of 30.2–102 kg mol�1 and Mw/Mns of 1.09–1.13. The stereo-

regularity of the resulting PDMAA was atactic (mm/(mr+ rr)¼ 38.5/61.5) in the

latter polymerization even though the chiral catalyst was utilized. H(Et2O)2[B

(C6F5)4] was also effective for the polymerization of nBMA using MeSKA [120]

as well as that of nBA and MMBL using iBuSKA [106, 120] to give corresponding

polymers with narrow Mw/Mns of 1.07–1.08. However, the polymerization rate of

MMBL was four times slower than the polymerization using TTPB. Similarly, H

(Et2O)2[B(C6F5)4] was less effective than TTPB in the polymerization of MMA

using diSKAs; the initiation efficiency was only 27 % [107].

4 Precise Synthesis of Polymer Architectures

4.1 End-Functionalized Polymers

Living/controlled polymerization methods have been utilized for the synthesis of

end-functionalized polymers as precursors for intelligent materials and diverse

polymer architectures, such as end-functionalized, block, star-shaped, dendritic,

and cyclic polymers [121]. Synthesis of end-functionalized polymers has been

attempted with GTP using both functional initiators [8, 69, 78, 122–126] and

terminating agents [8, 127–129].

4.1.1 GTP Using Functional Initiators

Scheme 12 summarizes the functional initiators. SKA14 bearing a silylated

hydroxyl group was used for the synthesis of hydroxyl end-functionalized polymers

[8, 78]. SKA15 was used for the synthesis of 2,5-dihydroxyphenyl
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end-functionalized polymers, which were subsequently used for the polycondensa-

tion [126]. SKA16 and SKA17 were used for the synthesis of PMMA end

functionalized with a carboxylic acid [4, 78]. For example, the polymerization of

MMA using SKA17 produced PMMA end functionalized with a carboxylic acid

with a Mn of 2.1 kg mol�1 and an Mw/Mn of 1.29. The polymerizations using

SKA18-22 and SKA23-24 produced vinyl and dienyl end-functionalized polymers,

respectively [69, 125]. The GTPs of MMA using SKA19 and SKA20 exclusively

produced vinyl end-functionalized polymers, while the similar polymerizations

using SKA21 and SKA22 produced 71–72 % of vinyl end-functionalized PMMA

and 28–29% of internal olefin end-functionalized polymers. Bandermann et al. later

investigated the polymerization of MMA using other vinyl- and dienyl-

functionalized initiators [124]. For example, The GTP using SKA25 produced

vinyl end-functionalized PMMA with Mns of 11.2–91.8 kg mol�1 and Mw/Mns of

1.41–1.69. The polymerization of MMA using SKA26 produced 4-vinylphenyl

end-functionalized PMMA with Mns of 6.9–35.5 kg mol�1 and Mw/Mns of 1.27–

1.55. Silyl enolates bearing a phosphonate group (SKA27-31) were used to prepare

phosphonate end-functionalized polymers. For instance, SKA27 and SKA29-30

were effective for the synthesis of narrowdispersed phosphonate end-functionalized

PMMAs, though the Mn of the product when using SKA30 was 2–3 times higher

than the calculatedMn. In contrast, the GTP of MMA using SKA28 and SKA31 was

uncontrolled and produced PMMAs with broad Mw/Mns. Shen et al. reported the

GTP of MMA using triphenylphosphine and chlorotrimethylsilane [123]. In this

case, trimethylsilyl chloride is the potential initiator and can add to a monomer to

form a silyl enolate (SKA32-33) in accordance with the formation of a Wittig

reagent. The triphenylmonoalkyl phosphonium cation is stable under the condition

of GTP to produce a Wittig reagent end-functionalized polymer.
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In addition, α-cyanosilyl compounds and silylated thiols were also applied for

the GTP to develop stable initiator than silyl enolates, which eventually produced

cyano end-functionalized polymers and sulfide end-functionalized polymers. Sogah

et al. carried out the polymerization of MMA using α-trimethylsilylisobutyronitrile

and TAS-HF2 in THF, which resulted in an uncontrolled polymerization to produce

a PMMA with a Mn of 47.5 kg mol�1 and an Mw/Mn of 3.96 [8]. Trimethylsilyl

cyanide was also used for the polymerization of MMA in acetonitrile catalyzed by

tetraethylammonium cyanide (TEACN) to produce a PMMA with a Mn of

6.91 kg mol�1 and an Mw/Mn of 1.49 [8]. Some of the silylated thiol initiators

were designed to have a protected functional group and used for the synthesis of

hydroxyl or carboxylic acid end-functionalized polymers [122]. Webster

et al. carried out the polymerization of MMA using methyl trimethylsilyl sulfide

and that of EA using phenyl trimethylsilyl sulfide catalyzed by TEACN in aceto-

nitrile, which produced a PMMA with an Mn of 11.8 kg mol�1 and an Mw/Mn of

1.64 and a PEA with an Mn of 2.27 kg mol�1 and an Mw/Mn of 1.83 [8]. Reetz

et al. carried out the polymerization of MA and nBA using four silylated thiol

initiators [122]. The polymerization of nBA using methyl trimethylsilyl sulfide or

2-(trimethylsiloxy)ethyl trimethylsilyl sulfide catalyzed by TASHF2 in THF or

acetonitrile was uncontrolled and produced PnBAs with Mns of 1.1–1.5 kg mol�1

andMw/Mns of 1.44–2.0. Lewis acids, such as ZnI2 and chlorodiisobutylaluminum,

were effective for the polymerization of MA and nBA using trimethylsilyl methyl

sulfide and 2-(trimethylsiloxy)ethyl trimethylsilyl sulfide in toluene or CH2Cl2 to

produce corresponding polymers with Mns of 6.9–14.2 and Mw/Mns of 1.08–1.16.

4.1.2 GTP Using Terminating Agents

The end-functionalization using terminating agents is based on the termination

reaction of the silyl enolate in the propagating polymer. Scheme 13 summarizes

the terminating agents employed so far. Sogah et al. synthesized bromine

end-functionalized PMMA by the termination reaction of a living PMMA using

molecular bromine or N-bromosuccinimide [78]. Difunctional alkylating and acyl-

ating agents were used for the coupling reaction of two propagating polymers.

Sogah et al. synthesized α,ω-end-functionalized polymers by the termination reac-

tion of α-end-functionalized polymers synthesized using functional initiators,

such as SKA14 and SKA15, and difunctional alkylating and acylating agents,

which required equimolar fluoride anion relative to the propagating polymer

[8, 78]. 4-Vinylphenyl end-functionalized PMMA was synthesized in the same
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manner using 4-(bromomethyl)styrene [130, 131]. These reactions required

equimolar fluoride anion [8]. The mixture of molecular bromine and titanium

(IV) chloride was used for the direct coupling reaction of two living PMMAs

based on the bromination of the living PMMA and the coupling reaction between

the PMMA end functionalized with tertiary alkyl bromide and the PMMA bearing a

silyl enolate, which was also used for the synthesis of α,ω-dihydroxyl and α,-
ω-carboxylic acid PMMA [78]. Diethyl vinylphosphonate and bis(trimethylsilyl)

vinylphosphonate were used as a terminating agent for the synthesis of phosphonate

end-functionalized PMMAs synthesized using TAS-HF2 in THF [127]. The

phosphonic acid end-functionalized PMMA was obtained by treating the diethyl

phosphonate end-functionalized PMMA with bromotrimethylsilane and the bis

(trimethylsilyl) phosphonate end-functionalized PMMA with aqueous THF in the

presence of catalytic amount of p-toluenesulfonic acid. Quirk et al. reported

end-functionalization reaction using a monomer with high ceiling temperature,

such as methyl 2-phenylmethacrylate and methyl (E)-3-(2-(dimethylamino)phe-

nyl)-2-phenylacrylate [128]. The Mukaiyama-Michael reaction as the termination

reaction using both of the terminating agent quantitatively proceeded in the pres-

ence of TAS-HF2 to give corresponding end-functionalized PMMAs. The latter

terminating agent produced the dimethylamino end-functionalized PMMA.

Sivaram et al. performed the termination reaction of the PMMA synthesized

using TBABB by treating with benzaldehyde, N-trimethylsilylbenzylideneimine,

and 5,6-dihydro-2H-pyran-2-one to synthesize hydroxyl, amino, and δ-
valerolactone end-functionalized PMMA, though the number-average degree of

functionalization was in the range of 0.70–0.85 [129]. The termination reaction

using N-trimethylsilylbenzylideneimine was carried out with additional ZnI2 as a

catalyst, which is only one method to synthesize primary amine end-functionalized

polymer with GTP method.

4.2 Block Copolymers

Before the emergence of LRPs, conventional GTP was a universally used means to

prepare block copolymers consisting of polymethacrylate and polyacrylate seg-

ments due to the living nature of the polymerization. The syntheses of block

copolymers by GTP can be readily achieved by a sequential addition of monomer.

For instance, an AB-type diblock copolymer with the simplest structure can be

prepared by the following procedures: the synthesis of the first block possessing a

living chain end with a quantitative consumption of the first monomer and the

addition and polymerization of a second monomer. Similarly, a multiblock copol-

ymer like ABC type can also be easily prepared by this method. In addition to AB-

and ABC-type block copolymers, the syntheses of ABA-type block copolymers

have been also reported by using difunctional initiators. The block copolymers

consisting of similar sort of monomer units, such as two different alkyl methacry-

lates, generally have controlled molar masses (up to 204 kg mol�1) and dispersities
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(lower than 1.64) by conventional GTP [1, 8, 30, 36, 40, 42, 45, 46, 61, 76, 132,

133]. On the other hand, the synthesis of (polymethacrylate-b-polyacrylate)-type
block copolymers is proven to be difficult due to the big difference in the reactiv-

ities of methacrylate and acrylate as well as the lack of a suitable catalyst for both

monomers [1, 76, 134–136]. Therefore, the conventional GTP has been actually

unsuitable to prepare block copolymers consisting of different polymer segments. It

is restricted to synthesize either all acrylic or all methacrylic block copolymers.

Fortunately, the organocatalytic GTP has realized the block copolymerization of

structurally different monomers in some extent. As described before, NHCs are

known to catalyze the GTP of (meth)acrylates, DMAA, and MAN under similar

polymerization conditions, which has opened new doors for the synthesis of block

copolymers consisting of different sort of polymer segments. The sequential block

copolymerization of MMA and tBA was first achieved via the GTPs using NHC-1

by Waymouth et al. and using NHC-2 by Taton and Gnanou et al. [19, 20]. Taton

and Gnanou et al. further succeeded in the synthesis of various di- and triblock

copolymers by the sequential GTP of MMA, M10, nBA, tBA, M38, DMAA, and

MAN catalyzed by NHC-2 or NHC-3 regardless of the addition order of monomers,

as summarized in Table 3, though some of them had rather broad Mw/Mn [21,

24]. Notably, the synthesized PMMA-b-PtBA-b-PDMAA might have partially

gradient structure because the monomer conversion in the second polymerization

of tBA and the third polymerization of DMAA were not quantitative. They

explained that the feature of the GTP catalyzed by NHC-2 or NHC-3, which

plausibly proceeds with the associative mechanism, realized the synthesis of var-

ious block copolymers by the sequential polymerization. The GTP catalyzed by

Table 3 Ranges of Mn and Mw/Mn for star-shaped poly(meth)acrylates synthesized by GTP

Star-shaped polymer SKA Catalyst Arm number

Mn(expt)

(kg mol�1) Mw/Mn

PEAa SKA34 (i-Bu2Al)2O 3 2.19 1.39

SKA35 (i-Bu2Al)2O 4 2.40 1.24

PMMAb SKA36 TBA-OAc 4 6.3–50.9 1.21–1.30

P(M14)b SKA37 t-Bu-P4 3 11.1–41.6 1.09–1.10

PMMAb SKA38 t-Bu-P4 3 3.9–132.0c 1.07–1.14

PMMAb SKA39 t-Bu-P4 4 5.5–130.3c 1.07–1.17

P(M18)b SKA39 t-Bu-P4 4 13.6–21.2c 1.11–1.16

P(M10)b SKA39 t-Bu-P4 4 15.5–23.3c 1.10–1.16

PSMAb SKA39 t-Bu-P4 4 34.5–65.2c 1.06–1.08

PMMAb SKA40 t-Bu-P4 6 7.5–131.6c 1.06–1.15

PMMAa SKA38 Tf2NSiMe3 3 12.9c 1.04

PMMAa SKA39 Tf2NSiMe3 4 12.9c 1.04

PMMAa SKA40 Tf2NSiMe3 6 13.4c 1.04
aThe polymerizations were carried out in CH2Cl2
bThe polymerizations were carried out in THF
cThe molar masses are absolute molar masses determined by multi-angle laser light scattering

(MALS) in THF
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TTMPP was also effective for the block copolymerization of MMA and tBA, which
produced PMMA-b-PtBA with anMn of 22.0 kg mol�1 and anMw/Mn of 1.19 with

quantitative conversions of monomers on both steps [29].

In contrast to the success in the Lewis-base-catalyzed GTP, the block

copolymerization with the Lewis-acid-catalyzed GTP is still limited to the synthe-

sis of polymethacrylate-b-polyacrylate and polymethacrylate-b-poly(-
α-methylenebutyrolactone) because of the difference in the reactivity of

monomers. Chen et al. have investigated the block copolymerization by the GTP

promoted by triphenylmethyl salts and strong Brønsted acids. Sequential block

copolymerization of MMA and nBA was attempted by the GTP using TTPB

starting from both MMA and nBA [100]. The former polymerization produced a

PMMA-b-PnBA with an Mn of 45 kg mol�1 and an Mw/Mn of 1.1 both in CH2Cl2
and toluene, while the latter polymerization only produced homo PnBA. Interest-
ingly, statistical copolymerization of MMA and nBA also turned out to be a

selective polymerization of nBA to produce only homo PnBA. There are two

possible reasons: (1) the nucleophilicity of the propagating end derived from nBA
is insufficient to attack MMA; (2) the silyl cation does not coordinate to the

carbonyl group of MMA due to steric hindrance. More future work is needed for

this interesting issue. Sequential GTP of MMA and MBL as well as MMA and

MMBL using TTPB in CH2Cl2 successfully produced PMMA-b-PMBL and

PMMA-b-PMMBL, even though the solubility of the PMBL segment in CH2Cl2
is low [106]. These block copolymerizations did not proceed when the polymeri-

zation was started from MBL or MMBL probably due to the similar reasons in the

block copolymerization of nBA and MMA (vide supra). The block copolymeriza-

tion of MMBL and MBL successfully produced well-defined diblock copolymer,

PMMBL-b-PMBL (Mn¼ 117 kg mol�1 and Mw/Mn¼ 1.02), when the polymeriza-

tion was initiated from MMBL. Unlike the statistical copolymerization of MMA

and nBA, the statistical copolymerization of MBL and MMBL proceeded to give

statistical copolymer, PMMBL-co-PMBL (Mn¼ 123 kg mol�1 andMw/Mn¼ 1.01).

The GTP using iBuSKA and H(Et2O)2[B(C6F5)4] also allowed the block copoly-

merization of MMA and nBA in toluene in a controlled fashion to produce a

PMMA-b-PnBA with an Mn of 42.5 kg mol�1 and an Mw/Mn of 1.08 [120].

4.3 Star-Shaped Polymers

A propagating end of polymer in GTP is stable and electronically neutral, which is

advantageous for core-first synthesis of a star-shaped polymer in comparison with

other living/controlled polymerizations. Unlike the LRPs, GTP is free from

intermolecular termination reaction involved by two propagating polymers. In

addition, the high solubility of multivalent initiator/propagating polymer in solvents

assists the homogeneous growth of arm polymers, which is hard to achieve in

anionic/cationic polymerizations. Several attempts to synthesize star-shaped poly-

mers using the GTP have been revealed by several groups so far, as summarized in
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Table 4. Webster and Sogah first reported the core-first synthesis of three- and four-

armed star-shaped PEA through an in situ GTP using a conventional Lewis acid

catalyst of (i-Bu2Al)2O. They first synthesized tri- and tetra-functional initiators

(SKA34-35) by the Michael addition of trimethylolpropane triacrylate and

pentaerythritol tetraacrylate with MeSKA, respectively. After a consequent addition

of EA to the initiator solution, the (i-Bu2Al)2O-catalyzed GTP of EA proceeded

with quantitative conversion to produce three- and four-armed star-shaped PEAs

without cross-linking. The obtained star-shaped PEAs however had only low Mns

(�2.4 kg mol�1) and broad dispersities above 1.24 [8]. Wnek et al. then reported the

Table 4 Block copolymers synthesized by sequential GTP using organocatalysts

Catalyst Initiator Solvent Block copolymer

Mn (expt.)
a

(kg mol�1)

Mw/

Mn
a Ref.

NHC-1 MeSKA THF PMMA-b-PtBA 11.8 1.14 [20]

NHC-2 MeSKA Toluene PMMA-b-PtBA 21.9 1.3 [19]

THF PMMA-b-PtBA-b-
PMMA

12.6 1.4 [19]

THF PMMA-b-P(M38) 11.0b 1.3 [24]

THF PMMA-b-P(M10) 22.0b 1.1 [24]

THF PMMA-b-PDMAA 16.9b 1.09 [24]

THF PMMA-b-PMAN 71.0b 1.18 [24]

THF PMMA-b-PtBA-b-
PDMAA

5.3b 1.09 [24]

THF P(M10)-b-PDMAA 13.0b 1.29 [24]

THF P(M10)-b-P(M38) 4.8b 1.21 [24]

THF PtBA-b-PMMA 12.0b 1.27 [24]

THF PtBA-b-PDMAA 21.3b 1.2 [24]

THF PtBA-b-P(M10) 36.7b 1.23 [24]

THF PDMAA-b-P(M10) 17.6b 1.4 [24]

THF PDMAA-b-PMMA 23.9b 1.3 [24]

NHC-3 MeSKA THF PMMA-b-PnBA 16.0 1.5 [21]

Toluene PMMA-b-PnBA 18.2 1.6 [21]

THF PnBA-b-PMMA 10.5b 1.4 [24]

THF PMMA-b-PnBA-b-
PMMA

130 1.6 [21]

TTMPP MeSKA THF PMMA-b-PtBA 22.0 1.19 [29]

TTPB iBuSKA CH2Cl2 PMMA-b-PnBA 44.8 1.09 [100]

Toluene PMMA-b-PnBA 45.3 1.13 [100]

CH2Cl2 PMMA-b-PMBL 68.4c 1.01c [106]

CH2Cl2 PMMA-b-PMMBL 68.1c 1.03c [106]

CH2Cl2 PMMBL-b-PMBL 117c 1.02c [106]

H(Et2O)2 [B

(C6F5)4]

iBuSKA Toluene PMMA-b-PnBA 42.5 1.08 [120]

aDetermined with SEC measurements
bDetermined by NMR measurements
cDetermined by multi-angle laser light scattering (MALS)

482 Y. Chen et al.



core-first synthesis of the four-armed star-shaped PMMAs with Mn of 6.3–

50.9 kg mol�1 and Mw/Mn of 1.21–1.30 using SKA36 and a Lewis base catalyst

of TBAOAc [137]. Patrickios et al. reported the arm-first synthesis of various star-

shaped poly(methacrylate)s or copolymers with undefined arm number using

monofunctional monomers and bifunctional linking agents like M29-31 [44, 48–

50, 53]. Most recently, our group first achieved the core-first synthesis of star-

shaped polymers by organocatalytic GTP using star-shaped initiators with multiple

SKA groups (SKA37-40) and either a Lewis base organocatalyst (t-Bu-P4) or a
Lewis acid organocatalyst (Tf2NSiMe3) [26–28, 114]. The t-Bu-P4-catalyzed GTP

favored in producing star-shaped polymers with high molar mass, while

Tf2NSiMe3-catalyzed GTP was advantageous in producing star-shaped polymers

with high stereoregularity. The t-Bu-P4-catalyzed GTP of MMA using the SKA38-

40 homogeneously proceeded to give the well-defined three-, four-, and six-armed

star-shaped PMMAs with Mn of 3.6–118.0 kg mol�1 and Mw/Mn of 1.06–1.17. The

homogeneous growth of each arm polymer was proven by cleavage experiments of

the core linkage. It is noteworthy that the star-shaped PMMAs with definite arm

number, high Mn, and narrow Mw/Mn were obtained with easy procedures under

moderate conditions, which was absolutely different from the core-first synthesis of

star-shaped PMMAs by LRPs and ionic polymerizations. In addition to MMA, t-
Bu-P4-catalyzed GTP was also suitable for other methacrylates, such as M10, M14,

M18, and SMA. The t-Bu-P4-catalyzed GTPs of M10, M18, and SMA using

SKA39 in THF quantitatively produced corresponding four-armed star-shaped

polymers with predetermined Mns and Mw/Mns narrower than 1.16 within 1 h.

The polymerization of M14 using SKA37 produced three-armed polymers withMns

of 11.1–41.6 kg mol�1 and Mw/Mns of ~1.10 within 30 min. On the other hand,

Tf2NSiMe3-catalyzed GTP of MMA using SKA38-40 could produce well-defined

syndiotactic-rich star-shaped PMMAs (rr up to 89 %). The star-shaped SKAs are

shown in Scheme 14.
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4.4 Hyperbranched Polymers

The one-pot synthesis of hyperbranched polymethacrylates has been attempted by a

creative design of an inimer composed of a methacrylate (A) and a SKA (B). B in a

polymer is a latent propagating site. It becomes active (B*) when activated by a

Lewis base catalyst. B* then intermolecularly reacts with A in another inimer to

produce an adduct consisting of a reacted A (a), a reacted B (b), an inner B*, and an

outer B, as shown in Scheme 15. After the first addition of an inimer, the inner B*

may be deactivated due to the detachment of the catalyst in the associate mecha-

nism or the silylation of the active enolate anion in the dissociate mechanism.

Therefore, if the deactivation rate of the inner B* is much slower than that of its

propagation, the polymerization will occur predominantly at the inner B*. A perfect

hyperbranched polymethacrylate can be ideally obtained when the inner B*s are

completely deactivated before propagation, and the reaction rates of the inner and

outer B*s with the methacryloyl group are the same. Since propagations from the

inner B* and the outer B* generate methyl- and dimethyl-substituted quaternary

carbons (C1 and C2, respectively), the degree of branching (DB) can be estimated by
13C NMR analyses.

Both Sakamoto et al. and Müller et al. reported the self-condensing GTP of

2-(2-methyl-1-triethylsiloxy-1-propenyloxy)ethyl methacrylate (SKA41). The self-

condensing GTP of SKA41 using Lewis base catalyst of TASMe3SiF2 or TBABB

by Sakamoto et al. produced hyperbranched polymers with Mns of 5.7–

11.0 kg mol�1 and Mw/Mns of 1.10–1.70 within 5 min. In their studies, the extent

of branching was evaluated by the ratio of C1 and C2 (C1/C2). A perfect

hyperbranched polymethacrylate has a C1/C2 value of 1. The higher the C1/C2

value is, the more defective the hyperbranched polymethacrylate is. It has been
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found that a less active catalyst tends to decrease the C1/C2 value because the

deactivation of the inner active sites seemed to much easily take place [138]. The

self-condensing GTP of SKA41 by Müller et al. produced hyperbranched

polymethacrylates with an Mw up to 38.0 kg mol�1 at a dispersity of ca. 3.6. The

resulting hyperbranched polymethacrylates in their study had a maximum DB
of� 0.4 on the basis of a standard calculation. In addition, they also reported the

self-condensing group transfer copolymerization of SKA41 and MMA to afford

highly branched polymethacrylates, the Mw of which could reach a maximum of

240 kg mol�1 at a dispersity of ca. 3.0. When MMA was replaced by tBMA, the

self-condensing group transfer copolymerization of SKA41 and tBMA was also

achieved, from which a water-soluble highly branched poly(methacrylic acid) was

obtained by acid-catalyzed hydrolysis of the tert-butyl groups [139–143].

5 Conclusion and Outlook

The field of GTP is divided into two branches, i.e., the conventional and

organocatalytic GTPs, on the basis of the employed catalysts. The conventional

GTP catalyzed by traditional nucleophilic anions or metallic Lewis acids has been

extensively studied, and their polymerization behavior and mechanisms were well

understood though many debates have been lasting so far. On the contrary, the

organocatalytic GTP has been flourishing since 2007. It is more advantageous than

the conventional one and has made great progress in many aspects such as catalytic

activity, applicable monomers, molar mass control, and control of polymer struc-

tures. In short, much more work should be conducted in this field. The future

development in GTP is expected to achieve the following goals: (1) to realize

controlled/living polymerizations of other vinyl monomers, such as α- or

β-substituted acrylates, α- or β-substituted acrylamides, acrylonitrile, and vinylpho-

sphonate; (2) to further develop chemically stable initiators as to greatly enhance

the practical application of GTP because silyl enolates used nowadays are rather

expensive and unstable; (3) to achieve new organocatalytic aldol GTP, which

should further expand the scope of applicable monomer; (4) to design and synthe-

size polymers with functional groups and/or complicated architectures by GTP or

by the combination of GTP and other controlled/living polymerization procedures;

(5) to prepare stereospecific polymers, and so on. In conclusion, the GTP method

still has much potential to bring about further development in polymer chemistry.

The authors firmly believe that the aforementioned introduction would lead the

readers to a comprehensive understanding on the methodology of GTP.
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Abbreviations

AN Acrylonitrile

nBA n-Butyl acrylate
tBA t-Butyl acrylate
nBMA n-Butyl methacrylate

tBMA t-Butyl methacrylate

t-Bu-P4 1-tert-Butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)-

phosphoranylidenamino]-2Λ5,4Λ5-catenadi(phosphazene)

(Z)-DATP (Z )-1-(Dimethylamino)-1-trimethylsiloxy-1-propene

DEAA N,N-Diethyl acrylamide

nDMA n-Dodecyl methacrylate

DMAA N,N-Dimethyl acrylamide

EA Ethyl acrylate

EMA Ethyl methacrylate

LMA Lauryl methacrylate

LRP Living radical polymerization

MA Methyl acrylate

MAN Methacrylonitrile

MBL α-Methylenebutyrolactone

MMA Methyl methacrylate

MMBL γ-Methyl-α-methylenebutyrolactone

Mn Number average molar mass

Mw Weight average molar mass

Mw/Mn Dispersity

NHC N-heterocyclic carbene
NHC-1 1,3-Diisopropyl-4,5-dimethylimidazol-2-ylidene

NHC-2 1,3-Diisopropylimidazol-2-ylidene

NHC-3 1,3-Di-tert-butylimidazol-2-ylidene

nOMA n-Octyl methacrylate
MeSKA 1-Methoxy-1-(trimethylsiloxy)-2-methylprop-1-ene
EtSKA 1-Methoxy-1-(triethylsiloxy)-2-methylprop-1-ene
iBuSKA 1-Methoxy-1-[tri(iso-butyl)siloxy]-2-methylprop-1-ene
iPrSKA 1-Methoxy-1-[tri(iso-propyl)siloxy]-2-methylprop-1-ene
nPrSKA 1-Methoxy-1-[tri(n-propyl)siloxy]-2-methylprop-1-ene
PhSKA 1-Methoxy-1-(triphenylsiloxy)-1-methylprop-1-ene
TMSSKA 1-Methoxy-1-[tri(trimethylsilyl)siloxy]-2-methylprop-1-ene

SKA Silyl ketene acetal

SMA Stearyl methacrylate

TAS Tris(dialkylamino)sulfonium

TBA Tetra-n-butylammonium

TBABA Tetra-n-butylammonium biacetate

TBABB Tetra-n-butylammonium bibenzoate

TBAF Tetra-n-butylammonium fluoride
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Tf2CHC6F5 2,3,4,5,6-Pentafluorophenyl-1,1-bis(trifluoromethanesulfonyl)

methane

Tf2NH Trifluoromethanesulfonimide

TiBP 2,8,9-Triisobutyl-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]undecane

TTMPP Tris(2,4,6-trimethoxyphenyl)phosphine

TTPB Triphenylmethyl tetrakis(pentafluorophenyl)borate
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24. Raynaud J, Liu N, Fèvre M, Gnanou Y, Taton D (2011) No matter the order of monomer

addition for the synthesis of well-defined block copolymers by sequential group transfer

polymerization using N-heterocyclic carbenes as catalysts. Polym Chem 2:1706–1712

25. Kakuchi T, Chen Y, Kitakado J, Mori K, Fuchise K, Satoh T (2011) Organic superbase as an

efficient catalyst for group transfer polymerization of methyl methacrylate. Macromolecules

44:4641–4647

26. Chen Y, Fuchise K, Narumi A, Kawaguchi S, Satoh T, Kakuchi T (2011) Core-first synthesis

of three-, four-, and six-armed star-shaped poly(methyl methacrylate)s by group transfer

polymerization using phosphazene base. Macromolecules 44:9091–9098

27. Hsu J-C, Chen Y, Kakuchi T, Chen W-C (2011) Synthesis of linear and star-shaped poly

[4-(diphenylamino)benzyl methacrylate]s by group transfer polymerization and their electri-

cal memory device applications. Macromolecules 44:5168–5177

28. Chen Y, Satoh T, Kakuchi T (2012) Precise synthesis of star-shaped poly(methyl methacry-

late)s by t-Bu-P4-catalyzed group transfer polymerization. Polym Prepr (Am Chem Soc Div

Polym Chem) 53:107–108

29. Fevre M, Vignolle J, Heroguez V, Taton D (2012) Tris(2,4,6-trimethoxyphenyl)phosphine

(TTMPP) as potent organocatalyst for group transfer polymerization of alkyl (meth)acrylates.

Macromolecules 45:7711–7718
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Surface-Initiated Anionic Polymerization
from Nanomaterials

Zhong Li and Durairaj Baskaran

Abstract Surface-initiated anionic polymerization is one of the many techniques

used for the modification of organic and inorganic nanomaterials. Surface modifi-

cation of nanomaterials using polymers is a unique way to reduce interface incom-

patibility of nanomaterials for applications in new technologies. The properties of

nanomaterials strongly depend on their compatibility with organic phases either in

bulk or in solution. This chapter focuses on surface grafting of polymers using

living anionic polymerization from various nanomaterials and provides accounts on

the developments in this area.

Keywords Surface-initiated polymerization • Carbon nanotubes • Graphene •

“Grafting-from” • Anionic polymerization

1 Introduction

Unique polymers that are suitable for tailor-made applications in chemical,

mechanical, and biomedical engineering are in high demand. Ultrahigh-strength

polymeric materials and functional polymers that can reduce interfacial energy with

other incompatible organic and inorganic materials are crucial in the development

of efficient electronic devices and nanocomposites. Enhancement of strength in

polymeric materials is often accomplished by blending with organic and inorganic

fillers to form nanocomposites.

Since the establishment of polymer chemistry by Hermann Staudinger in the

early twentieth century, polymer-based nanocomposites have been extensively

studied and applied in usage to reshape modern civilization [1–3]. Nature is a

great inspiration and exhibits unique composite structures everywhere [4, 5]. The

development of polymer-reinforced porous ceramics is one such an example, which

mimics the structural details of seashells [4, 5].

Nanocomposites based on modern carbon allotropes, such as carbon nanotubes,

graphene, and graphene oxide, with polymers are expected to produce ultrahigh-
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strength and electrically conducting materials [6–8]. On the other hand,

nanomaterials that are used in technologies, such as sensors, optoelectronics, and

imaging, require specific functionality at their interface that is specially introduced

by surface modification via covalent grafting or functionalization. Thus, polymer

grafting onto the surfaces of organic and inorganic nanomaterials is very important

to tailor-make materials that are suitable for niche applications.

1.1 Necessity for Surface Modification of Nanomaterials

Nanomaterials can be classified broadly into inorganic and organic, which can be

further subdivided into various materials exhibiting unique dimensional, structural,

and surface properties as shown in Scheme 1. The presence of polar and nonpolar

secondary interactions in nanomaterials induces intermolecular interactions leading

to aggregation, which prevents intermixing with polymers. Although there exist weak

non-covalent interactions, including van derWaals, dipole-dipole, hydrogen bonding,

CH-π, OH-π, and π-π, in between polymers and nanomaterials, they generally cannot

overcome intermolecular interaction forces within the nanomaterials.

A low inherent incompatibility between organic polymers with fillers such as

carbon nanotubes (CNTs), graphitic materials, and other inorganic components is

due to a high interfacial energy that prohibits coexistence of these materials in a

single phase [9, 10]. Thus, simply blending these nanomaterials with polymers

often leads to macrophase separation and produces poor mechanical stability. To

reduce interfacial energy and to improve compatibility, nanomaterials need to be

surface modified. Even in the case of cross-linked polymeric nanoparticles, one has

to choose a compatible polymer matrix to form nanocomposites.

Grafting technique is widely used to modify surfaces of nanomaterials and to

enhance dispersion of nanomaterials in the polymer matrices. The surface of

nanomaterial is, generally, grafted with compatible polymer or small molecule

that reduces interfacial tension and enables dispersion in organic solvents and

polymer matrices. For example, blending the clay, such as montmorillonite, into

Scheme 1 Classification of nanomaterials that are used in surface-initiated anionic

polymerization
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a polymer can face a serious macrophase separation due to the difficulty in

exfoliating the silicate layers bonded by ionic interactions. However, if montmo-

rillonite is pretreated by intercalation of organoamines, nanoscale distribution can

be achieved in polymer composites to largely enhance the mechanical properties,

thermal stability, and gas barrier ability. Similar situations have also been known

for CNT-based polymer composites. A strong aggregation of CNTs significantly

affects the mechanical and electronic properties of the polymer composites due to

inadequate tube debundling, inefficient load transfer, and limited percolation net-

work formation. Therefore, organic and inorganic nanomaterials are, in general,

require to be surface modified to improve organophilic character that suppresses

aggregation and promotes molecular dispersion.

1.2 Surface-Initiated Polymerization

Several strategies have been used for the functionalization of nanomaterials through

covalent and non-covalent reactions with polymers. Covalent functionalization

through post chemical reactions and non-covalent functionalization through

intermolecular interactions have been attempted to modify the surfaces of

nanomaterials. Compared to non-covalent functionalization, which simply relies

on either physisorbed or chemisorbed buffer layer to close the surface energy gap

between nanomaterials and polymers, covalent chemical functionalization has been

widely used to provide sophisticated surface manipulation. There are two basic

functionalization strategies, namely, grafting-from and grafting-to, depending on

whether the covalently attached polymer is initiated from, or performed functional

polymer is reacted to the nanomaterial surfaces, respectively.

It is worth noting that the grafting ω-functionalized polymer via a grafting-to

method usually is inefficient due to entropy penalty associated with the conforma-

tion of high molecular weight polymer. Thus, for grafting high molecular weight

polymers, the grafting-to method is not a preferred one. The grafting-from strategy

otherwise called surface-initiated polymerization (SIP) is the most promising one,

since it provides a certain degree of control over polymer brush density, layer

thickness, composition, and architecture of the brushes (Fig. 1). Depending on the

grafting density (d), the polymer assumes different conformations, such as random-

coil and extended-coil, leading to different layer or film thicknesses (LT or FT). By

controlling the attachment of initiating groups on the surface and the polymeriza-

tion to grow predetermined molecular weight, the surface energy can also be tuned.

The mechanism of polymer growth from solid surfaces is complex compared to

the homogeneous solution polymerization and affects uniform initiation and prop-

agation depending on the size of the surface and the interface interaction with

medium of the polymerization. Thus, the reactivity, especially in the case of ionic

initiators grafted at high concentration localized at the surface, may be different due

to intimate ion-pair interactions leading to dormant aggregates. Moreover, the

propagating centers confined in a quasi-two-dimensional area at the interface of
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the surface to the monomer solution will change the surface properties that likely

influence the monomer flux at the surface for the polymerization [11]. Therefore,

the kinetic considerations are more complex and challenging to grow narrow

distributed polymer chains from solid surfaces.

A successful surface-initiated polymerization involves three steps as shown in

Scheme 2. An introduction of potential initiating functionality is the first step

towards growing polymers from the surface of nanomaterials. The functional

group is, then, activated using a catalyst or an external initiator for controlled

polymerization (second-step). Subsequently, the polymerization is initiated from

the nanomaterials to grow polymer brushes (third-step). Covalent attachment of the

potential initiating functionality is generally performed via grafting-to method

using appropriate organic reactions suitable for the chosen surface of

nanomaterials. The initiators for SIP are aptly designed considering the nature

and the availability of functionality on the surface of nanomaterials.

The advent of controlled or living polymerization techniques enables successful

SIP from nanomaterials. In fact, the use of controlled or living polymerization is a

prerequisite for grafting polymer from nanomaterials as the propagation of chains

from the surfaces occurs without undergoing termination and transfer reactions. All

known types of controlled and living polymerization techniques have been utilized

for grafting polymers covalently from nanomaterials. Methods that have been

employed are atom transfer radical polymerization (ATRP), reversible addition

fragmentation chain transfer polymerization (RAFT), nitroxide-mediated radical

polymerization (NMRP), living ionic polymerization, and ring-opening polymeriza-

tion (ROP). Among these techniques, the living anionic polymerization provides

several advantages over other methods such as control of molecular weight even at

very low initiator concentration, transfer- and termination-free nature of propagation,

and narrow distribution of polymer (MWD). These characteristics would allow one to

control the grafting density and chain conformation of polymer brushes grown from

nanomaterial surface [12]. However, the living anionic polymerization can only be

performed from surfaces, which are not a deterrent to the propagation. Surfaces that

contain acidic hydrogen cannot be used for surface-initiated anionic polymerization

(SIAP). In this chapter, we intend to focus on the recent developments of SIAP from

nanomaterials.

Fig. 1 Configuration of polymer brushes on surfaces with different graft density. (a) A low and

disperse grafted brushes with coil-like conformation and (b) a high brush density with extended

forest-like conformation
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2 Surface-Initiated Anionic Polymerization
from Inorganic Surfaces

Inorganic materials have distinct chemical functionalities on their surfaces. They

also vary in dimensions such as nanoparticles, nanoplatelets, and large flat surfaces

(Scheme 3). In order to modify inorganic surfaces via SIAP, a precursor or co-

initiator has to be attached on them using appropriate chemistries suitable for the

surface. Specific connectivity for a particular surface, such as –S-Au– for gold,

covalent –Si-O– bond for silicon wafer and silica nanoparticles, and ionic bond for

layered aluminosilicates (clay), is chosen to link potential co-initiator moiety before

subjecting the surface to the polymerization (Scheme 3).

Reactivity of carbanions toward the hydroxyl and carboxylic acid groups that are

often found in these surfaces is very high, and hence protic functional groups have

to be protected to sustain polymer growth. More importantly, the reactivity of

anionic centers varies depending on the polarity of the medium in which the

polymerization is conducted. Anionic polymerization in polar solvents such as

tetrahydrofuran (THF) and dimethoxyethylene (DME) involves solvent-separation

Scheme 2 Essential steps of surface-initiated anionic and other living/controlled polymerizations

from theoretical surfaces of nanomaterials
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and even free ions, depending on the concentration, that are very reactive and can

react with surfaces like Si-O-Si links. Thus, optimum reaction conditions should be

chosen for SIAP.

Accordingly, researchers have selected 1, 10-diphenylethylene (DPE) as a pre-

cursor co-initiator to functionalize various substrates [13–21]. The structure of DPE

is unique with a sterically hindered diaryl substitution at α-carbon, and as a result, it
will not undergo homopolymerization. However, the double bond of the DPE can

be easily reacted by n- or sec-butyllithium (BuLi) to form an adduct with a

resonance-stabilized carbanion. The resulting diphenylalkyl anion with lithium as

counter cation is reactive for initiation of styrene, diene, and methacrylates [22–

24]. Therefore, many of the approaches in the surface-initiated anionic polymeri-

zation involve the usage of DPE as a precursor co-initiator as shown in Scheme 3.

2.1 Anionic Polymerization from Gold Surface

It is well known that through a robust S-Au bonding, the gold surface can be easily

functionalized by a self-assembled monolayer (SAM) of versatile thiol derivatives.

Using S-Au bonding, a broad range of chemistries has been applied to attach

precursor co-initiators on gold for surface-initiated anionic polymerization. The

first example of SIAP on a flat gold surface was demonstrated by Ulman and

coworkers [25]. They used 40-bromo-4-mercaptobiphenyl thiol to functionalize

Scheme 3 Illustration of different strategies used in surface-initiated anionic polymerization from

inorganic substrates
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the polycrystalline gold surface via SAM (Fig. 2a). The SAM-decorated gold

substrate was then introduced into a sealed anhydrous reactor and reacted with

sec-BuLi to form aryllithium initiator via halogen-metal exchange in a nonpolar

medium. After a thorough washing of the aryllithium gold surface with a fresh

solvent under high-vacuum condition, the monolayers of aryllithium were used to

initiate styrene polymerization under vacuum (Fig. 2b).

The surface was thoroughly cleaned to remove any non-grafted polystyrene

(PS) via Soxhlet extraction in toluene. The brush thickness probed by ellipsometry

indicated that the PS film of 18 nm was the surface of gold in a collapsed state. It

was found that the surface of the grafted PS brush contained defects such as dimples

or holes corresponding to the film thickness. Upon swelling in toluene, the brush

thickness increased to 29 nm. The authors used the thicknesses of the brush in the

collapsed and the swollen states to estimate the degree of polymerization by

applying the self-consistent mean field theory [26]. The calculated graft density

based on Rg (50.6 Å) of the grafted PS chains was 7–8 chains/Rg
2, which

corresponded to the area of 3.6 nm2/chain (Table 1, entry 1) and suggested that

the tethered polymer chains were adopting a stretched conformation. Although the

SAM coverage indicated a dense packing of precursor mercaptobiphenyl molecules

(0.2 nm2/molecules), the numbers of grafted PS chains are relatively low, 1 in

18 molecules of SAM. This could be attributed to several factors as the efficiency of

metal-halogen exchange reaction in self-assembled molecules and the reactivity of

ion-pairs of the closely packed aryllithium monolayers are not known.

Advincula and coworkers later extended this technique to prepare SAM on

gold using DPE-based thiol derivative as a precursor co-initiator [27]. They used

n-BuLi to activate DPE SAMs and grafted polystyrene-b-poly(ethylene oxide)

(PS-b-PEO) and polyisoprene-b-poly(meth methacrylate) (PI-b-PMMA) from

gold-coated glass surface. They obtained inhomogeneous, thinner polymer brushes

in the range 5–12 nm (Table 1, entry 2). One interesting aspect was to understand
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Fig. 2 (a) All-glass reactor used for SIAP of styrene (Reproduced with permission from Ref. [25],

Copyright 1999 ACS) (b) The surface-induced living anionic polymerization by using the self-

assembled monolayer of 40-lithio-4-mercaptobiphenyl
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the self-assembling behavior of the copolymer brushes. Microphase separation of

the two blocks was expected; however, no self-assembling patterns were observed

by atomic force microscopy (AFM) (Fig. 3), even though polymer reorganization

can be induced by solvent treatment as detected by contact angle measurements.

The authors attributed this observation to a small thickness of the polymer brushes

and to a low molecular weight of the block segments.

2.2 Anionic Polymerization from Clay Surface

Owning to their unique layered structure and cheap availability of clays, they have

been used extensively to strengthen polymer nanocomposites targeting for high

thermal, environmental, and mechanical stability and to enhance the gas barrier

properties. Generally, pristine clay needs to be modified by positively charged

organic species via ion exchanging the metal cations like Li+, Na+, or Ca2+ in

order to improve the organophilicity and to exfoliate the silicate layers for better

compatibility with the polymer matrix through either a simple blending or an in situ

polymerization. However, anionic polymerization involving clay is quite challeng-

ing because the hydrophilic nature of clay inevitably hosts moisture in it, which

would terminate propagating living anions during grafting. As a result, reactions

need to be conducted in a specially designed reactor to ensure a complete removal

of moisture under high vacuum. Using high-vacuum and break-seal technique,

Mays and coworkers [28] demonstrated the surface-initiated anionic polymeriza-

tion of styrene from clay intercalated with DPE-functionalized triethylammonium

bromide (Fig. 4).

Fig. 3 (a) AFM images of PS-b-PEO diblock copolymer brush. The topological or height image

before annealing. (b) AFM images of PS-b-PEO diblock copolymer brush. The topological or

height image after annealing at 120 �C (Reproduced with permission from Ref. [27], Copyright

2006 Wiley)
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The elegance of such a reaction setup includes a feasibility to completely remove

free initiators, which is known to compete severely with the immobilized initiators

for monomer consumption, as well as a direct visual monitoring of the formation of

living anions bound on the substrate surface. The DPE-based initiator is thermally

stable over 300 �C, which allowed the organo-modified clay free from any trapped

H2O by extensive drying in vacuum at high temperature. After treated by n-BuLi,
the DPE carbanions were generated and, consequently, initiated the living poly-

merization of styrene (Scheme 3). In spite of a thorough washing of excess BuLi

with the solvent, the authors found that a small amount of the free initiator is present

in the polymerization solution. It is worth noting that although the SIP was

confirmed by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction

(XRD) and X-ray photoelectron spectroscopy (XPS), the thermal gravimetric

analysis (TGA) of the PS-grafted clays, the AFM imaging of the clay nanoparticles,

and the polymer weight analysis of the cleaved polymer; all indicated that a

significant polymerization took place only at the outer layers of the

DPE-modified clay, while most of the intercalated initiators inside the gallery did

not participate in the anionic polymerization. Therefore, the expected exfoliation of

the clay during the polymerization was not achieved, and the grafted PS showed a

much larger polydispersity index than a typical living anionic polymerization

process (Table 1, entry 3).

2.3 Anionic Polymerization from Silicon Oxide Particles
and Substrates

Some early works exploring the living anionic SIP on silica surfaces appeared

around the 1990s. Taking advantage of the hydroxyl groups commonly existing on

the SiO2 surface, Oosterling et al. [29] developed a technology for immobilizing

styrene on the silica nanoparticle surfaces using p-vinylbenzyltrichlorosilane. The
attached styrene monomer was activated by t-BuLi and used for the polymerization

of styrene assuming that inter-/intramolecular reactions are insignificant. Several

Fig. 4 Schematic diagram

of the anionic

polymerization reactor: (A)
ampule containing styrene,

(B) ampule containing

n-BuLi, and (C) ampule

containing MeOH

(Reproduced with

permission from Ref. [28],

Copyright 2002 ACS)
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types of block copolymers such as PS-b-PI-b-PS, PS-b-PMMA, and polystyrene-b-

poly(2-vinyl pyridine) (PS-b-PVP) were synthesized from the surface. In order to

avoid a potential attack on Si-O-Si bonds by the highly reactive t-BuLi, the authors
chose benzene as a nonpolar solvent for the polymerization. However, the molec-

ular weight distributions were broader than the ones observed in a typical anionic

polymerization, possibly due to the aggregation tendency of t-BuLi in hydrocarbon
solvents (Table 1, entry 4).

In another study, Zhou et al. [30] connected DPE to the silica surface via

silylether bond using dimethylsilylchloride-functionalized DPE. They used

n-BuLi to activate the styrene polymerization and thus obtained PS-grafted silica

nanoparticles in toluene. Although the same reactor shown in Fig. 4 was used to

ensure the complete removal of nonattached free initiators through washing under

vacuum, they found that some free DPE or n-BuLi residue was present in the

polymerization solution and caused concurrent homopolymerization of styrene in

small quantity. Thus, they obtained PS grafts with a broad molecular weight

distribution (Fig. 5). They also reported problems associated with reproducibility

and very low initiator efficiency. These results suggest that growing polymers from

the silica surface is complicated due to dormancy of reaction sites, side reactions,

and difficulty in the purification of surface (Table 1, entry 5).

The same group also applied the silylchloride-functionalized DPE to silicon

wafer and formed SAM of DPE initiators on the surface [31]. However, a similar

low grafting density was observed. On the other hand, Quirk and coworkers

successfully grafted silicon wafers using both grafting-to and grafting-from

approaches via anionic polymerization [22]. They used trichlorosilyl- and

dimethylsilyl-substituted DPE to form SAM on the silicon wafer. The formation

of a monolayer of DPE was confirmed based on the packing density (0.41 nm2/DPE

molecule) using X-ray reflectometry. The DPE monolayer was converted into

1,1-diphenylhexyllithium by reacting with n-BuLi and used to initiate styrene and

diene monomers. The excess n-BuLi after activation of DPE monolayers was

washed away by repeated back distillation of benzene using a high-vacuum

Free polymer

Polymer cleaved
from silica-gel

M=1.3�105

20 Ve, mL 25

Fig. 5 Typical gel

permeation

chromatography results of

free polymer and bound

polymer cleaved from silica

nanoparticles (Reproduced

with permission from Ref.

[30], Copyright 2002 ACS)
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technique. In spite of such a treatment to remove excess n-BuLi from the surface,

they observed 100–300 mg of free PS formed in the polymerization solution.

Nevertheless, the PS grown from the silicon wafers had the highest brush thickness,

24 nm reported so far (Table 1, entry 6). The chain ends of the living polymer

brushes with lithium counterion were successfully functionalized with hydroxyl

group by adding ethylene oxide and further used for the polymerization of ethylene

oxide in the presence of potassium counterion.

In a very recent study, Kim and coworkers applied a similar strategy to

functionalize silica nanoparticles using (3-chloropropyl)triethoxysilane [32]. They

used metal-halogen exchange reaction to graft PS via anionic polymerization in

toluene. The efficiency of alkyl halide-metal exchange reaction with n-BuLi in
nonpolar solvent is, in general, very low. Nevertheless, they conducted the poly-

merization of styrene in the presence of free n-BuLi and obtained two distinct

components of the cleaved PS prepared by silica gel SIP (Fig. 6). The high

molecular weight PS similar to the PS generated from the free initiator was

attributed to grafting-to reaction of the living PS anion.

The PS brushes grown from the silica particles are distinctly different in topog-

raphy as shown in the TEM images (Fig. 7). Based on the dynamic light and small

angle neutron scattering studies on these silica particles, they concluded that the

conformation of the grafted PS chains is “coil-like” instead of stretched or extended

as expected for surface-initiated polymerization. They attributed “coil-like” brush

conformation to poor grafting density (Table 1, entry 8).

Fig. 6 GPC traces of grafted PS brushes separated from the surface and the solution. The broader

bimodally distributed curves (dotted) correspond to the surface attached PS, which have been

detached by etching. The narrow monomodal distributions (lined) correspond to free PS, which

was initiated by sacrificial initiator in solution (Reproduced with permission from Ref. [32],

Copyright 2013 Springer)
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Other than the most studied PS grafting systems, Huck and coworkers studied

the grafting of hyperbranched polyglycidol [33]. In this case, a simple

deprotonation of the OH groups on the activated SiO2 surfaces, in either Si wafer

or silica gel, using sodium methoxide was shown to efficiently initiate the anionic

ring-opening polymerization of glycidol. The progress of the surface-initiated

polymerization was monitored, which showed clearly an increase in polyglycidol

brush thickness with time (Fig. 8). Furthermore, the large amount of active OH

groups on the grafted hyperbranched polyglycidol enabled them to do post-

functionalization, as demonstrated by their reinitiation experiments to increase

the polyglycidol brush thickness up to 70 nm (Table 1, entry 9) and the esterifica-

tion of the hyperbranched polyglycidol-grafted silica gel.

Fig. 7 TEM images of bare silica nanoparticles (left) and the PS-grafted silica nanoparticles

(right) prepared by using the drop-cast method of their dispersions on carbon-coated copper grid

(Reproduced with permission from Ref. [32], Copyright 2013 Springer)

Fig. 8 Increase in polyglycidol brush thickness (measured by ellipsometry) vs polymerization

time on Si wafer using various temperatures (Reproduced with permission from Ref. [33],

Copyright 2003 ACS)
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3 Surface-Initiated Anionic Polymerization from Organic
Surfaces

Organic substrates are broadly classified into sp2 carbon-based nanomaterials

(Scheme 4) and insoluble polymers (natural or cross-linked synthetic polymers).

Depending on the nature of the functional groups present on the organic solids/

surfaces, they can be used for covalent or non-covalent modifications. The

non-covalent modification replies on adsorption of suitable organic molecules

such as pyrenes, poly(meta-phenylene vinylene), poly(styrene sulfonate), cyclo-

dextrin, etc., to form weak secondary interactions, including π-π, ionic, and H-

bonding [77], and the covalent modification involves direct reactions with either the

sp2 carbons or the preexisting reactive functional groups (COOH, OH, etc.) on the

substrate surfaces.

However, the chemical functionalization of organic solids and carbon materials,

in particular, is a complex process as the substrates are insoluble; therefore, the

reaction must be conducted either in bulk or in a heterogeneous medium. Because

of the heterogeneous nature of the reactions, the modification reactions are often

incomplete and will form multiple products with variable degrees of functiona-

lization. More importantly, carbon materials, such as carbon black, graphite,

graphene, and CNTs, are not monodisperse, particularly in diameter and length.

A small difference in the degree of functionalization with organic compounds will

introduce solubility variations in the functionalized products during the reaction. As

a result, the availability of the carbon nanomaterials that are partially solvated for

further reaction will increase, and the reaction will proceed discriminately with

respect to the size and the degree of functionalization. Thus, it is difficult to control

the efficiency and the specificity of organic reactions with carbon materials, espe-

cially with respect to the placement of functional groups and the degree of

Scheme 4 Organic substrates containing sp2 carbon back-bone nanomaterials used in surface-

initiated anionic polymerization

Surface-Initiated Anionic Polymerization from Nanomaterials 511



functionalization on a molecular basis. Nevertheless, the attachment of organic

moieties on the sp2 graphitic carbons introduces an organophilic character and

helps dispersing carbon nanomaterials in bulk polymers and in organic solvents.

Although the modification affects some inherent properties of carbon

nanomaterials, it significantly increases their potential applications.

3.1 Anionic Polymerization from Graphitic Carbon
Nanomaterials

In early 1960s, researchers from Japan reported anionic polymerization of styrene

from the surface of carbon black-alkali metal complex [67]. This initial result

prompted exploration of the possibility to grow polymer chains from the surface

of various carbon materials using anionic polymerization for the development of

enhanced polymer composites. Ohkita and coworkers [68] attempted the polymer-

ization of styrene from carbon black catalyzed by n-BuLi via grafting-from and

grafting-to methods. They found a marked retardation of the polymerization, likely

due to the preferential reaction between n-BuLi and the oxygen-containing groups

on the carbon black. Tsubokawa et al. demonstrated anionic grafting of poly(β-
propiolactone) from carbon black initiated by the surface carboxylate groups [69]

and the anionic grafting of PMMA or PS from carbon whisker using n-BuLi/
TMEDA complexes as metalating agent (Scheme 5) (Table 1, entry 10) [34].

Graphite is another important substrate that has drawn considerable attention

recently [70, 71]. Studies concerning graphite functionalization are occasionally

presented in the literature since the early 1960s [72]. Most of the reports describe

grafting vinyl polymers from graphite-alkali metal intercalation compounds

[73]. Sun and coworkers reported initiation of styrene from the surface and the

edges of the K-intercalated graphite [74]. Although this and other publications

never caught much attention, the emergence of the graphene research in recent

years has attracted significant interest in SIAP. A majority of the publications in this

area deals with grafting polymers from surfaces using ATRP, due to its simplicity

among other modern controlled radical polymerization processes [75–79]. Never-

theless, anionic polymerization has been used in some cases to take advantages of

its process controls (Table 1).

Tour and coworkers reported SIP of styrene via anionic polymerization using

anions generated from unzipping of MWNTs in the presence of potassium metal

[35]. They claimed that the carbanions are generated via reduction of edge radicals

Scheme 5 Anionic polymerization of vinyl monomers from carbon whisker
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during the reaction and can be used for the anionic polymerization. As the anions

are believed to be generated during unzipping, they are selectively located at the

edges of graphene nanoribbons (GNR) (Fig. 9). However, the amount of PS grafted-

from such as nanoribbons was reported to be low (~9 wt %, for THF reaction),

which may indicate that the formation of anions on the GNR is insufficient for the

initiation, or the propagating anions undergo termination, or the sequential reduc-

tion of anion radicals is not prevalently occurring. Any of these factors may be

responsible for a low graft-density observed by the authors (Table 1, entry 11). It

should be mentioned here that the grafting of PS, Mn¼ 5,000 g/mol, for example,

on every edge carbon for a theoretical rectangular GNR of 1,000 nm2 at its length

sides would exceed 99 wt % PS. Thus, the grafting efficiency is far less than the

reaction scheme proposed in Fig. 9. Although unzipping is clearly evident by TEM

images, the dispersion of GNR in any medium without appropriate functiona-

lization would be difficult.

In another study, Zhang et al. used graphene oxide (GO) as a substrate for

grafting polymers [36]. By taking advantage of readily accessible oxygen-

containing groups on GO, the functional groups are reacted with isocyanate and

then used for grafting nylon 6 via anionic ring-opening polymerization (ROP) of ɛ-
caprolactam (Scheme 6, Fig. 10). The authors carefully studied the formation of key

intermediates using nuclear magnetic resonance (NMR), FTIR, and XPS

Fig. 9 Reaction scheme for the one-pot synthesis of functionalized GNRs. (a) The MWNTs are

intercalated with potassium naphthalenide (blue dots). (b) A longitudinal fissure is formed in the

walls of the MWNTs. (c) Polymerization of styrene (for instance) assists in exfoliation of

MWNTs. (d) PF-GNRs are formed upon quenching (Reproduced with permission from Ref.

[35], Copyright 2013 ACS)
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spectroscopies and provided structural information about the nylon-grafted GO

(Table 1, entry 12). The modification of GO was shown to enhance the mechanical

and thermal properties of the corresponding nylon composites.

3.2 Anionic Polymerization from Carbon Nanotubes

The living nature of anionic polymerization [80] with its ability to afford polymers

of narrow MWD and high molecular weight in a controlled way, even at very low

initiator concentration, has made it an attractive choice in grafting polymers from

CNTs. Viswanathan et al. [37] were the first to grow polymer from nanotubes via

anionic polymerization. They introduced carbanions on the surface of the SWNTs

through addition of sec-BuLi to the sp2 carbons. The resulting resonance-stabilized
carbanion on the SWNTs was used as initiating site for the polymerization of

styrene. It was stated that a mutual electrostatic repulsion between the individual

nanotubes could exfoliate the SWNT bundles. The amount of carbanion generated

Scheme 6 Synthetic scheme of the modification of graphene oxide (GO) with caprolactam and

subsequent grafting of nylon 6 by in situ anionic ring-opening polymerization (Reproduced with

permission from Ref. [36], Copyright 2012 RSC)
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on the SWNTs was not determined as the styrene polymerization was conducted in

situ in the presence of free sec-BuLi. Thus, a concurrent solution polymerization

produced PS nanocomposite consisting of MWNTs-g-PS. Grafting efficiency was

determined after removing the free PS from MWNTs-g-PS through a solvent wash

by TGA, and it was found to be very low (~10–15 wt %) (Table 1, entry 13). The

functionalization with butyl groups and grafted PS was confirmed via Raman

spectroscopy, which showed some differences in D/G ratio of the peaks (Fig. 11).
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Fig 10 (a) 1H NMR spectra of functionalized GO (a) and ɛ-caprolactam (b) in deuterated formic

acid solution. (b) 1H NMR spectra of nylon 6 (a) and g-GO (b) in deuterated formic acid solution

(Reproduced with permission from Ref. [36], Copyright 2012 RSC)
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The observed Tg of the grafted PS in MWNTs-g-PS was higher by 15 �C than

PS. More importantly, the PS-grafted SWNTs rendered excellent composites that

had higher thermal stability even with very low nanotube loading (0.05 wt %),

exhibiting good filler dispersion in the polymer matrix.

Using the same approach, Chen et al. [38] showed that the carbanions on the

surface of SWNTs can initiate the polymerization of tert-butyl acrylate (t-BA) but
not that of methyl methacrylate (MMA) (Scheme 7). The authors suggested that a

possible reason for this behavior was the difference in the reactivity of the two

monomers toward the delocalized carbanions on the SWNTs. However, the actual

reason for this behavior is not clearly understood as the reactivity of the generated

carbanions on the SWNTs was sufficient enough to initiate styrene as shown by

Ajayan et al. [37]. Thus, the reactivity differences of the monomers may not be the

reason for their observation. Nevertheless, the living nature of the polymerization

was confirmed by initiating MMA from the growing PtBA enolate anions. The

same group also synthesized a diblock copolymer (PtBA-b-PMMA) from SWNTs

with 47 wt % polymer (Scheme 7, Table 1, entry 14).

On the other hand, Liang et al. [39] reduced SWNTs in the presence of Li in

ammonia as anionic initiators for the polymerization of MMA.

They showed that an addition of Li/NH3 to SWNTs leads to SWNT salts that

have the ability to exfoliate SWNT bundles and grow PMMA. The CNTs with

45 wt % polymer were synthesized, and the average thickness of an amorphous

polymer layer around the SWNTs was 1.0–1.5 nm, as calculated by AFM (Table 1,

entry 15). The authors observed a noticeable Raman D-band in the “PMMA-grafted

SWNTs” (Fig. 12). However, based on this single piece of evidence alone without a

side-by-side comparison with control experiment, they concluded covalent linkage

between PMMA chains, and the CNT surface. The enhanced D-band could arise

simply from a Birch-like reduction of the preexisting defects in the nanotubes. The

radical anion on the SWNTs and the presence of solvated electrons in Li/NH3

solution can contribute for the formation of PMMA, and hence an inefficient

washing of the SWNTs after the reaction may also produce similar results.

1 2 3

1660 1500 1360 1200 1660 1500

Raman shift (cm−1)

1360 1200 1660 1500 1360 1200

Fig. 11 Raman scattering spectra (514.4 nm) of (1) pristine SWNTs, (2) butylated SWNTs, and

(3) PS-grafted SWNTs (Reproduced with permission from Ref. [37], Copyright 2003 ACS)
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In order to achieve a higher grafting efficiency with high molecular weight

polymers, Baskaran and coworkers used a different approach [40] to grow PS

from MWNTs via anionic polymerization. As mentioned previously, the direct

reaction of sec-BuLi with the sp2 carbon of MWNTs was inefficient [81, 37].
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Scheme 7 Anionic polymerizations of methyl acrylate and methyl methacrylate from SWNTs

and SWNT-g-(PtBA), respectively (Reproduced with permission from Ref. [77], Copyright 2013

RSC)
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Fig. 12 Raman spectra (780 nm excitation) of pristine SWNTs (a) and PMMA-grafted SWNTs

(b) (Reproduced with permission from Ref. [39], Copyright 2006 ACS)
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Therefore, they generated carbanion sites away from the CNT surface. Accord-

ingly, the MWNTs were covalently functionalized with 1-benzocylcobutene-1-
0-phenylethylene (BCB-PE) through a [4 + 2] Diels-Alder cycloaddition [82]. A

statistical distribution of covalent attachment of the substituted diphenylethylene,

a precursor initiator, was introduced throughout the surface of MWNTs. The

presence of the olefin was confirmed by FTIR, Raman spectroscopy, and TGA.

Reactive carbanions were generated from MWNTs-g-(BCB-PE)n, by addition of

sec-BuLi. The polymerization of styrene was initiated in benzene at room tem-

perature under high-vacuum condition (Scheme 8). Although the typical red color

of the phenylhexyllithium anion on the MWNTs was not seen, probably due to an

intense black color of the solution, resulting from the gradual dispersion of

PS-grafted MWNTs, the initiation of styrene from the surface-grafted phenylhex-

yllithium anions was found to be slow. This was attributed to the heterogeneous

nature of the reaction. A small amount of MWNTs-g-initiator was insoluble in

the reactor during the polymerization for about an hour. On the other hand, the

polymerizations carried out for more than 90 min showed a complete dispersion

of MWNTs during the polymerization. The surface-grown polymers were

obtained in high conversion, forming MWNTs-g-PS containing only a small

fraction of MWNTs (<1 wt %). A control polymerization of styrene was carried

out using sec-BuLi in the presence of pristine MWNTs. Upon addition of styrene,

an orange color appeared immediately indicating the initiation of styrene from

the free initiator present in the solution. After the termination of the polymeri-

zation, the MWNTs were recovered by a thorough solvent wash in THF to

remove the free PS. The recovered MWNTs did not have grafted PS as confirmed

by TGA and transmission electron microscopy (TEM) analysis in the control

experiment.

The MWNTs-g-PS were characterized by FTIR, 1H-NMR, Raman spectros-

copy, differential scanning calorimetry (DSC), TGA, and TEM. The TEM images

showed the presence of a thick layer of polymer (~30 nm) around the surface of

MWNTs (Fig. 13, Table 1, entry 16). The formation of diblock copolymer,

MWNTs-g-PS-b-PI, confirmed the living nature of the polymerization from the

surface.

CH2 sec-BuLi

n
/RT

C

n

CH2

Li
- + - +

/RT

m

C

n

LiCH CHCH2CH2 m-1

MWNTs-g-(BCB-PE)n MWNTs-g-
(BCB-PS)n

Scheme 8 Anionic polymerization of styrene from MWNTs-g-(BCB-PE)-grafted tubes in ben-

zene at RT (Reproduced with permission from Ref. [40], Copyright 2008 ACS)
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3.3 Anionic Ring-Opening Polymerizations from Carbon
Nanotubes

Aliphatic polyesters, such as poly( p-dioxanone), poly(ε-caprolactone), poly(L-

lactide), polyethers (e.g., PEO), and polypeptides, are biocompatible and in most

cases biodegradable polymers. These materials have been proven to be useful as

scaffold in implantable medical devices, as surgical sutures and in drug delivery

systems, since they eliminate the need for removal of the device after being used.

Their synthesis involves ROP techniques [83]. Grafting polyether, polyamide, and

polyester from CNTs is very important as these materials can be used as fillers in

developing nanocomposites in commodity plastics to enhance mechanical property.

The ROP can be performed by several initiating systems such as anionic, cationic,

coordination, and metathesis.

3.3.1 Polyesters

Yoon et al. [41] used ROP to graft poly( p-dioxanone) (PPDX) from SWNTs via the

grafting-from method. The surface of SWNTs was covalently attached with

6-amino-1-hexanol by reacting with the acid chloride-functionalized SWNTs in

dimethylformamide (DMF). The produced hydroxy-functionalized SWNTs-(OH)n
were then used for the initiation of p-dioxanone, in the presence of tin(II) 2--

ethylhexanoate (Sn(Oct)2). They found that the thermal stability of the grafted

PPDX increased after the covalent attachment onto the SWNTs. The SWNTs-g-
PPDX had no noticeable transition corresponding to Tg and Tm up to 125 �C,

Fig. 13 TEM images of surface-grown PS exhibiting 24 nm (a) and 30 nm (b) PS layer on the

surface of MWNTs (Reproduced with permission from Ref. [40], Copyright 2008 ACS)
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although the pure PPDX showed these transitions at �13.4 and 103 �C, respec-
tively. The changes in the grafted PPDX properties were attributed to a strong

interaction between SWNTs and PPDX and a decreased mobility of the PPDX

chains.

Several methods have been reported to introduce hydroxyl groups on CNTs for

the polymerization of ε-caprolactone and other monomers using ROP [84–86]. The

reaction of pristine MWNTs with various azide compounds via 1,3-cycloaddition

[84], the use of diradicals via Bergman cyclization [85], and the conversion of acid

groups of MWNTs to azide for copper-catalyzed Huisgen’s 1,3-dipolar cycloaddi-
tion [86] with various functional alkynes are a few of these methods.

Buffa et al. [44] functionalized SWNTs produced by the CoMoCAT process,

with 4-hydroxymethylaniline (HMA) via the diazonium salt method. The SWNTs-

(OH)n, generated by the functionalization, were then used to polymerize

ε-caprolactone, in the presence of stannous octanoate as a catalyst. The dispersion

of SWNTs grafted with poly(ε-caprolactone) (PCL) was tested in chloroform. A

dramatic increase compared to that of neat SWNTs was observed due to the high

solubility of PCL in chloroform. TGA of the samples indicated that the amount of

PCL grafted was 63 wt % (Table 1, entry 20), while a combined TPD (temperature-

programmed desorption)/TPO (temperature-programmed oxidation) technique

revealed that the average polymer length was only 5 monomeric units. According

to the authors, the two main factors for the limited growth of the grafted chains were

the presence of nanotubes in the polymerization medium and the presence of

adsorbed water on the CNT surface. The former acts as terminators while the latter

as initiator generating a large amount of “free” PCL. Accordingly, it was suggested

that an increase in the length of the PCL attached to the nanotubes can only be

achieved when the adsorbed water from the nanotubes is eliminated.

In a similar work [45], the hydroxyl groups were introduced on the MWNT

surfaces by reacting oxidized MWNTs with excess thionyl chloride and then with

glycol. The -OH-functionalized MWNTs were used for the surface-initiated ROP of

ε-caprolactone, in butanol at 120 �C in the presence of stannous octanoate. The

content of the grafted polymer and the molecular weight of the free polymer

initiated by the butanol were increased with increasing the feed ratio of monomer

to initiating sites. The polydispersity indices of the free polymer were very broad

reaching even 13.0, which was ascribed to the increased possibility of chain

termination due to the presence of the CNTs. However, the actual mechanism of

the propagating PCL anion undergoing termination with the sp2 carbon network

was not discussed. Biodegradation of the recovered MWNT-g-PCL was tested by

using pseudomonas lipase as a bioactive enzyme catalyst. It was revealed that the

grafted PCL chains retained their biodegradability and were completely degraded

within 4 days.

The influence of MWNT-g-PCL on vapor sensing properties was investigated,

by Castro et al. [46], for a series of conductive polymer composite (CPC) trans-

ducers. MWNTs-g-PCL were prepared by first reacting MWNTs-(OH)n with

trimethylaluminum (catalyst) to produce aluminum alkoxide initiator followed by

the anionic coordination ROP of ε-caprolactone (Scheme 9). AFM observations
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allowed an evaluation of the MWNT coating and dispersion levels. Sensors were

prepared by spray coating layer-by-layer MWNT-g-PCL solutions onto the inter-

digitated copper electrodes that had been etched by photolithography onto an epoxy

substrate. Chemo-electrical properties of CPC sensors exposed to different vapors

(water, methanol, toluene, tetrahydrofuran, and chloroform) were analyzed in terms

of signal sensitivity, selectivity, reproducibility, and stability. The MWNT-g-PCL
sensors displayed a very good discrimination capability for all the vapors above

(polar and nonpolar), which allowed for the preparation of sensors with a large

detection spectrum. The chemo-electrical properties of the sensors exposed to

different vapors were found to be reproducible, and the electrical signals displayed

reversibility with a fast recovery.

A different synthetic approach for the grafting of ε-caprolactone on MWNTs

was presented by Ruelle et al. [47]. MWNTs were placed under an atomic nitrogen

flow formed by the dissociation of molecular nitrogen in Ar +N2 mixed microwave

plasma in order to covalently functionalize with primary and secondary amines.

The amino-MWNTs were activated by triethylaluminum and then used as an

initiator for ROP of ε-caprolactone. As revealed by TEM, functionalization was

inhomogeneous, and the MWNTs had a high (10 atomic % N) of amine functiona-

lization on the plasma exposed surface of the sample.

Biodegradable supramolecular hybrids of MWNT-g-PCL and α-cyclodextrins
(α-CDs) (inclusion complexes), with potential applications in medicine and biol-

ogy, were prepared by Yang et al. [48]. First, MWNTs were functionalized with

hydroxyl groups (MWNTs-(OH)n) via a nitrene cycloaddition with appropriate

reagent. The reaction was followed by the surface-initiated ROP of ε-caprolactone
in the presence of a metal catalyst to afford MWNTs-g-PCL. The TGA showed

about 58 wt % of PCL was grafted onto the MWNTs and TEM images revealed the

Scheme 9 Synthesis of MWNT-g-PCL and MWNTs-g-HPG using different types of initiators via

anionic coordinative ring-opening polymerization (Reproduced with permission from Ref. [77],

Copyright 2013 RSC)
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presence of polymer layers with thicknesses in the range of 5–7 nm on the surface

of the MWNTs (Table 1, entry 24). Inclusion complexes were formed by hydrogen

bonds between the hydroxyl groups of α-CDs and the carbonyl groups of PCL,

indicating that supramolecular polypseudorotaxanes were formed through α-CD
channel threading onto the PCL chains of MWNT-g-PCL (Fig. 14). However, the

size of uneven pimples shown in Fig. 14 was very large that it couldn’t be

interpreted only for supramolecular polypseudorotaxane formation. It is important

to mention that the α-CD is also known to get adsorbed onto the CNTs [87]. There-

fore, the contribution of adsorption and its influence on the reported results are not

known.

Poly(L-lactide) (PLLA) is widely used in tissue engineering, drug delivery

systems, and implant materials due to its excellent biocompatibility and biodegrad-

ability. However, the mechanical properties of PLLA for high load-bearing bio-

medical applications are insufficient. The PLLA nanocomposite containing CNTs

has been implied to enhance the mechanical properties for various applications. The

first attempt to polymerize L-LA from the surface of MWNTs was reported by Chen

et al. [51]. Carboxylic acid-functionalized MWNTs were treated with SOCl2, and

the acyl chloride-containing CNTs were further reacted with butanediol in order to

introduce hydroxyl groups on the surface. The polymerization of L-LA was

performed in the presence of stannous octanote. The amount of grafted PLLA

increased with time depending on the polarity of the reaction medium. When the

polymerization was carried out in DMF, the amount of grafted PLLA on the

MWNTs was higher than that obtained in toluene.

Nanocomposites of PLLA with MWNTs-g-PLLA were prepared and tested for

mechanical property enhancement. The authors claimed that the incorporation of

1 wt % of MWNT-g-PLLA in PLLA matrix didn’t show any indication of

Fig. 14 TEM images of MWNTs-g-PCL complexed with α-CDs (a and b) (Reproduced with

permission from Ref. [48], Copyright 2010 Elsevier)
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aggregation based on SEM, and the nanocomposites exhibited high tensile strength

and modulus rendering PLLA more resistant to deformation. Thermal stability,

electrical conductivity, as well as mechanical properties of PLLA nanocomposites

containing MWNT-g-PLLA were also studied [53, 52]. Good interfacial adhesion

between MWNTs and the polymer matrix in PLLA/MWNT-g-PLLA composites

also increased the activation energy compared to PLLA/MWNT, indicating that the

former was thermally more stable.

Recently, Priftis and coworkers [54] used a titanium alkoxide catalyst (TiCpCl2)

to polymerize L-LA, ε-CL, and n-hexyl isocyanate from SWNTs and MWNTs. A

Diels-Alder cycloaddition was used to covalently attach benzocyclobutene

functionalized with titanium alkoxide, to the sidewalls of CNTs (Scheme 10).

The grafted CNTs were used for the titanium-mediated SIP of different monomers.

Kinetic study of the L-LA polymerization indicated that the initiation was very slow

and characterized by an induction period of about 4 h. After this period, the

polymerization medium became homogeneous; the polymerization proceeded fast

giving enhanced efficiency for grafting polymers on the CNTs, and the viscosity of

the reaction medium was substantially increased in less than 5 h. The long induction

period could be attributed to a steric hindrance of MWNT-titanium complex for the

initiation. Titanium-mediated coordination polymerization of L-LA, using the same

solvent and catalyst, in the absence of CNTs had also an induction period of an

hour. The grafted polymer content could be adjusted using the reaction time, when

the mole feed ratio of monomer to the grafted initiator was kept constant. A control

experiment was performed in which a known amount of the precursor catalyst

CpTiCl2(OCH2CH3) was mixed with pristine CNTs in order to study the influence
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Scheme 10 Grignard synthesis of (1-benzocyclobutene ethoxy) dichlorocyclopentadienyl-

titanium (BCB-EOTiCpCl2) and covalent functionalization of MWNTs using a [4 + 2] Diels-

Alder cycloaddition reaction (Reproduced with permission from Ref. [54], Copyright 2009 ACS)
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of Cp ring adsorption onto the CNTs through π-π stacking. A similar procedure as

for the MWNTs-g-BCB-EOTiCpCl2 was used for the polymerization and found

that the MWNTs could be recovered after the polymerization without any polymer

grafted on it. This confirmed the absence of polymer adsorption. The polymeriza-

tion of ε-CL showed a similar trend as the L-LA, while in the case of n-hexyl
isocyanate the monomer conversion was very low (10 %) even after 20 h of the

polymerization.

Cai and coworkers [55] used MWNT-(OH)n for the copolymerization of L-

lactide and ε-caprolactone in the presence of stannous octanoate as the catalyst.

The copolymer poly(L-lactide-co-caprolactone) nanocomposites with MWNT-g-
poly(L-lactide-co-caprolactone) showed an increase in tensile strength and a

decrease in elastic modulus compared to the neat copolymer. The same group

used MWNTs that were first functionalized with FeO4-OH for the polymerization

of L-LA. The PLLA nanocomposite materials prepared with MWNTs-g-PLLA
exhibited superparamagnetic performance, and it was possible to align under low

magnetic field [56].

3.3.2 Polyethers

Grafting polyethylene oxide (PEO) from CNTs will enable dissolution of CNTs in

water and can be used for medical applications. Baskaran and coworkers polymer-

ized ethylene oxide (EO) via anionic ROP from MWNTs functionalized with

hydroxyl groups (Scheme 11) [40]. The MWNTs were first covalently

functionalized with 4-hydroxyethyl benzocyclobutene (BCB-EO) through [4 + 2]

Diels-Alder cycloaddition. The attachment of the BCB-EO, a hydroxyl precursor,

was confirmed by FTIR, Raman spectroscopy, and TGA. Polymerization of ethyl-

ene oxide was performed under high vacuum using break-seal technique (Fig. 15a).

Triphenylmethyl potassium was used to convert the hydroxyl groups on the surface

of MWNTs into alkoxide anions. As alkoxide anions exist in rapid equilibrium with

the remaining hydroxyl groups in the presence of potassium counterion, a minimum

of 30 mol %, hydroxyls was converted into alkoxide anions. The initiation of

ethylene oxide from the surface alkoxy anions was very slow. The heterogeneous

nature of the reaction and the aggregation of alkoxide anions in the presence of

MWNTs could be attributed to a slow propagation. However, at a constant mole

Scheme 11 Surface-initiated anionic polymerization of ethylene oxide from MWNTs-g-
(BCB-EO)n surface (Reproduced with permission from Ref. [40], Copyright 2008 ACS)
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ratio of monomer to the grafted initiator, the amount of grafted polyethylene oxide

(PEO) increased gradually with increasing the polymerization time. The monomer

conversion also increased gradually with polymerization time reaching a maximum

of 57 % after 48 h, indicating a slow propagation of the surface polymerization

(Fig. 15b). The surface-grown polymers were obtained in high wt fraction, forming

MWNTs-g-PEO containing only a small fraction of MWNTs <4 wt % (Table 1,

entry 16).

For samples obtained after a long polymerization time, it was not possible to

filter the reaction solution through a Teflon membrane, and the samples were
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Fig. 15 (a) All-glass reactor used for the surface-initiated anionic polymerization of ethylene

oxide from MWNTs and (b) TGA of MWNTs-g-(BCB-PEO)n at various reaction times in the

surface-initiated anionic polymerization of ethylene oxide from MWNTs-g-(BCB-EO)n in THF at

40 �C (Reproduced with permission from Ref. [40], Copyright 2008 ACS)
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recovered by precipitation in non-solvent. Size exclusion chromatography (SEC)

analysis, using light scattering detector, of these samples showed the presence of

multiple peaks. This was attributed to the fact that MWNTs are broadly distributed

in terms of length, diameter, and also chemical functionality. Although these

samples could be analyzed using SEC, with a styrene-divinylbenzene cross-linked

gel column, an efficient resolution of different molecules based on their size is not

possible. The hydrodynamic volume of MWNTs-g-PEO is expected to be very high

as the tubes are long, and most of them will pass through interparticle gaps rather

than getting into the pores. Therefore, such an analysis would only give an apparent

molecular weight that can be used for a relative comparison within a set of

experiments. One must be careful in treating the Mn,(app) obtained from SEC due

to the reasons mentioned above. Nevertheless, the MWNT-g-PEO samples taken at

different polymerization time showed (in SEC) an increase in apparent molecular

weight indicating overall control on the molecular weight of the grafts is possible in

these reactions. Light scattering detector showed multiple peaks corresponding to a

few thousands to few millions in weight average molecular weight, confirming the

presence of multiple distributions of high molecular weight species. The TEM

images showed the presence of thick layers of grafted PEO, nonuniformly distrib-

uted along the whole surface (Fig. 16).

Very recently, Sakellariou et al. [49] studied the kinetics of ROP of ε-CL from

MWNTs and the crystallization behavior of the MWNTs-g-PCL together with that

of MWNTs-g-PEO. The polymerization could be controlled with time, though the

reaction proceeded rapidly. As revealed by TGA, a 98 wt % PCL was grafted after

4 h, and 70 % monomer conversion was achieved (Table 1, entry 25). A remarkable

Fig. 16 TEM images of MWNTs-g-(BCB-PEO)n (a, b) with nonuniform PEO-grafted chain on

the surface of MWNTs (Reproduced with permission from Ref. [40], Copyright 2008 ACS)
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nucleation effect was observed by the incorporation of MWNTs that reduced the

supercooling needed for crystallization of both PCL and PEO. Furthermore, the

isothermal crystallization kinetics of the grafted PCL and PEO were substantially

accelerated compared to the neat polymers, which were attributed to the anchoring

of the chain ends to the MWNTs via covalent bonding.

In another study by Sakellariou et al. [50], diblock copolymers were grafted onto

MWNTs via a combination of polymerization techniques. Using the same method

above, a substituted benzocyclobutene containing hydroxyl group was attached on

the surface of MWNTs and later used for the polymerization of EO or ε-CL. The
hydroxyl groups of the grafted polymer chain ends were used for the initiation of

second block. Accordingly, the chain ends of the MWNTs-g-PEO were used as ROP

macroinitiator for the polymerization of ε-CL resulting in biocompatible MWNT-g-
(PEO-b-PCL). By esterification of the hydroxyl PEO end groups with excess

2-bromoisobutyryl bromide, an ATRP macroinitiator was obtained and used for

the polymerization of styrene and 2-(dimethylamino)ethylmethacrylate (DMAEMA)

resulting in diblock copolymer grafted MWNTs, which had very high (>90 wt %)

grafted polymer content (Table 1, entry 25). This strategy, through a combination of

two different polymerization techniques, widens the opportunities for the synthesis

of even more complex macromolecular structures on the CNT surface.

Gao’s group [42] performed anionic ROP of glycidol (2,3-epoxy-1-propanol) in

dioxane using potassium methoxide as a catalyst, to grow hyperbranched

polyglycerol (HPG) from MWNT-(OH)n surfaces. The macroinitiator, MWNT-

OH, was prepared by reacting with 2-azidoethanol in N-methyl-2-pyrrolidone.

The amount of grafted HPG was adjusted, up to 90 wt %, by changing the feed

ratio of glycidol to MWNTs-(OH)n (Table 1, entry 18). When the polymerization

was conducted in bulk, the grafted polymer content was never higher than 45 wt %,

even at high feed ratios of glycidol to MWNTs-(OH)n. The authors ascribed this

phenomenon to the higher viscosity of the reaction mixture in the bulk polymeri-

zation. In fact, an extended aggregation of propagating center with potassium

counterion and a lack of solvation of counterion could be the other reasons for

poor conversion of HPG in the absence of solvent. A concurrent self-condensing

ROP of glycidol through counterion exchange to the monomer was monitored. The

number average molecular weights of the free HPGs increased linearly with

increasing feed ratio of monomer to initiating site, and the polydispersity indices

were relatively low (<1.8). Although the authors claimed that the polymerization

had a living character, such a high MWD confirms that the polymerization

proceeded with severe side reactions in the presence of CNTs. The HPG grafted

MWNTs (MWNTs-g-HPG) were recovered by dispersion in methanol, followed by

centrifugation and washing several times with excess methanol. The remaining

solid, MWNTs-g-HPG, was dried overnight. By reacting to the hydroxy groups of

the grafted HPG with palmitoyl chloride, they produced MWNT-g-amphiphilic

hyperbranched polymers. The resulting product showed good solubility in weak

polar or nonpolar solvents in contrast to MWNTs-g-HPG, which were soluble only

in strong polar solvents. Fluorescent MWNTs were also prepared by attaching

rhodamine 6B molecules to the surface of MWNT-g-(HPG). The abundance of
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functional groups on the surface of CNT hybrids can be used as a nanoplatform to

conjugate functional molecules for further application in drug delivery, cell imag-

ing, and bioprobing.

Another route for the synthesis of biocompatible and biodegradable CNT

hybrids was reported by Adeli et al. [43]. Hyperbranched molecular trees were

grown from the surface of MWNTs via in situ anionic ROP of glycidol as described

in Scheme 9. Short-term in vitro cytotoxicity and hemocompatibility tests were

conducted on HT 1,080 cell line (human fibrosarcoma) for MWNTs-g-HPG. The
results showed no sign of toxicity for concentrations up to 1 mg/mL after 24 h of the

incubation.

3.3.3 Poly(peptides) and Polyamides

Primary amine acts as an initiator for the polymerization of cyclic amino acids via

N-carboxyanhydride (NCA) method to produce polypeptides with controlled

molecular weight [88]. The ROP was used to graft a polypeptide from the surface

of MWNTs [57]. Oxidized MWNTs were converted into an amine-functionalized

MWNTs by amidation of the carboxylic groups with excess of 1,6-diaminohexane.

The MWNTs-(NH2)n were then used for ROP of γ-benzyl-L-glutamate

N-carboxyanhydride (BLG-NCA) (Scheme 12). The resulting hybrid material

exhibited core-shell morphology with thickness of the polypeptide layer ranging

from 4 to 22 nm. The thickness of the polypeptide could not be controlled by the

feed ratio of NCA monomer to MWNTs-(NH2)n. The MWNT-g-(PBLG)n was

soluble in strong polar solvents, such as DMF and dimethyl sulfoxide, and insoluble

in weak polar solvents, such as acetone and esters.

Poly(L-lysine) is a biocompatible and biodegradable polymer, and its structure

facilitates various modifications, including conjugation with transferrin, epidermal

growth factor, and fusogenic peptides, and thus has been widely used in the field of

gene and drug delivery. Surface-initiated ROP of ε-(benzyloxycarbonyl)-L-lysine
N-carboxyanhydride used the amine groups of the functionalized MWNTs and

resulted in MWNT-g-PLys(Z) [58]. Acidolysis of the benzyl carbamate groups

afforded water-soluble MWNT-g-PLL. Core-shell structures were determined by

high-resolution TEM with the polymer shell thickness varying between 4 and

18 nm. The heterogeneous coverage of the polymer is resulting from the random

distribution of amine groups on the MWNT walls. A thicker polymer layer was

observed at the bends and tips than at the straight sections.
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3. H2NCH2CH2NH2
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Scheme 12 Surface-initiated ROP of γ-benzyl-L-glutamate from MWNTs (Reproduced with

permission from Ref. [77], Copyright 2013 RSC)
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A more detailed work involving the surface-initiated ROP of BLG-NCA from

amine-functionalized SWNTs revealed that chemically grafted PBLG adopted a

random-coil conformation in contrast to the physically adsorbed PBLG, which

exhibits an α-helical conformation [59]. It appears that intermolecular interactions

of the grafted chains anchored at the one end are not favoring the helical confor-

mation. Microfibers of PBLG nanocomposite containing SWNT-g-PBLG were

prepared by electrospinning. Wide-angle X-ray scattering diffractograms suggested

the SWNTs-g-PBLG were evenly distributed among PBLG rods in the solution and

in the solid state, where PBLGs formed a short-range nematic phase inter-dispersed

with amorphous domain.

Anionic ROP was used by Qu et al. [60] to functionalize SWNTs with nylon

6. Nylon 6 is an important commodity polymer used in a wide variety of applica-

tions. Thus, the synthesis of nylon-functionalized carbon nanotubes is expected to

improve mechanical properties. ε-Caprolactam was covalently attached to the

surface of the SWNTs. The monomer-grafted SWNTs were used for the polymer-

ization of the same monomer in bulk to grow nylon 6. The nylon 6-grafted SWNTs,

SWNTs-g-nylon 6, contained approximately 30 wt % polymer and were soluble in

some organic solvents, such as formic acid and m-cresol (Table 1, entry 35).

The covalent functionalization of MWNTs with nylon 6 was also reported by

Adronov et al. [61]. Isocyanate-functionalized CNTs, prepared by reacting

MWNTs-(OH)n with excess of toluene 2,4-diisocyanate, were used as an initiator

in anionic ROP of ε-caprolactam, in the presence of a sodium caprolactamate

catalyst. A series of polymerizations was performed in order to investigate the

effect of the reaction time and of the feed ratio (monomer/MWNT initiator) on the

grafting efficiency ( fwt %). The results indicated an increase of the fwt % with

polymerization time, reaching a limiting value after 6 h and only roughly controlled

by adjusting the monomer to the initiator feed ratio within the range between

150 and 800.

Polyamide 6 (PA6) was grafted from MWNTs by Yan et al. [62] in a two-step

process. Initially, MWNTs were covalently functionalized with copolymer

(styrene-maleic anhydride) (SMA). In the second step, in situ anionic ROP was

used for the polymerization of ε-caprolactam activated by the maleic anhydride

groups from the grafted polymer on the MWNTs. The MWNT-g-PA6 was homo-

geneously dispersible in organic solvents such as formic acid and could melt when

mixed with ε-caprolactam. In a related study, by the same group, a similar grafting

was performed using toluene 2,4-diisocyanate (TDI)-functionalized MWNTs [63].

3.4 Anionic Polymerization from Cross-Linked PS

Other than carbon materials, insoluble plastics, such as cross-linked PS beads, also

represent a main category of organic support. Anionic SIP on this platform has been

studied mainly by Endo and co-workers from Japan. Specifically, the authors first

attached 2-bromoisobutyrate moiety by the condensation of 2-bromoisobutyric acid
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with cross-linked polystyrene containing hydroxymethyl groups. Afterward, MMA

anionic polymerization was initiated by samarium(III) enolate, which was gener-

ated in situ by the reduction of the corresponding bromoisobutyrate moiety using

divalent samarium iodide (SmI2). It was also demonstrated that the SIP is living, as

shown by the successful block copolymerization of a second type of methacrylate

(Scheme 13) [64]. Later, the same technique was extended to allyl methacrylate

[65] and hydroxyethyl methacrylate [66].

4 Conclusion

Surface modification of organic and inorganic substrates using polymer grafting is

critical for the development of the interface-integrated devices (sensors and actu-

ators), self-assembly patterning, and nanocomposites in various technologies.

Among several controlled polymerization techniques used for the surface-initiated

polymerization from nanomaterials, living anionic polymerization has great advan-

tages over the control of the molecular weight, the distribution, and the con-

formation of the polymer brushes. Although results reported so far, in several

publications, indicate that obtaining predetermined graft-length and graft-density

via surface-initiated anionic polymerization is very complex, it is possible to have a

correction of experimental condition and these parameters for a particular system.

The complexity arises from factors such as surface impurities, variations in initia-

tor/co-initiator attachment and activation efficiencies, and the heterogeneous reac-

tion with a wide distribution of nanomaterial’s shapes and sizes.

More importantly, the efficiency of formation and the reactivity of ion-pairs in

closely packed self-assembled monolayer anions on a flat substrate appear to be low

as indicated by the grafting of one PS chain in 18 molecules of SAM initiator.

Research in this area so far indicates a significant progress toward understanding of

surface grafting and exhibits a feasibility of surface modification of nanomaterials

using living anionic polymerization. However, it requires further fundamental
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understanding of the efficacy and the properties of quasi-two-dimensional ionic

interface-mediated polymerization for constructing precisely controlled surfaces.

Abbreviations

2VP 2-Vinylpyridine

AFM Atomic force microscopy

AMA Allyl methacrylate

APA 3-Azidopropan-1-amine

ATRP Atom transfer radical polymerization

BCB-EO 4-Hydroxyethyl benzocyclobutene

BCB-PE 1-Benzocylcobutene-10-phenylethylene
BD Butadiene

BIBA 2-Bromoisobutyric acid

BMBP 40-Bromo-4-mercaptobiphenyl

BuLi sec-Butyl lithium
BuOLi Lithium tert-butoxide
CMS Chloromethylstyrene

CNTs Carbon nanotubes

CoMoCAT Co-Mo catalyst

CPC Conductive polymer composite

CP-TES (3-Chloropropyl)triethoxysilane

CpTiCl3 Cyclopentadienyltitanium(IV) trichloride

d Density

DAH 1,6-Diaminohexane

DCB Dichlorobenzene

DEPA N,N-diethylphenylacetamide

DMAEMA 2-(Dimethylamino)ethylmethacrylate

DMF Dimethoxyethylene

DPE 1,10-Diphenylethylene
DSC Differential scanning calorimetry

ɛ-Boc-L-Lys-NCA ɛ-(Benzyloxycarbonyl)-L-lysine N-carboxyanhydride
ɛ-CL ɛ-Caprolactam
EDA Ethylene diamine

EG Ethylene glycol

EO Ethylene oxide

FT Film thicknesses

FTIR Fourier transform infrared

GNRs Graphene nanoribbons

GO Graphene oxide

HEMA Hydroxyethyl methacrylate

HPG Hyperbranched polyglycerol

I Isoprene
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L-LA L-Lactide

MA Maleic anhydride

MDI 4,40-Methylenebis(phenyl isocyanate)

MeOH Methanol

MeOK Potassium methoxide

MeONa Sodium methoxide

MMA Methyl methacrylate

MWD Molecular weight distribution

MWNT Multiwalled carbon nanotubes

NaCL ε-Caprolactam sodium salt

NCA N-carboxyanhydride

NMR Nuclear magnetic resonance

NMR Nuclear magnetic resonance

NMRP Nitroxide-mediated radical polymerization

PA6 Polyamide 6

PBLG Poly(γ-benzyl-L-glutamate)

PCL Poly(ɛ-caprolactam)

PEO Poly(ethylene oxide)

PI Polyisoprene

PLLA Poly(L-lactide)

PMMA Poly(methyl methacrylate)

PPDX Poly( p-dioxanone)
PS Polystyrene

PVP Poly(2-vinyl pyridine)

RAFT Reversible addition fragmentation chain transfer

polymerization

ROP Ring-opening polymerization

RT Room temperature

S Styrene

SAM Self-assembled monolayer

SEC Size exclusion chromatography

SIAP Surface-initiated anionic polymerization

SIP Surface-initiated polymerization

SmI2 Samarium(II) iodide

Sn(Oct)2 Tin(II) 2-ethylhexanoate

SWNT Single-walled carbon nanotubes

t-BA tert-Butyl acrylate
TEM Transmission electron microscopy

TGA Thermal gravimetric analysis

THF Tetrahydrofuran

TMEDA Tetramethylethylenediamine

XPS X-ray photoelectron spectroscopy

α-CDs α-Cyclodextrins
γ-BLG-NCA γ-Benzyl-L-glutamate N-carboxyanhydride
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Part II

Strength: Precise Synthesis of Well-Defined
Architectural Polymers



Block Copolymers by Anionic
Polymerization: Recent Synthetic Routes
and Developments

Georgios Theodosopoulos and Marinos Pitsikalis

Abstract Anionic polymerization is the method of choice for the synthesis of well-

defined block copolymers characterized by molecular and chemical homogeneity.

The applicability of the method has been expanded from the classical monomers,

such as styrenes, dienes, methacrylates, acrylates, ethylene oxide, and vinyl pyri-

dines, to a broader range of monomers, such as methacrylates with bulky or

functional ester groups, lactones, hexamethylcyclotrisiloxane, 1,3-cyclohexadiene,

isocyanates, metal-containing monomers, etc. Recent advances regarding the syn-

thesis of linear block copolymers (e.g., AB diblocks, ABA and ABC triblocks,

ABCD tetrablocks, (AB)n multiblocks) will be presented in this chapter.

Keywords Polystyrenes • Polydienes • Poly(meth)acrylates • Poly(ethylene

oxide) • Poly(vinyl pyridines) • Polylactones • Polysiloxanes • Poly

(1,3-cyclohexadiene) • Polyisocyanates • Metal-containing monomers •

Diblocks • Triblocks • Tetrablocks • Multiblocks

1 Introduction

Block copolymers are macromolecules composed of linear arrangements of chem-

ically different polymeric chains (blocks) [1]. In most cases, the different blocks are

incompatible, giving rise to a rich variety of well-defined self-assembled structures

both in bulk [2] and selective solvents [3]. These self-assembled structures are the

basis for applications ranging from thermoplastic elastomers to information stor-

age, drug delivery, and photonic materials [4]. As a result, there is a continuous

investigation of the self-assembly processes, as well as, of the response of these

materials to external stimuli. Therefore, it is not surprising that these materials play

a central role in contemporary macromolecular science covering the full spectrum

of polymer chemistry, polymer physics, and applications.

G. Theodosopoulos • M. Pitsikalis (*)

Department of Chemistry, University of Athens, Panepistimiopolis Zografou,

15771 Athens, Greece

e-mail: pitsikalis@chem.uoa.gr

© Springer Japan 2015

N. Hadjichristidis, A. Hirao (eds.), Anionic Polymerization,
DOI 10.1007/978-4-431-54186-8_12

541

mailto:pitsikalis@chem.uoa.gr


Since the discovery of living anionic polymerization and the first synthesis of

diblock copolymers, this technique has emerged as the most reliable and versatile

tool for the synthesis of model polymers having controlled architectures, micro-

structure and molecular weights, narrow molecular weight distributions, and chem-

ical and compositional homogeneity [5]. Under the appropriate experimental

conditions, anionic polymerization is associated with the absence of any spontane-

ous termination or chain transfer reaction, leading to the preparation of well-defined

structures. Several initiators, e.g., monofunctional, difunctional, or multifunctional,

along with different series of suitable linking agents bearing various functionalities

are available for the synthesis of complex macromolecular architectures [6]. An

important limitation of anionic polymerization is the demanding experimental

conditions, required to achieve a living polymerization system [7], and its applica-

bility to a rather narrow spectrum of monomers (styrenes, dienes, methacrylates,

acrylates, ethylene oxide, vinyl pyridines). However, recent developments have

allowed for the expansion of the utility of the method to a broad range of monomers

such as methacrylates with bulky or functional ester groups, lactones, hexamethyl-

cyclotrisiloxane, 1,3-cyclohexadiene, isocyanates, metal-containingmonomers, etc.

Several excellent books and review articles have been published covering this

particular area of polymer science [8]. Nevertheless, this chapter will highlight

recent (2000–) advances and developments regarding the synthesis of linear block

copolymers [AB diblocks, ABA and ABC triblocks, ABCD tetrablocks, (AB)n
multiblocks, etc.].

2 General Synthetic Strategies for the Synthesis of Linear
Block Copolymers

An indispensable requirement for the preparation of well-defined block copolymer

structures is the utilization of a living or at least a controlled chain-growth poly-

merization method, in connection with suitable purification methods for all reagents

employed (monomers, solvents, linking agents, additives, etc.) and techniques for

excluding the introduction of any impurity in the polymerization system. Under

such conditions, undesired termination or transfer reactions are absent, or at least

minimized, allowing for the synthesis of chemically and molecularly homogeneous

structures.

2.1 AB Diblock Copolymers

Two methods have been developed for the synthesis of AB diblock copolymers [8]:

(a) sequential addition of monomers and (b) coupling of two appropriately

end-functionalized chains. The first method is the most widely used for the
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synthesis of block copolymers. An essential consideration for the successful

employment of the technique is the order of monomer addition. The living chain

from the polymerization of the first monomer must be able to efficiently initiate the

polymerization of the second monomer. In other words, the polymerization starts

from the monomer that will form the most reactive propagating center followed by

the addition of the less reactive monomer. In general, sequential anionic polymer-

ization requires the following order of addition: styrene> dienes> vinyl

pyridines> (meth)acrylates> oxiranes> siloxanes. In addition, the rate of the

crossover reaction, i.e., the initiation rate of the polymerization of the second

monomer by the macroanion of the living first block, must be higher than the

propagation rate of the second monomer. Another important requirement is that the

conversion of the first monomer must be quantitative. Under these conditions,

products with controlled molecular weights and narrow molecular weight distribu-

tion having chemical and structural homogeneity can be prepared.

The purity of all reagents used in anionic polymerization should be very high in

order to control the molecular weights of the produced polymers. Special care

should be taken with the purity of the second monomer. The presence of impurities

will cause partial termination of the living chains of the first block, leading finally to

a mixture of the homopolymer A with the desired diblock copolymer

AB. Moreover, loss of molecular weight control of the second block and the

composition of the final copolymer will occur.

2.2 ABA Triblock Copolymers

The synthesis of ABA triblock copolymers can be accomplished using one of the

following methods: (a) three-step sequential addition of monomers, (b) two-step

sequential addition of monomers followed by a coupling reaction with a suitable

difunctional linking agent, and (c) use of a difunctional initiator and a two-step

sequential addition of monomers.

The purification requirements mentioned above are also valid for the successful

use of the three-step sequential addition. This method has the advantage that

asymmetric triblock copolymers ABA’, with the two A blocks having different

molecular weights, can be prepared. For the synthesis of symmetric ABA triblock

copolymers, equal amounts of the A monomer should be used both in the first and

the third monomer addition steps in order to avoid differences in the molecular

weights of the two A end blocks. The restrictive factor for the successful employ-

ment of this methodology is the efficient initiation of the second A block from the

living AB diblock copolymer. If the crossover reaction is not efficient, a mixture of

AB diblock and ABA triblock copolymers will be obtained. Furthermore, the

molecular and compositional control of the desired product will be lost.

This problem can be overcome in some cases. For example, the synthesis of the

PS-b-PI-b-PS (polystyrene-b-polyisoprene-b-polystyrene) triblock copolymer can-

not be accomplished in hydrocarbon solvents, since the initiation reaction of the
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polymerization of styrene from the living PS-b-PI�Li+ diblock copolymer is not

efficient. To solve the problem, the addition of a small amount of a polar compound

(tetrahydrofuran, THF, or an amine such as N,N,N’,N’-tetramethylene

ethylenediamine, TMEDA) is needed in order to disrupt the association of the

living diblock copolymer chains and thus create the most reactive-free or solvent-

separated anions, which are able to accelerate the crossover reaction leading finally

to well-defined products. However, this approach cannot be applied in all cases. For

example, the synthesis of the PI-b-PS-b-PI triblock copolymer with the commonly

desired 1,4 microstructure of the polydiene cannot be accomplished with this

methodology. The living PI�Li+ chains can efficiently initiate the polymerization

of styrene only in the presence of a polar additive, as discussed above. However,

this additive will affect the microstructure of the second PI block upon addition of a

new quantity of isoprene monomer.

The second method involves the synthesis of the living diblock AB, where the B

block has only half the molecular weight compared to the desired one, followed by

reaction with a suitable difunctional linking agent (chlorosilanes, dihalomethylene

benzene derivatives, terephthaloyl chloride, etc.) [9]. The linking reaction must be

efficient and fast, although there are examples where this reaction is a time-

consuming process [10]. Moreover, the stoichiometry of the reaction is difficult

to control. Consequently, a small excess of the living diblock copolymer is used to

ensure complete linking. The excess diblock copolymer has to be removed by

fractionation in a later step. This technique can be only used for the synthesis of

symmetric ABA triblock copolymers.

The third method is also limited to the synthesis of symmetric triblock copoly-

mers but is versatile, since it only involves a two-step reaction without fractionation

or other purification steps. The main limitation, however, of this method is the

choice of the difunctional initiator, which must be able to initiate the polymeriza-

tion of the desired monomer with the same rate from both directions [11]. In this

case, the B block is formed first followed by the simultaneous formation of the A

end blocks. The purity of all reagents is of crucial importance for the efficient

employment of this approach.

2.3 ABC Triblock Terpolymers

A great effort has been recently given on the synthesis of ABC triblock terpolymers,

mainly due to their extraordinary bulk morphologies, which differ from those

obtained with linear diblock copolymers and their unique self-assembly behavior

in selective solvents [12]. The method of choice for the synthesis of these materials

is the sequential addition of monomers. The monomer reactivity sequence, along

with the purity of all the reagents, plays the most crucial role for the synthesis of

well-defined products.
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2.4 Multiblock Copolymers

Other more complex linear block co-, ter-, and quaterpolymers, such as ABC,

ABCD, and ABABA, can be prepared using the previously mentioned methods.

An important tool in the synthesis of block copolymers involves the use of post-

polymerization chemical modification reactions. These reactions must be

performed under mild conditions to avoid chain scission, cross-linking, or degra-

dation but facile enough to give quantitative conversions. Hydrogenation, hydro-

lysis, hydrosilylation, and quaternization reactions are among the most important

post-polymerization reactions used for the preparation of block copolymers [13].

2.5 Block Copolymers by the Post-polymerization Formation
of Metal Complexes

The ability of a broad range of N-heterocycles to act as effective complexation

agents for several transition metal ions has been known for many years. Such

behavior was later used in supramolecular chemistry for the construction of com-

plex architectures [14]. This knowledge has been transferred to polymer chemistry

with the development of metal-complexing and metal-containing polymers. The

main objective is to combine the polymer properties of the architecture formed with

the reversible binding from the supramolecular entities connected to the polymer

backbone. In supramolecular chemistry, the linkages can be formed or broken by

tuning the external stimuli. 2,2’-Bipyridines were efficiently used in supramolecu-

lar chemistry [15]. Since the molecule is symmetric, no directed coupling procedure

is possible. In addition, 2,2’:6’,2”-terpyridine ligands can lead to several metal

complexes, usually bis-complexes having octahedral coordination geometries

[16]. The metal-polymeric ligand lifetimes depend to a great extent on the metal

ion used. Highly labile complexes as well as inert metal complexes have been

reported. The latter case is very important since the complexes can be treated as

conventional polymers, while the supramolecular interaction remains present as a

dormant switch.

A general strategy developed for the synthesis of supramolecular block copol-

ymers involves the preparation of macromolecular chains end capped with

2,2’:6’,2”-terpyridine ligand which can be selectively complexed with RuCl3.

Under these conditions, only the monocomplex between the terpyridine group

and Ru(III) is formed. Subsequent reaction with another 2,2’:6’,2”-terpyridine-
terminated polymer under reductive conditions for the transformation of Ru(III)

to Ru(II) leads to the formation of supramolecular block copolymers. Using this

methodology, the copolymer with PEO (poly(ethylene oxide)) and PS blocks was

prepared (Scheme 1) [17].

The synthesis of the supramolecular block copolymer PEO-[Ru]-poly(ethylene-

co-butylene) was described employing the same procedure [18].
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Using a diblock copolymer PS-b-P2VP (poly(2-vinylpyridine)), instead of PS,

the supramolecular triblock terpolymer PEO-[Ru]-P2VP-b-PS was prepared, as

reported in Scheme 2 [19]. The α-methoxy-ω-(2,2’:6’,2”-terpyridinyl)oxy-PEO
was obtained as previously reported. Living anionic polymerization was utilized

for the synthesis of hydroxy-terminated PS-b-P2VP chains. t-BuOK was used to

give the corresponding alkoxy end group followed by reaction with 4’-
-chloroterpyridine to yield the terpyridine-terminated diblock. Combination of the

two end-functionalized polymers under reductive conditions provided the desired

supramolecular structure PEO-[Ru]-P2VP-b-PS.

3 Block Copolymers from Nonpolar Monomers

Most of the published work regarding the synthesis of block copolymers by anionic

polymerization refers to the use of nonpolar monomers, mainly styrene, S, and

dienic monomers (isoprene, I, and 1,3-butadiene, Bd, are the most common exam-

ples). All possible combinations of these monomers have been reported in the

literature for the synthesis of well-defined diblock and triblock copolymers and

terpolymers. These combinations include polydiene blocks of different microstruc-

ture (e.g., PI-1,4, PI-1,2, PI-3,4, PBd-1,4, and PBd-1,2) [20]. In this chapter,

emphasis will be given to less common nonpolar monomers, such as

1,3-cyclohexadiene, vinyltrimethylsilane, and trimethylsilylstyrene.

1,3-Cyclohexadiene, CHD, is a monomer which presents a challenge for anionic

polymerization due to the obstacles encountered for its controlled polymerization
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and its interesting properties both in solution and in bulk. Classic alkyllithium

initiation leads to chain transfer reactions, as well as to the lithiated monomer,

which is able to reinitiate polymerization. As a result, livingness of PCHD is

difficult to achieve. It has been reported that living anionic polymerization of

CHD can be achieved using n-BuLi and N,N,N’,N’-tetramethylethylenediamine,

TMEDA, as the initiation system [21]. PCHD was found to have high thermal

stability, low specific gravity, and good mechanical properties. Furthermore, the

polymer can be transformed to polyphenylene (PPP, conductive polymer) by

dehydrogenation and to polycyclohexylene (high Tg polymer) by hydrogenation.

Various effective controlled methods have been reported, and the microstructure

of the polymer chain can be tailored. PCHD may consist of two different micro-

structures 1,2 cyclohexadiene and 1,4 cyclohexadiene (Scheme 3). The desired

microstructure is 1,4 CHD and efforts have been made to increase that microstruc-

ture. The effect of the microstructure on the physical and chemical properties has

been studied [22]. It has been shown that by adjusting the amount and type of

multidentate chelating amines (such as TMEDA and DABCO) in combination with

the use of alkyllithium initiators, the ratio of 1,2CHD to 1,4CHD can be fixed

[22], [23].

Triblock copolymers PCHD-b-PBd-b-PCHD were also prepared by polymeriz-

ing Bd with a difunctional initiator, prepared by the reaction of 1,3-di(1-propene-2-

yl)benzene with sec-BuLi in the presence of TMEDA, followed by the addition of

CHD [24]. The reaction took place in cyclohexane at 40 �C, leading to well-defined
products. The PBd block was subsequently hydrogenized selectively using the

titanocene complex Cp2TiCl2 and diisobutylaluminum hydride in a molar ratio
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1/6. Quantitative hydrogenation was conducted by heterogeneous catalysis using

palladium supported on aluminum oxide.

It was found that PS-b-PCHD block copolymers, where PS is polystyrene, can be

prepared in hydrocarbon solvents using sec-BuLi as initiator without the presence
of any additive [25]. Efficient crossover reactions were obtained from either PSLi

(Scheme 4 route A) or PCHDLi (Scheme 4 route B). Using potassium/naphthalene

as a difunctional initiator, PS-b-PCHD-b-PS and PCHD-b-PS-b-PCHD were pre-

pared. However, the molecular weight distributions were rather broad, and side

reactions were observed when copolymers with high CHD contents were required.

To avoid this problem, several additives were tested to improve the copolymeriza-

tion characteristics. The best results were obtained with dimethoxyethane, DME, or

1,4-diazabicyclo[2, 2, 2]octane, DABCO, leading to narrow molecular weight

distribution products. However, tailing effects or shoulders were observed in SEC

chromatograms when the copolymers had CHD contents higher than 30 %, mean-

ing that the copolymer had to be purified by solvent/non-solvent fractionation.

Multiblock copolymeric structures containing PCHD blocks were also synthe-

sized using sec-BuLi as initiator and either TMEDA or DABCO as additive.

Sequential monomer addition was performed with CHD being the last monomer

added in all cases [26]. The structures prepared include PS-b-PCHD, PI-b-PCHD,
and PBd-b-PCHD block copolymers; PS-b-PBd-b-PCHD, PBd-b-PS-b-PCHD, and
PBd-b-PI-b-PCHD triblock terpolymers; and PS-b-PBd-b-PI-b-PCHD tetrablock

quaterpolymers. In a few cases, chain transfer or termination reactions led to the

presence of a small amount of PCHD homopolymer. In general, detailed charac-

terization revealed that narrow molecular weight distribution products with high

chemical and compositional homogeneity were obtained.

(PS-alt-PCHD)-b-PS block copolymers were prepared in a one-pot procedure

[27]. It was shown that the anionic statistical copolymerization of CHD and S in

cyclohexane at 25 �C, using sec-BuLi as initiator, leads to an alternating copoly-

meric structure, since the reactivity ratios for the two monomers were found to be

0.022 and 0.024 for CHD and S, respectively. When the molar ratio of S over CHD

is greater than one, the desired (PS-alt-PCHD)-b-PS block copolymer is afforded.

The molecular weights of the copolymers were rather low (around 10,000), and the

molecular weight distributions narrow only when the S content was high. A gradual

R
R-Li / Amine

Li / Amine

1,2-CHD 1,4-CHD

n

PCHD

Scheme 3 The two consisting microstructures of PCHD
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broadening of the distributions, by increasing the CHD content of the copolymers,

was observed. Subsequent selective hydrogenation of the CHD units using a nickel

octoate catalyst and triethylaluminum cocatalyst yielded (PS-alt-polycyclohexane)-
b-PS block copolymers in a quantitative manner. Aromatization of the CHD units

using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone under very mild conditions

afforded (PS-alt-polyphenylene)-b-PS block copolymers.

The incorporation of hole transport and electron transport polymer structures in

one polymer chain has been attempted through various polymerization methods.

The well-defined synthesis, though, of bipolar semiconducting polymers has been

achieved through living anionic polymerization, by copolymerizing CHD (PPP is

regarded as an electron transfer semiconducting polymer [28]) and

4-diphenylaminostyrene, DAS, which is considered to be a hole transfer semicon-

ducting material [29]. The block copolymers were prepared in a one-pot reaction

starting with the polymerization of CHD followed by the sequential addition of

DAS. CHD was initially polymerized using tert-BuLi [30], at room temperature, in

the absence of TMEDA or any other additive. TMEDA was later added, after the

polymerization of the first block had been completed, to enhance reactivity

followed by the polymerization of DAS (Scheme 5). The homopolymerization of

CHD provided polymers with relatively broad molecular weight distribution (~1.2);

however, 100 % 1,4-CHD can be produced through the employment of tert-BuLi in
cyclohexane as the initiating system [31]. It was also revealed that (RLi)/TMEDAs

in toluene are the preferable conditions for the polymerization of DAS [32].

Hence, overall, the polymerization of the two monomers resulted in the prepa-

ration of well-defined diblocks with narrow molecular weight distribution (~1.1).

Dehydrogenation of the CHD units was achieved through the use of a quinone,

tetrachloro-1,2-(o)-benzoquinone (TOQ). Judicious planning of dehydrogenation

reagent and temperature was essential, because of the sensitive nature of the DAS

group. TOQ was the reagent of choice since it does not affect the PDAS block and

successfully dehydrogenates at room temperature. High temperatures and long
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–  Li +
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2. MeOH

CH2 CH

n-1 n
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Scheme 4 Preparation of PS-b-PCHD block copolymers, possible from both crossover reactions
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reaction times must be avoided since the exposure of DAS to such conditions causes

its decomposition. The dehydrogenation rate and percentage were also shown to be

conveniently affected by the molar ratio of 1,4-CHD units to TOQ and by ultrasonic

irradiation during dehydrogenation [33].

Trimethylsilane-based monomers such as vinyltrimethylsilane (VTMS) and

trimethylsilylstyrene (TMSS) are very attractive since they provide polymers

showing lower critical solution temperature (LCST) behavior in their immiscible

block copolymer blends.

PTMSS-b-PI is an example of such type of block copolymer [34], which can be

prepared by sequential addition of monomers. TMSS was initially polymerized in

THF at �78 �C using cumyl potassium as initiator, followed by the subsequent

addition of I. This procedure led to well-defined block copolymers with very narrow

molecular weight distributions.

PVTMS has very interesting physical properties such as permeability to O2 and

good O2/N2 selectivity. Therefore, it has been copolymerized in block formations in

order to fabricate membranes for air component separation. PVTMS-b-PDMS

[PDMS is poly(dimethyl siloxane)] copolymers have been synthesized through

anionic polymerization in THF using sec-BuLi as initiator [35]. PDMS-b-
PVTMS-b-PDMS triblock copolymers have been synthesized as well, by using

lithium naphthalene [36] in THF at �78 �C, as a difunctional initiator starting with

the polymerization of PVTMS. PS-b-PVTMS block copolymers have also been

prepared. The synthesis took place in heptane using n-BuLi as initiator [37]. PI-b-
PVTMS block copolymers have also been prepared in cyclohexane at 35 �C, using
n-BuLi as initiator. Block synthesis yields polymers of rather broad molecular

weight distributions [38].
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4 Block Copolymers from Polar Monomers

4.1 (Meth)acrylates

(Meth)acrylates constitute the most important family of monomers, since a wide

variety of polymers with disperse properties can be produced [39]. The anionic

polymerization of these monomers is challenging, since it requires polar solvents

(usually THF), low reaction temperatures (�78 �C), less active and sterically

hindered initiators, to avoid side reactions with the monomer’s carbonyl group,

and careful purification of the monomers [40]. The most commonly employed

initiator is formed in situ from the reaction of n-BuLi or sec-BuLi with

1,1-diphenylethylene, DPE. The use of LiCl as additive leads to more controlled

polymerization reactions [41]. Other stabilizing ligands have been used as well, to

restrict the extent of side reactions, such as metal tert-alkoxides [42], bidentate

lithium alkoxides [43], alkylaluminums lithium perchlorate [44], lithium silanolates

[45], etc. These ligands interact with the growing anionic centers forming cross-

complexes, thus modifying the immediate environment of the living macroanions.

Therefore, the ability of the living chain ends to react with the carbonyl groups of

the methacrylate monomeric units is drastically reduced. Numerous block copoly-

mers of different (meth)acrylates but also with styrenic, dienic monomers, etc. have

been reported in the literature.

ABA triblock copolymers, where A is poly(methyl methacrylate), PMMA, and

B is poly(tert-butyl acrylate), PtBuA, have been prepared by anionic polymeriza-

tion and through the sequential addition of monomers [46]. Polymerization was

conducted in THF at�78 �C using 1,1-diphenyl-3-methylpentyllithium as initiator,

prepared in situ by the reaction of sec-BuLi and DPE. LiCl was used as additive to

promote the living polymerization of the (meth)acrylates and led to well-defined

products having narrow molecular weight distributions. Selective acid-catalyzed

transalcoholysis at 150 �C of the tert-butyl ester groups by either n-butanol or
isooctanol transformed the initial triblock copolymers PMMA-b-PtBuA-b-PMMA

to PMMA-b-poly(n-butyl acrylate)-b-PMMA, PMMA-b-PnBuA-b-PMMA, and

PMMA-b-poly(isooctyl acrylate)-b-PMMA, PMMA-b-PIsOA-b-PMMA triblocks,

respectively. NMR analysis revealed that the transalcoholysis reaction was selec-

tive and almost quantitative (95–98 %). With this procedure, thermoplastic elasto-

mers can be prepared with PMMA as the high Tg end blocks and either PnBuA or

PIsOA as the soft and low Tg middle block. These materials are expected to provide

oxidative stability superior to the classic thermoplastic elastomers PS-b-PD-b-PS
where PD is a polydiene. However, the greater miscibility of the methacrylate

blocks with the acrylic blocks compared to the PS and PD blocks leads to inferior

mechanical properties.

Block copolymers comprised of PS and polymethacrylate blocks with aliphatic

stearyl or decyl side groups were prepared by sequential addition of monomers, as

shown in Scheme 6. Styrene was polymerized in THF at �78 �C using sec-BuLi as
initiator [47]. The nucleophilicity of the living polystyryllithium was reduced by
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reaction with DPE (in order to avoid reactions with the carbonyl groups), followed

by the polymerization of the methacrylate monomer. Stearyl methacrylate, SMA, is

associated with two major limitations, the insolubility of the monomer in THF at

�78 �C and its very high boiling point, which prevents purification using standard

methods developed for methacrylates [48]. To overcome these drawbacks, the

monomer was purified by recrystallization in n-hexane at �30 �C, and the poly-

merization was conducted at �10 �C, where SMA is soluble. Under these condi-

tions, living polymerization was promoted and led to well-defined block

copolymers. This was confirmed by the efficient synthesis of a high molecular

weight diblock copolymer and a triblock copolymer PS-b-PSMA-b-PS by coupling

the living PS-b-PSMA diblocks with 1,4-dibromomethylbenzene as linking agent.

A combination of several characterization techniques revealed that model copoly-

mers with high molecular and compositional homogeneity were prepared. The

micellization properties of these samples were studied in solvents selective either

for the PS or the polymethacrylate blocks.

(CH2)9CH3

THF

–78 �C
CH2 CH( ) CH(–) Li(+)CH2

(I)

n

(I) + CH2 = C
–78 �C 

THF
CH2 CH(–) Li(+))( CHCH2 n+1

(II)

(II) CH2 = C

CH3

C=O

OR

+ LiCl
n+1

CH2 CH( ) CHCH2 ( )

OR

C=O

CH3

CH2 C(–) Li(+)CH2 C

CH3

C=O

OR

m

(III)

(III)
MeOH

m+1

OR

C=O

CH3

CH2 C )(CH2 CH)( CHCH2 n+1

R= ( CH2)17CH3 or

H + CH3OLi

sec-BuLi + St sec-Bu

sec-Bu

sec-Bu

sec-Bu

Scheme 6 Synthesis of block copolymers comprising of PS and Polymethacrylate blocks with

aliphatic, stearyl or decyl side groups

552 G. Theodosopoulos and M. Pitsikalis



Block copolymers composed of other combinations of styrenic derivatives and

methacrylates have also been obtained, such as poly(4-octylstyrene)-b-PBuMA,

poly(4-fluorostyrene)-b-PBuMA, poly(4-octylstyrene)-b-PMMA [49], and poly

(tert-butyl styrene)-b-PMMA [50].

Narrow molecular weight distribution PMMA-b-poly(2-perfluorooctylethyl
methacrylate) block copolymers (Scheme 7) were synthesized in THF at �78 �C
in the presence of LiCl [51]. Their self-assembly behavior was studied in selective

solvents. Diblock copolymers of t-butyl methacrylate, tBuMA, and

2-(N-methylperfluorobutanesulfonamido)ethyl methacrylate, FMA, have been pre-

pared by sequential addition of the monomers starting from tBuMA using

1,1-diphenyl-3-methylpentyllithium as initiator [52]. Symmetric triblock copoly-

mers PFMA-b-tBuMA-b-PFMA were synthesized using potassium naphthalene as

a difunctional initiator to polymerize t-BuMA, followed by the addition of FMA.

The polymers were characterized by SEC and NMR spectroscopy, and their

microphase separation behavior was studied by atomic force microscopy, AFM,

and small angle X-ray scattering, SAXS. Thermal treatment of the copolymers at

200 �C yielded inter- and intramolecular anhydrides due to the splitting of the tert-
butyl ester groups associated with the formation of isobutene. Reflux in 1 N NaOH

resulted in the formation of the sodium salts of the methacrylic acid and conse-

quently in the synthesis of amphiphilic copolymers (Scheme 8). Under these

conditions, the FMA units were not cleaved.

Super amphiphobic diblock copolymers poly[3-(triisopropoxysilyl)propyl

methacrylate]-b-poly[2-(2-perfluoroctylethylmethacrylate)], (PIPSMA-b-PFOEMA),

were prepared by sequential addition of monomers (Scheme 9). The polymerization

was conducted in THF at �78 �C using 1,1-diphenyl-3-methylpentyllithium as

initiator, prepared in situ by the reaction of sec-BuLi and DPE in the presence of

LiCl. 3-(Triisopropoxysilyl)propyl methacrylate was polymerized first followed by

the polymerization of 2-(perfluorooctyl)ethyl methacrylate [53].

Similar approaches were developed for the synthesis of PS-b-poly(2,2,2-
trifluorethyl methacrylate), PS-b-PTFEMA, and PS-b-P(MMA-co-TFEMA) block

copolymers or terpolymers, as shown in Scheme 10. The products have also been

employed as positive tone resists for lithography [54].

Poly(ethylene glycol)-b-PDMAEMA-b-poly(2,2,3,3,4,4,5,5-octafluoropentyl-
methacrylate), PEG-b-PDMAEMA-b-POFPMA, triblock terpolymers of low

molecular weights have been prepared. The end-hydroxyl group of monomethyl

ether PEG was transformed to potassium alcoholate after reaction with potassium
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methylsulfinyl carbanion. From these living chain ends, the polymerization of

DMAEMA was conducted followed by the polymerization of OFPMA. The reac-

tions took place at 30 �C for 1 h each (Scheme 11) [55].

Oxyanionic polymerization was also adopted for the synthesis of PEG-b-poly
(ethyl cyanoacrylate)-b-poly[2-(N-carbazoyl) ethyl methacrylate], PEG-b-PECA-
b-PCzEMA, triblock terpolymers. The end-hydroxyl group of monomethyl ether

PEG was reacted with NaH to afford the corresponding sodium alcoholate. Subse-

quent addition of ECA and CzEMA led to the synthesis of the desired product in

THF solutions at 25 �C (Scheme 12) [56].

3-Methacryloyloxy-1,1’-biadamantane, MBA, (Scheme 13) was efficiently

polymerized anionically using [1,1-bis(4’-trimethylsilylphenyl)-3-methylpentyl]

lithium as initiator, prepared in situ by the reaction of sec-BuLi with 1,1-bis

(4-trimethylsilylphenyl)ethylene [57]. The polymerization took place at �50 �C
in order to avoid the solubility problems of the monomer, observed at �78 �C.
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Narrow molecular weight distribution block copolymers of rather low molecular

weights of PMBA with tBuMA and (2,2-dimethyl-1,3-dioxolan-4-yl)methyl meth-

acrylate were prepared. Using the difunctional potassium/naphthalene initiator

triblock copolymers with polyisoprene middle blocks, PMBA-b-PI-b-PMBA were

also synthesized.

Poly(N,N-dimethylaminoethyl methacrylate), PDMAEMA, is a well-known pH

and temperature-responsive polymer. Block copolymers with PMMA, PtBuMA, PS,

poly(α-methyl styrene), PαMeS, and poly(2-vinyl pyridine), P2VP, have been

prepared by sequential addition of monomers [58]. In a more recent work, PS-b-
PDMAEMA, (PBd-1,2)-b-PDMAEMA, and PtBS-b-PDMAEMA were synthesized

in THF using sec-BuLi as initiator [59]. The first monomer was polymerized at

�70 �C for 30 min (styrene), �10 �C for 10 h (butadiene), or �70 �C for 1 h (tert-
butoxystyrene). The living chains were then end capped with DPE at �70 �C for 1 h

followed by the addition of DMAEMA. The temperature was raised up to �50 �C
and the polymerization was allowed to take place for 1 h. Well-defined products of

low polydispersities and rather high molecular weight PDMAEMA blocks were

obtained.

The PtBOS-b-PDMAEMA block copolymers were also prepared by sequential

living anionic polymerization at �78 �C in THF using sec-BuLi as initiator. The
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Scheme 10 Synthesis of PS-b-PTFEMA block copolymer and PS-b-P(MMA-co-TFEMA)

terpolymer

Block Copolymers by Anionic Polymerization: Recent Synthetic Routes and. . . 555



CH3 O CH2 CH2 O–K+

45 + CH2 C

CH3

C

O

CH2

CH2

N
CH3H3C

O

m 30 �C,1h CH3 O CH2 CH2 O
45

CH2 C

CH3

C

O

CH2

CH2

N
CH3H3C

CH2 C–K+

CH3

C

O

CH2

CH2

N
CH3H3C

O O
m-1

1) nO
F
M

A
30 �C

, 1h

2) C
H

3 O
H

CH3 O CH2 CH2 O
45

CH2 C

CH3

C

O

CH2

CH2

N
CH3H3C

CH2 C

CH3

C

O

CH2

CH2

CHF2

O O

H
n k

3

MePEG-b-PDMAEMA

MePEG-b-PDMAEMA-b-POFPMA

Scheme 11 Synthesis of MePEG-b-PDMAEMA-b-POFPMA triblock terpolymer

CH3 O CH2 CH2 OHn
NaH

25 �C,THF
CH3 O CH2 CH2 O CH2 CH2 O–Na+

n-1
mPEG

THF, 25 �C

25 �C
,T

H
F

C

C

CH2

OO

CH2
H3C

NC

m

CH3 O CH2 CH2 O CH2 C

CN

C

O

CH2

CH3

n m

N CH2 O
C

CH3

O CH2

CH3 O CH2 CH2 O CH2 C

CN

C

O

CH2

CH3

N

CH2

O
C

CH3

O

CH2n m k

ECA

mPEG-b-PECA-b-CzEMA

k

mPEG-b-PECA

Scheme 12 Synthesis of mPEG-b-PECA block copolymer

O

O

MBA

Scheme 13 Chemical

structure of 3-

Methacryloyloxy-1,1’-

biadamantane

556 G. Theodosopoulos and M. Pitsikalis



living PtBOS chains were not capped with DPE prior the addition of DMAEMA,

but LiCl was added to prevent side reactions. Subsequent hydrolysis in dioxane

solutions using HCl at 85 �C for 2 days afforded the corresponding poly(vinyl

phenol)-b-PDMAEMA block copolymers (Scheme 14) [60]. The micellization

properties of these copolymers were studied in detail in aqueous solutions. A

similar synthetic approach was adopted for the synthesis of PtBS-b-PtBuMA

block copolymers which were transformed after acid hydrolysis to poly(vinyl

phenol)-b-poly(methacrylic acid) double hydrophilic copolymers

(Scheme 15) [61].
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Block copolymers with PS and a polymethacrylate block carrying a liquid

crystalline group, PS-b-poly{6-[4-(cyanophenylazo)phenoxy]hexyl methacrylate}

(Scheme 16), were successfully prepared in quantitative yields and with relatively

narrow molecular weight distributions (Scheme 16) [62]. The thermotropic liquid

crystalline behavior of the copolymers was studied by differential scanning

calorimetry.

A bifunctional methacrylate monomer, trans, trans-1-methacryloyloxy-2,4-

hexadiene, MAHE, was efficiently polymerized anionically [63]. It was found

experimentally that the 2,4-hexadienyl side group was not affected during the

polymerization. Block copolymers of MAHE with MMA can be prepared by
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starting with the polymerization of either monomer. Styrene was polymerized first

to result in PS-b-PMAHE block copolymers. In all cases, well-defined products

were obtained. The pendant dienyl groups were further reacted with bromine or

osmium tetroxide to generate amphiphilic functional block copolymers with bro-

mide or hydroxyl side groups (Scheme 17).

Trialkylsilyl-protected oligo(ethylene glycol)methacrylates, 2-{2-[(tert-
butyldimethylsilyl)oxy]ethoxy}ethyl methacrylate (1) and 2-{2-[2-[(tert-
butyldimethylsilyl)oxy]ethoxy]ethoxy}ethyl methacrylate (2) (Scheme 18), were

used for the synthesis of amphiphilic block copolymers by anionic polymerization

[64]. The following structures were prepared: poly(1)-b-PtBuMA, poly(2)-b-
PtBuMA, poly(1)-b-poly(2), PS-b-poly(1), and PS-b-poly(2). Deprotection of the

trialkylsilyl groups was performed with 2 N HCl in aqueous THF at 0 �C for 2 h

yielding block copolymers containing the water-soluble poly[di(ethylene glycol)

methacrylate] and poly[tri(ethylene glycol) methacrylate].

The monomer 3-(3,5,7,9,11,13,15-heptaisobutyl-pentacyclo[9.5.13,9.15,15,17,13]

octasiloxan �1-yl) propyl methacrylate, MAPOSS, has also been efficiently poly-

merized anionically. Therefore, PMMA-b-PMAPOSS and PS-b-PMAPOSS block

copolymers were prepared in THF at �78 �C using LiCl to prevent side reactions

(Scheme 19) [65]. The self-assembly behavior in bulk was studied by TEM and

WAXS. In addition, block copolymers consisting of a PMMA block and a thermo-

tropic POSS-containing methacrylate block were also prepared under similar

experimental conditions, as shown in Scheme 20.
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Scheme 17 Bromination and osmylation reactions applied on PS-b-PMAHE block copolymers
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Multiblock copolymers of the type (PS-b-PMMA)n were prepared by the proce-

dure shown in Scheme 21 [66]. The specific methodology combines an α-terminal

functionalized living PS-b-PMMA as the building block with a specially designed

linking reaction. Initially, an α-terminal 3-tert-butyldimethylsilyloxypropyl (SiOP)-

functionalized living anionic PS-b-PMMA diblock was prepared by sequential

addition of monomers employing 3-tert-butyldimethylsilyloxy-1-propyllithium

(SiOPLi) as initiator. In a subsequent step, the α-SiOP end group was converted to

an α-phenylacrylate (PA) terminus. The PA end-functionalized PS-b-PMMA was

then reacted with the SiOP-functionalized living PS-b-PMMA chains, previously

prepared, as described above, leading to the synthesis of an α-terminal SiOP-

functionalized (PS-b-PMMA)2 tetrablock copolymer. This procedure can be

repeated resulting in the synthesis of multiblock copolymers of controlledmolecular

weights and narrow molecular weight distribution.

The aforementioned methodology that was adopted for the synthesis of multiblock

copolymers of the type (PS-b-PMMA)n was further developed for the synthesis of

triblock terpolymers, which cannot be prepared by sequential addition of monomers

[67]. The synthesis of the PS-b-PMMA-b-P2VP triblock terpolymers was reported as

depicted in Scheme 22. The approach involves the linking reaction of the living

anionic PS-b-PMMA diblock with the α-terminal PA-functionalized P2VP. 2VP was

polymerized in THF at �78 �C in the presence of LiCl using as initiator the product

formed by the reaction of sec-BuLi and 1-(3-tert-butyldimethylsilyloxy-

methylphenyl)-1-phenylethylene. The 3-(tert-butyldimethyl-silyloxy methyl) phenyl

α-terminus was converted to an α-PA-functional group by treatment with Bu4NF and

then with α-phenylacrylic acid. The α-terminal PA-functionalized P2VP was then

reacted with a fourfold excess of living PS-b-PMMA chains. Initially, the linking

reaction took place at�78 �C, but the temperature was subsequently raised to�40 �C
and allowed to react for 17 h. After careful fractionation, the pure product was

acquired. The same triblock terpolymer can be obtained through the reaction

sequence illustrated in Scheme 23. S was polymerized by SiOPLi as initiator

followed by conversion of the end SiOP group to the corresponding PA. A living

P2VP-b-PMMA block copolymer was prepared by sequential addition of the mono-

mers. The in situ-formed (by reacting sec-BuLi with DPE) initiator polymerized

2VP at �78 �C in THF in the presence of LiCl. The living P2VP chains were

subsequently end capped with a few units of tert-BuMA prior the addition of

MMA to avoid the ester carbonyl attack side reaction. A 3.2-fold excess of the living

CH2 C

CH3

COO CH2CH2O SiMe2But

m

1: m=2
2: m=3

Scheme 18 Chemical

structure of trialkylsilyl-

protected oligo(ethylene

glycol)methacrylates
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P2VP-b-PMMA chains was finally reacted with the α-terminal PA-functionalized PS

in THF at �40 �C for 24 h to afford the desired terpolymer. Following similar

methodologies, P2VP-b-PS-b-PMMA and PMMA-b-PS-b-P2VP triblocks along

with other more elaborate structures were synthesized [68].

The effective anionic polymerization of acrylates is even more challenging than

methacrylates, due to the presence of self-termination backbiting reactions, thus
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requiring the use of ligands with high stabilizing efficiency [69]. One of the most

effective systems involves the use of (diphenylmethyl)lithium in the presence of a

tenfold excess 2-(2-methoxyethoxy)ethoxide, MEEOLi, at �78 �C in toluene/THF

9/1 or 75/25 (v/v) mixtures [70]. Using this methodology, well-defined block

copolymers of MMA with 2-ethyhexyl acrylate, EtHA, BuA, and nonyl acrylate,

NoA, have been synthesized starting from the polymerization of MMA. Alterna-

tively, PtBuA-b-PEtHA and PtBuA-b-PBuA block copolymers have been success-

fully prepared employing tert-butyl 2-lithioisobutyrate as initiator in the presence

of tert-BuOLi in toluene/THF mixture [71]. Block copolymers of MMA with

EtHMA, BuA, EtA, and tBuA were prepared using methyl 2-lithioisobutyrate in

the presence of a tenfold excess tert-BuOLi at �78 �C in a toluene/THF mixture.

Under these conditions, only a very low amount of terminated PMMA block was

detected by SEC analysis [72].

The anionic polymerization of dialkyl-substituted acrylamides has been also

explored. It was found that polymerizations using initiators having cesium coun-

terions proceeded without chain transfer and termination reactions [73]. More

recently, well-controlled polymerization conditions were obtained employing
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organolithium or organopotassium initiators in the presence of Lewis acid addi-

tives, such as ZnEt2 or Et3B [74]. These additives affect the polymerization kinetics

and the stereochemistry of the produced polymers. Using these methodologies, a

series of block copolymers were obtained.

PtBuA-b-poly(N,N-diethylacrylamide), PtBuA-b-PDEAAm, block copolymers

were synthesized starting from the polymerization of tBuA using

1,1-diphenylhexyllithium as initiator in the presence of LiCl ([LiCl]/[initiator]¼
10/1) in THF at�78 �C [75]. A sevenfold excess Et3Al was then added followed by

the introduction of DEAAm for the synthesis of the desired product. The SEC trace

of the crude polymer showed that a small part of the living first block was

deactivated after the addition of the aluminum additive and the DEAAm monomer.

Subsequent hydrolysis of the tert-butyl groups under acidic conditions resulted in

the synthesis of poly(acrylic acid)-b-PDEAAm block copolymers.

A series of block copolymers with PS, P2VP, PEO, or PtBuA as first block and

N,N-dimethylacrylamide, PDMAAm, or PDEAAm as the second block were
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synthesized by sequential addition of monomers. The first blocks were obtained

under typical anionic polymerization conditions. Especially, tBuA and 2VP were

polymerized in the presence of LiCl. The acrylamide monomers were polymerized

in the presence of ZnEt2. SEC analysis revealed that in most cases, bimodal traces

were observed meaning that termination reactions take place during the crossover

reactions. Subsequent fractionation afforded the pure copolymers [76].

N-propyl-N-(3-triisopropoxysilylpropyl)acrylamide was efficiently polymerized

at 0 �C in THF using benzyl potassium as initiator in the presence of ZnEt2. From

these living polymer chains, the polymerization of N,N-diethylacrylamide was

conducted leading to the synthesis of well-defined block copolymers. A similar

procedure was adopted for the synthesis of block copolymers with N,N-
dimethylacrylamide [77].

Well-defined PDEAAm-b-PtBuA-b-PDEAAm triblock copolymers were syn-

thesized by sequential addition of monomers using a difunctional initiator. tBuA

was initially polymerized in THF at �70 �C using sodium tetraphenyl di-isobutane

as initiator in the presence of a tenfold excess of LiCl. DEAAm was then added at

�70 �C to afford the desired products. Subsequent acid hydrolysis led to the

synthesis of PDEAAm-b-PAA-b-PDEAAm triblock copolymers [78].

4.2 Vinyl Pyridines

The living anionic block copolymerization of 2- or 4-vinylpyridine, 2VP or 4VP,

respectively, with styrene and dienes can be achieved at low temperatures in polar

solvents through sequential monomer addition. The presence of the nitrogen atom

reduces the reactivity of the vinyl pyridine anion; therefore 2VP and 4VP are

always polymerized as the second monomer. During the anionic polymerization

of 2VP or 4VP initiated by organolithium initiators side reactions may occur,

forming either branched or cross-linked materials via the nucleophilic attack of

another carbanion on the pyridine moiety [79]. In order to prevent these side

reactions, the polymerizations are conducted at low temperatures (e.g., �78 �C)
in the presence of additives such as LiCl [80], dibutylmagnesium [81], or DPE [82]

and by using diphenylmethyl potassium as a weak initiator [83]. Block copolymers

containing P2VP or P4VP blocks have been extensively studied [84] because they

can be useful to prepare nanoparticles [85], nanofibers [86], or photonic band-gap

[87] materials.

PI-b-P2VP block copolymers have been synthesized by a two-step sequential

addition procedure [88]. The polymerization of I was conducted in benzene at room

temperature leading to living polydienes having predominately 1,4 microstructure.

The living PI�Li+ benzene solution was added in an excess of THF (THF:

benzene¼ 3:1), and the temperature was lowered to �78 �C followed by the

addition of 2VP. Well-defined block copolymers were obtained. Subsequent reac-

tion of the PI blocks with chlorosulfonyl isocyanate and treatment with NaOH

resulted in the formation of block polyampholytes carrying sulfonate and
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carboxylate groups along the PI block (Scheme 24). The self-assembly behavior of

these materials has been studied in aqueous solutions at different pH values.

Block copolymers of poly(4-tert-butoxystyrene), PtBOS, and P4VP were pre-

pared by sequential addition of monomers in THF at �78 �C using sec-BuLi as
initiator [89]. For the polymerization of the 4VP, LiCl was added, since it associates

with the living chain ends, helping to reduce the cross-linking side reactions realized

after nucleophilic addition of organolithium compounds to the pyridine ring

[90]. Subsequent hydrolysis of the tert-butoxy side groups by treatment with HCl

in DMF at 85 �C leads to the synthesis of poly(hydroxystyrene)-b-P4VP, PHOS-b-
P4VP, copolymers (Scheme 25). The intra- and intermolecular interactions through

hydrogen bonding of the side pyridine and phenol groups were also studied.

The most efficient linking agents for the linking of living P2VP�Li+ chains are
the bromomethyl benzene derivatives [10]. PS-b-P2VP-b-PS triblock copolymers

were synthesized by linking living PS-b-P2VP�Li+ diblocks with 1,4-bis

(bromomethyl)benzene (Scheme 26) [91]. Thick films of these materials were

cast from solution and their structures were analyzed by SAXS. Using the same

methodology, P2VP-b-PEO-b-P2VP triblock copolymers were prepared [92]. The

linking reaction took place in the presence of a catalytic amount of CsI, which was

used to transform the –CH2Br groups to the more reactive –CH2I groups in situ

(Scheme 27).

P2VP-b-P4VP block copolymers were synthesized starting from the polymeri-

zation of 2VP in THF at �78 �C using sec-BuLi as initiator [93]. Prior to the
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Scheme 24 Synthesis of PI-b-P2VP block copolymer and subsequent modification of the PI block

to form polyampholytes carrying sulfonate and carboxylate groups
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addition of 4VP, the living P2VP�Li+ chains were end capped with one DPE unit.

The phase behavior of these copolymers has been studied.

Triblock terpolymers PS-b-PBd-b-P2VP and PBd-b-PS-b-P2VP, where PBd is

polybutadiene (mostly 1,2-PBd), have been prepared in order to study the

microphase separation by transmission electron microscopy, TEM, and SAXS. In

the first case, the triblocks were synthesized by sequential addition of monomers in

THF using sec-BuLi as initiator [94]. For the second type of copolymers, living

PBd-b-PS diblocks were prepared in benzene at 40 �C in the presence of a small

quantity of THF in order to obtain the desired 1,2-content and to accelerate the

crossover reaction as well. DPE was then added to decrease the nucleophilicity of

the active centers to avoid side reactions with the THF, which in combination with

benzene was the solvent of the final step.

Triblock terpolymers PtBOS-b-PS-b-P4VP were also prepared by sequential

addition of monomers, conducting the polymerization in THF at �78 �C using

sec-BuLi as initiator [95]. The self-assembly behavior has been studied by TEM

and SAXS along with the effect induced by the complexation of high molecular

weight phenols through hydrogen bonding with the 4VP groups.

Symmetric triblock copolymers P4VP-b-PBd-b-P4VP were prepared using a

difunctional initiator derived from the reaction of m-diisopropenylbenzene with

tert-butyllithium at �20 �C (Scheme 28) [96]. The synthesis was conducted in a

mixture of toluene and THF, at temperature higher than room temperature for the

polymerization of Bd; the temperature was reduced to �78 �C, prior to the addition
of 4VP. The 4VP monomer was added along with an extra quantity of THF and the

content of the monomer was kept lower than 30 % to avoid problems arising from

the poor solubility of the P4VP blocks in THF. Under these conditions, chain

branching side reactions were avoided.
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Scheme 25 Synthesis of PtBOS-b-P4VP and subsequent modification to PHOS-b-P4VP
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Block copolymers of poly(1,3-cyclohexadiene), PCHD, and P2VP were effi-

ciently synthesized [97]. CHD was polymerized first in THF at �78 �C using sec-
BuLi as initiator in the presence of the lithium enolate of acetaldehyde, LiEA (molar

ratio of LiEA over sec-BuLi equal to 10:1) followed by the addition of 2VP.

Subsequent dehydrogenation by reacting with p-chloranil afforded the corresponding
poly(1,4-phenylene)-b-P2VP block copolymers (Scheme 29). The self-assembly

behavior of these materials was thoroughly studied in selective solvents, and the

micellar structures were used for the synthesis of CdS nanoparticles.

The anionic polymerization of 2-(4-vinylphenyl)pyridine, VPPy, was reported

[98] under various experimental conditions (Scheme 30). Coordination of VPPy

with LiCl for 72 h at�45 �C followed by polymerization with sec-BuLi allowed for
the quantitative polymerization of the monomer but only after 3 days. Better results

were obtained when employing DPM-K as initiator. In this case, the polymerization

proceeds to a 100 % yield, at �78 �C, within 150 min and leading to products of
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Scheme 26 Synthesis of symmetric PS-b-P2VP-b-PS triblock copolymer
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Scheme 28 Bifunctional initiator used in symmetric triblock copolymer synthesis
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very narrow molecular weight distribution. Efforts to prepare block copolymers

with S and I starting from the polymerization of VPPy were not successful,

obviously because the nucleophilicity of the living PVPPy�Li+ is not strong enough
to initiate the polymerization of S or I. The synthesis of P2VP-b-PVPPy copolymers

was successful when starting the polymerization from either monomer. The block

copolymerization of VPPy and MMA was also successfully carried out leading to

well-defined products.
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4.3 Other Polar Monomers

Recent achievements in anionic polymerization have expanded the use of this

technique to other less conventional monomers. The combination of these mono-

mers with other more common ones has allowed for the synthesis of novel copol-

ymeric materials with very interesting properties.

The living anionic polymerization of tert-butyldimethylsilyloxystyrene has been

reported [99]. PS-b-poly(tert-butyldimethylsilyloxystyrene) block copolymers

were then synthesized by sequential addition of monomers employing n-BuLi as

initiator [100]. The polymerization was conducted in THF at �78 �C in order to

avoid the cleavage of the silyl ether bond of tert-butyldimethylsilyloxystyrene.

Well-defined products of narrow molecular weight distribution were obtained.

The silyl ether bonds were subsequently cleaved by HCl in THF solution leading

to the synthesis of PS-b-PHOS diblocks. These materials were further modified

after reaction with 4-nitrophthalonitrile via nucleophilic aromatic substitution reac-

tion leading to the synthesis of PS-b-poly(4-vinylphenoxyphthalonitrile) block

copolymers (Scheme 31). The copolymers were further employed for the prepara-

tion of magnetic cobalt nanoparticles.

Poly[p(1-ethoxy ethoxy) styrene], PpEES, was also employed as precursor for

the synthesis of PHOS after deprotection of the protective group in the presence of

HCl at room temperature. PpEES-b-P2VP block copolymers were prepared in THF

at �90 �C by sequential addition of monomers and without the use of any additive

during the polymerization of 2VP. These copolymers were transformed to PHOS-b-
P2VP diblocks after hydrolysis under mild conditions (Scheme 32) [101].
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2-Vinyldibenzothiophene, 2VDBT, was successfully polymerized anionically at

30 �C in benzene using n-BuLi as initiator, leading to products of predicted

molecular weights and low polydispersity (Scheme 33). Block copolymers with

styrene were efficiently synthesized starting either from the polymerization of

styrene or 2VDBT as well [102].

4-Diphenylaminostyrene, DAS, was anionically polymerized in toluene at room

temperature using tert-BuLi in the presence ofN,N,N’,N’-tetramethylethylenediamine,

TMEDA. The actual initiator was benzyllithium, in situ generated by the proton
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abstraction reaction of toluene with tert-BuLi [103]. Using this system, block copoly-

mers of DAS and 9-vinylanthracene, VAN, PDAS-b-PVAN, were synthesized

(Scheme 34). Although the polymerization of DAS was quantitative, the polymeriza-

tion yield for VAN was 75 %. Products of rather low molecular weights and moderate

polydispersities were prepared. The optical and electrical properties of these copoly-

mers were studied [104].
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DAS was also polymerized in tert-butylbenzene at 25 �C or THF at �78 �C
using sec-BuLi as initiator. The living polymers in THF solutions were end capped

with DPE, followed by the addition of a fivefold excess of LiCl and MMA. Well-

defined PDAS-b-PMMA block copolymers were obtained. Lithium naphthalenide

was also employed as a difunctional initiator for DAS, thus allowing for the

synthesis of PS-b-PDAS-b-PS triblock copolymers (Scheme 35) [105].

The anionic polymerization of dialkylvinyl phosphonates has been reported in

the literature [106]. Well-defined polymers were obtained by conducting the poly-

merization in THF at �78 �C using n-BuLi as initiator. PS-b-poly(diethylvinyl
phosphonate), PS-b-PDEVP, block copolymers were subsequently synthesized.

Prior the addition of DEVP, the living polystyryl anions were end capped with

DPE to avoid the nucleophilic attack of these highly reactive anions on the

phosphorous atoms of the DEVP monomers. Under these conditions, well-defined

products were synthesized (Scheme 36) [107].

PS-b-poly(diisopropylvinyl phosphonate), PS-b-PVPE, block copolymers were

also synthesized following similar approaches. However, in this case, styrene was

polymerized in cyclohexane at room temperature, using n-BuLi as initiator. The

solvent was changed to THF, the temperature was lowered to �78 �C, and PVPE

was added, leading to the synthesis of the desired block copolymers. Subsequent

hydrolysis with trimethylsilylbromide afforded the corresponding PS-b-poly(vinyl
phosphonic acid) copolymers (Scheme 37) [108].
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Benzofulvene, BF, was anionically polymerized with sec-BuLi or diphenyl-

methylpotassium in THF at �78 �C for 1 h leading to predicted molecular weights

and narrow molecular weight distributions. The low nucleophilicity enolate anion

of living PMMA was able to initiate the efficient polymerization of BF leading to

well-defined PMMA-b-PBF block copolymers (Scheme 38) [109].

5 Block Copolymers from Cyclic Monomers

5.1 Hexamethylcyclotrisiloxane

Monofunctional and bifunctional low molecular weight poly(dimethylsiloxane),

PDMS, carrying one or two end-hydroxyl groups were used as macroinitiators for

the synthesis of diblock and triblock copolymers, respectively, with

2-(dimethylamino)ethyl methacrylate, DMAEMA, PDMS-b-PDMAEMA, and

PDMAEMA-b-PDMS-b-PDMAEMA [110]. The potassium salt of dimethyl sulfox-

ide, DMSO�K+, was used to convert the terminal hydroxyl groups of the PDMS

chains to potassium alcoholates. Subsequent addition of DMAEMA led to the forma-

tion of the desired diblock or triblock copolymers. Extreme care should be given in the

activation of the macroinitiator, especially regarding control of the stoichiometry of

the reaction. Excess DMSO�K+ will act as an initiator to lead to the formation of

PDMAEMA homopolymer along with the diblock or triblock copolymers. Smaller

quantities of DMSO�K+ will lead to residual inactivated PDMS chains. Particularly,

in the case of the bifunctional macroinitiator, deficient quantities of DMSO�K+ will

provide a mixture of diblock, triblock, and PDMS homopolymer. Moderately broad

molecular weight distributions (Mw/Mn ~ 1.40) were obtained. Themicellar properties

of these products were studied in selective solvents.
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A series of diblock AB and triblock ABA copolymers, where A is either P2VP or

P4VP and B is poly(dimethylsiloxane), PDMS, were prepared by anionic polymeri-

zation [111] (Scheme 39). Three different approacheswere employed for this purpose.

According to the first strategy (route A), an acetal-functionalized alkyllithium initiator
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copolymers through different synthetic methods
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was employed for the polymerization of 2VP or 4VP in THF at �78 �C. Acid
hydrolysis of the acetal group and titration of the hydroxyl groups with

triphenyllithium gave a lithium alkoxide end group. These P2VP- and P4VP-lithium

alkoxides can effectively initiate the polymerization of hexamethylcyclotrisiloxane,

D3, to produce the desired diblock copolymers. For extended polymerization times,

bimodal distributions were obtained, attributed to lithium silanolate aggregation.

However, when high monomer concentrations (between 1.0 and 2.0 M) and relatively

low monomer conversions (<40 %) were used, narrow molecular weight distribution

products were obtained. Coupling of the lithium silanolate copolymers with dimethyl-

dichlorosilane was effective in producing the ABA copolymers. According to the

alternative route B, instead of using a functional initiator, a functional electrophilic

termination reagent was employed. 2VP was polymerized with tert-BuLi in THF at

�78 �C. The living P2VP chains were terminated by the reaction with the suitable

bromoacetal. The corresponding termination reaction of P4VP with the same

bromoacetal was not effective, probably due to the lower reactivity of the P4VP

anion that may be further complicated by the alkylation of the pyridine nitrogen

with the bromoacetal. Following procedures similar to those in the previous method,

the lithium alkoxide was prepared to afford either the diblock copolymer P2VP-b-
PDMS or the triblock copolymer P2VP-b-PDMS-b-P2VP after coupling of the living

diblock with dimethyldichlorosilane. In this case, the conversion of the D3 monomer

was also remained low in order to avoid side reactions. The third method (route C)

involves the end capping of living P2VPLi with 2-isopropenylpyridine, IPP, followed

by the addition of one equivalent of ethylene oxide. The lithium alkoxide, thus

produced, efficiently promoted the polymerization of D3 leading to the formation of

the diblock and triblock copolymers. Effort to form the lithium alkoxide by the direct

capping of P2VPLi with ethylene oxide finally afforded bimodal distributions. It was

proposed that a picolyl carbanion (Scheme 39 (2)) is formed from the lithium

alcoholate (Scheme 39 (1)). This anionic site is not able to initiate the polymerization

of D3, thus leading to bimodal distributions. The intramolecular rearrangement reac-

tion was avoided by end capping the living chains with 2-isopropenylpyridine lacking

an α-hydrogen, responsible for the side reactions. Under these conditions, well-

defined copolymers were prepared. However, this end-capping reaction was not

successful for P4VPLi chains.

The problems encountered for the polymerization of D3 were successfully

resolved by performing the polymerization in two steps [112]. In the first step, the

polymerization took place in benzene at room temperature with n-BuLi as initiator. In
the second step, the temperature was lowered to�20 �C, and the polymerization was

allowed to proceed until completion after several days. With this methodology, the

PDMS was obtained in quantitative conversions, controlled molecular weights, and

narrow molecular weight distributions. Taking advantage of the living character of

the polymerization, model triblock copolymers PS-b-PDMS-b-PS were prepared by

linking the living PS-b-PDMSLi with bis(dimethylchlorosilyl)ethane (Scheme 40).

This specific linking agent was chosen to accelerate the coupling procedure and to

avoid the side reactions at room temperature, where the linking reaction takes place.

In another report, the copolymerization of Bd and hexamethylcyclotrisiloxane

(D3), resulting in the well-defined synthesis of PBd-b-PDMS through sequential
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monomer addition was presented. First, the polymerization of Bd, using sec-BuLi,
in cyclohexane took place, followed by the addition of the D3 monomer along with

a volume-equivalent amount of THF. The copolymerization was completed in a

two-step reaction process. The first involved the initiation of D3 with PB�Li+ for

20 h at room temperature followed by the propagation after the addition of THF,

again in room temperature. The next step involved the complete conversion of the

monomer at �20 �C [113].

PDMS has also been copolymerized with tetramethyltetravinylcyclotetra-

siloxane (D4v). Block copolymerization of PDMS-b-PMVS started with the poly-

merization of D3 in hexane using n-BuLi as initiator for 2 h, followed by the

sequential addition of the second monomer. The reaction was quenched through

the addition of trimethylsilyl chloride as terminating agent (Scheme 41). Copoly-

merization resulted in relatively broad molecular weight distributions. In contrast to

the very fast polymerization of D3, the polymerization of D4
v was much slower, and

complete conversion was impossible [114].

5.2 Ethylene Oxide

The biocompatible and physical properties of PEO have rendered it as the monomer

of choice for drug delivery, amphiphilic, and water-soluble systems. The lack of

immunogenicity is one of its most interesting and unique properties making it a

suitable vessel material for outer corona structures that prevents protein adsorption

and cell adhesion [115].

It is well known that the classic organolithium initiators fail to polymerize EO in

weak or medium polarity solvents in the absence of suitable additives, due to the very

strong lithium-oxygen bond produced during the initiation of EO, which is unable to
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benzene
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Si

O
Si
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O

benzene
r.t.

18 hrs

PS Si

CH3
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O Si

CH3

CH3

OLi
0-2

D3
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Scheme 40 Synthesis of symmetric PS-b-PDMS-b-PS triblock copolymers, with complete

polymerization of D3
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promote the propagation reaction [116]. In contrast, benzyl potassium was success-

fully employed as initiator for the synthesis of block copolymers containing ethylene

oxide, EO. PS-b-PEO block copolymer, PI-b-P2VP-b-PEO triblock terpolymer, PS-
b-PI-b-P2VP-b-PEO tetrablock quaterpolymer, and PS-b-PI-b-P2VP-b-PtBuMA-b-
PEO pentablock quintopolymer were prepared by sequential addition of monomers

[117]. The monomer sequence was based on the relative nucleophilicity of the active

centers. Detailed characterization data revealed that structures with predictable

molecular weights, narrow molecular weight distribution, and chemical and compo-

sitional homogeneity were obtained in all cases.

An alternative initiator, proven to give successful results with PS-b-PEO copoly-

mers, is cumylpotassium. PS-PEO block copolymers have been synthesized through

sequential anionic polymerization and have also been terminated with various

end-functional groups such as lipophilic 2,2,3,3-tetrahydroperfluoroundecanoyl

chloride [118]. In general, PS-b-PEO-based copolymers offer lipophilic-hydrophilic

amphiphilic systems. In addition, PS-b-PEO-based copolymers on a conductivity

point of view, in combination with ionic salts of alkali metals (e.g., lithium perchlo-

rate LiClO4), present highly conductive features and pose the possibility of being

used as solid polymer electrolytes in batteries or as fuel cell membranes. An example

of such a material is PS-b-PEO-b-PS triblock copolymers, which have been fabri-

cated via anionic polymerization, followed by a coupling reaction. PS was first

polymerized in benzene using sec-BuLi and end capped (carbanion terminated)

with a hydroxyl group and later reinitiated with potassium naphthalenide, in THF,

to polymerize EO. The living diblock PS-b-PEO was then slowly coupled with a

stoichiometric amount of 1,4-bis(bromomethyl)benzene in dry THF, to finally give

(diblock coupling) the desired PS-b-PEO-b-PS triblock with low polydispersities

[119]. In another study, PI-b-PS-b-PEO triblock terpolymers have also been synthe-

sized in order to understand the effect of polydispersity in the middle PS block in PI-
b-PS-b-PEO triblock terpolymers. The triblocks were synthesized through sequential
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n-BuLi
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Scheme 41 Synthesis of PDMS-b-PMVS block copolymers
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anionic polymerization, starting with the polymerization of I, in cyclohexane at

40 �C, followed by the addition of S, to form the PI-b-PS living diblock and then

end capped with ethylene oxide creating an oxyanion [120]. Methanol was then

added to terminate the living chain and create the terminal hydroxyl groups. These

hydroxyl end groups were activated by reaction with potassium naphthalenide

followed by the polymerization of EO in THF at 40 �C to afford the desired

triblock [121].

In another concept, the introduction of an amine group in the junction point of a

PS-b-PEO is realized through the controlled living end termination by an epoxy-

containing group, in this case, N,N-dibenzyl amino glycidol (DBAG), thus gaining

functionalization in the junction point of the amphiphilic block copolymer. To

specify, initially, PS is polymerized using an alkyllithium initiator, followed by

the end capping by the DBAG oxirane. Epoxy monomer monoaddition is ensured

due to the strong lithium-oxygen association. The copolymerization of the ethylene

oxide was realized in THF using potassium naphthalenide. The deprotection of the

DBAG can be processed through the contribution of Pd(OH)2/C, subsequently

revealing a functional amine group in the junction point (Scheme 42).

Preparation of multiblock copolymers and terpolymers can also be realized

through the synthesis of initial block copolymers with controlled chain-end

functionalization, followed by polymer-polymer reactions. This method is useful,

especially when the sequence of the building blocks is synthetically impossible

through sequential addition of monomers. However, the method is impractical due

to the copolymer contamination with building block homopolymers, its

nonstoichiometric reaction, and secondary products which require complicated

and arduous purification procedures. A more practical route is the use of a protected

functional initiator that under specific circumstances (mainly regarding the chem-

ical environment), becomes active. Recruiting the protective hydroxyl-

functionalized initiator 3-triisopropylsilyloxy-1-propyllithium (TIPSOPrLi) has

led to the successful synthesis of symmetric and asymmetric PEO-b-PI-b-PEO
and PEO-b-PS-b-PB-b-PEO, triblock and tetrablock copolymers, and terpolymers.

Symmetric PEO-b-PI-b-PEO copolymers were synthesized through the initial

polymerization of Is, followed by hydroxyl chain-end functionalization

(EO oxyanion terminated with MeOH). The resulting polymer (TIPS-O-PI-OH)

was treated with tetrabutylammonium fluoride (TBAF), thus revealing the

α-hydroxyl group on the homopolymer chain followed by the simultaneous growth

of the PEO from both ends [122]. To produce asymmetric PEO-b-PI-b-PEO
triblock terpolymers, EO is first polymerized from the ω-hydroxyl-functional end,
and the diblock is then treated with TBAF to create a new diblock macroinitiator.

Diligent addition of titration “initiating” reagents is mandatory in order to avoid

broad molecular weight distributions. Titration of the α-hydroxyl-functionalized
macroinitiator is conducted using either NaphK or DPM-K. PEO-b-PS-b-PB-b-
PEO tetrablocks were prepared following the same synthetic procedure with the

only difference that TIPS-O-PS-b-PB was synthesized first [123] (Scheme 43).

The use of a protected initiator has also been applied for the block copolymer-

ization of ethylene oxide with methacrylates. This route is necessary since the direct
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initiation of EO from living PMMA macroanions proceeds with side reactions,

mainly attributed to the attack of a propagating alkoxide anion to the ester group of

PMMA [124]. However, the direct copolymerization of MMA has been reported

through the use of a disodium salt of PEO, yielding a block copolymer, which was

contaminated with a by-product coming from the intramolecular grafting of living

chains onto carbonyl groups [125], and through the direct initiation of MMA using

PEO macroanions resulting in PEO-b-PMMA copolymers [126]. In contrast to

normal methacrylate living polymers, poly(tert-butylmethacrylate) (PtBMA) is

capable of efficient crossover reactions with EO, due to the fact that the propagating

PtBMA is stable at ambient temperatures, allowing the successful synthesis of

diblock and triblocks [127]. Monohydroxy telechelic PMMAs (PMMA-OH) have

led to the successful preparation of well-defined PMMA-b-PEO copolymers.

Protected hydroxyl-functional initiators such as 1-[p-(tert-butyldimethylsilyloxy)]

phenyl-1’-phenylhexyllithium, 6-(tert-butyldimethylsilyloxy) hexyllithium, and

3-(tert-butyldimethylsilyloxy) propyllithium have been used (Scheme 44).
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Scheme 42 Synthesis of junction-point amino functionalized PS-b-PEO block copolymers
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The polymerization of MMA took place in THF at �78 �C, in the presence of

LiClO4 (10:1 as to initiator). Deprotection of the hydroxyl-functional initiator was

completed in THF after treatment with a 4 M excess of TBAF. Hydroxy-PMMA

was slowly added to tri-phenylmethylpotassium, converting the hydroxyl groups

SiHC
H3C

H3C
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H3C CH3
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Scheme 43 Synthesis of PEO-b-PI-b-PEO and PEO-b-PS-b-PBd-b-PEO triblock copolymer and

tetrablock terpolymer, respectively, using the protected initiator, TIPS
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into potassium alkoxide groups, active for EO copolymerization (Scheme 45). The

method yielded well-defined, controlled polymers of low PDI (<1.1) [128].

There have been cases were PEO has been copolymerized with styrene-based

functional protected monomers such as tert-butoxystyrene (tBOS), which can

create double hydrophilic copolymers, after the acidic hydrolysis of PtBOS,

CH3 CH2 CH2 CH2 CH2 C

O

Si
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H3C CH3

Li LinCH2 CH2 COSiBut
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CH3

1 2 (n=3)

3 (n=6)

Scheme 44 Protected hydroxy functional initiators for PMMA-b-PEO copolymer synthesis
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resulting in polyhydroxystyrene PHOS [129]. tBOS was initially polymerized in

THF at �78 �C, using n-BuLi as initiator. Phosphazene base (half of the amount of

n-BuLi) was then added to enhance reactivity of the active anions, and finally, EO

was added. The polymerization was left for 2 days at 40 �C. Diblock PtBOS-b-PEO
synthesis resulted to narrow PDI (>1.1) copolymers, with the advantage of

hydroxyl functionalization PHOS-PEO (Scheme 46). Hydroxystyrene monomeric

units can undergo further tailoring, leading to the synthesis of a high charged

density, annealed cationic polyelectrolyte NPHSO [3,5-bis(dimethylamino-

methylene)hydroxystyrene], through a Mannich-type reaction [130] consequently

obtaining N-PHOS-b-PEO copolymers.

The synthesis of P2VP-b-PEO diblock copolymers and P2VP-b-PEO-b-P2VP
symmetric triblock copolymers, Scheme 47, was reported [92]. The last structure

was prepared by the reaction of the living P2VP-b-PEO diblock with 1,4-bis

(bromomethyl)benzene, as a linking agent. The linking reaction was performed in

the presence of a catalytic amount of CsI, which transforms the –CH2Br groups to

the more reactive –CH2I groups. Under these conditions, linking was completed
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Scheme 46 Synthesis of PtBOS-b-PEO block copolymer, later modified to the double amphi-

philic PHOS-b-PEO and finally to the N-PHOS-b-PEO block copolymer
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within 3 h instead of the 3 days without CsI. A small amount (~10 %) of high

molecular weight byproduct was observed in most cases. This by-product was

attributed to the reaction of the living ends with the pyridine ring to form the

high molecular weight graft copolymer.

Further work related to the synthesis of copolymers with either P2VP or P4VP

blocks has been reported in the literature. Triblock terpolymers PS-b-P2VP-b-PEO
were synthesized in THF at �78 �C by sequential polymerization of styrene and

2VP, initiated by sec-BuLi in the presence of LiCl [131]. The living polymer was

terminated with EO. The end-hydroxyl group was treated with potassium naphtha-

lene, and ethylene oxide was added and polymerized at 0 �C leading to narrow

molecular weight distribution product. The micellar properties of the terpolymers

were studied in water.

PBd-b-PI-b-PEO triblock terpolymers were prepared by sequential addition of

monomers using sec-BuLi as initiator [132]. The strong phosphazene base t-BuP4
was employed to promote the polymerization of ethylene oxide in the presence of a

lithium counterion. Subsequent hydrogenation in toluene with the Wilkinson cata-

lyst afforded the PE-b-PEP-b-PEO [PE¼ polyethylene, PEP¼ poly(ethylene-alt-
propylene)] triblock terpolymers. Using p-toluenesulfonyl hydrazide as an alterna-

tive hydrogenation means, it was found that the PBd block was quantitatively

hydrogenized, whereas the degree of hydrogenation was only 70 % for the PI

block, due to the steric hindrance involved in the reaction. PBd-b-PEO-b-PBd

(excess)
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Scheme 47 Synthesis of P2VP-b-PEO block copolymer and P2VP-b-PEO-b-P2VP symmetric
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triblock copolymers have also been prepared through the slow addition of 1,4-bis

(bromomethyl)benzene and the subsequent linking of the PBd-b-PEO living

chains [133].

In another study, PEO-b-poly(methylidene malonate) block copolymers (PEO-
b-PMM) have been synthesized [134]. In this classic preparation method, sequen-

tial monomer addition was exercised through the sequential addition of the mono-

mers starting with the polymerization of EO using diphenylmethylpotassium as

initiator. α0-Amino functionalized PEO-b-PMM has been synthesized using potas-

sium 2-aminoethanolate as initiator, generated from the reaction of potassium

naphthalide and 2-aminoethanol. Copolymerizations took place in THF at 35 �C
for 48 h for the first monomer (EO) and for 1 h at 25 �C after the subsequent

addition of the second monomer [135] (Scheme 48).

Following the same approach, biocompatible and biodegradable PEO-b-P(ε-CL)
[P(ε-CL)¼ poly(ε-caprolactone)] and PEO-b-PLA [PLA¼ poly(lactic acid)] have

been synthesized as drug delivery systems [136]. In order to obtain more selective

targeting properties, P2VP has been introduced in a triblock terpolymer system.

P2VP presents pH-sensitive (hydrophobic in neutral pH and hydrophilic in lower

pH) properties and allows ligand attachment. The terpolymer was synthesized

starting with 2VP polymerization, in THF at �78 �C in the presence of LiCl, in

order to decrease reactivity and prevent any side reactions on the pyridine ring,

followed by the hydroxyl end capping of the living monomer with EO at 25 �C. The
ω-hydroxy-P2VP was metallated into ω-potassium alkoxide P2VP and used as

macroinitiator for the polymerization of PEO and ε-caprolactone in the presence

of tin alkoxide as catalyst [137] (Scheme 49).

PEO-b-PDMAEMA has also been synthesized through sequential anionic poly-

merization; however, EO, being a more selective monomer, requires more attention

and additional initiator features. Due to the strong association of Li+ with the

oxyanion, a strong base is required; in reported polymerizations, where sec-BuLi
was used as initiator, t-BuP4 phosphazene is employed. For the successful poly-

merization of EO, higher temperatures are desired, to prevent initiator termination

reactions as a result of occurring side reactions of sec-BuLi with THF (sec-BuLi
reacts with THF forming a molecule of ethylene and the lithium enolate of

acetaldehyde) [138]. sec-BuLi was first coupled with 1,1 diphenylethylene, at

�70 �C, creating 1,1 diphenylhexyllithium, which is less reactive with THF. EO

was subsequently added to the solution, and after 1 h, the temperature was raised

slowly to 10 �C followed by the addition of t-BuP4, after which the temperature was
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finally elevated to 50 �C. Before the addition of DMAEMA, the temperature was

lowered to 10 �C, and after complete addition, the polymerization took place for

30 min and was then terminated with degassed MeOH [59]. PDMAEMA-b-PEO-b-
PDMAEMA triblock terpolymers have also been synthesized through anionic

polymerization, using a potassium tert-butanoxide initiator (t-BuO�K+). HO-

PEO-OH α0,ω0-hydroxyl homopolymers have been previously synthesized

according to methods already described. HO-PEO-OH was added in THF followed

by the addition of t-BuO�K+, and½ h later, DMAEMA was added, and the reaction

was left for polymerization for 2 h at 10 �C. Polymerization is terminated before

complete monomer consumption by the addition of acetic acid in the mixture.

Moderately broad molecular weight distributions (Mw/Mn ~ 1.40) were obtained.

5.3 Other Epoxy Monomers

In other reports, PEO has also been copolymerized with glycerol group containing

polymers such as polyglycidol (PG), a polyoxirane carrying one hydroxyl-

functional group per polymer monomeric unit, and poly(allyl glycidyl ether)

(PAGE), a hydrophobic (PG is hydrophilic) polymer carrying one double bond

per polymer monomeric unit.

Mainly due to their biocompatible nature, various other monomers have been

copolymerized to create stimuli-responsive (pH and thermally) amphiphilic sys-

tems, used in drug encapsulation and delivery processes. Allyl glycidyl ether (AGE)

has been copolymerized with EO to create amphiphilic diblock copolymers. PAGE,

bearing a double bond on each monomer, can be hydrolyzed with a variety of

functional groups, applying pH or thermal sensitivity and drug-engaging abilities.

PEO-b-PAGE copolymers have been prepared through anionic polymerization.

α0-Methoxy PEO was mixed with NaH and heated at 100 �C until the hydride

was dissolved, followed by the copolymerization of AGE. After polymerization
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completion, acetic acid was inserted as terminating agent, and narrow molecular

weight distributions were obtained (Scheme 50).

In another monomer variation, ethoxyethyl glycidyl ether (EEGE) has also been

copolymerized with PEO. Most frequently used initiators for the polymerization of

EEGE are either potassium based or cesium alkoxides [139]; however, in the case

of diene copolymerization, these types of initiators are not applicable, since they

cannot start polymerization or since they result in polymers of broad molecular

weight distribution. On the other hand, organolithium initiators cannot be used for

epoxide polymerization because of the strong O-Li association [140]. Alkyllithium

initiators can be applied, combining the good properties of organolithium-initiated,

diene, and epoxy polymerizations, only when accompanied by a strong base such as

phosphazene (t-BuP4).
Diblock PEEGE-b-PEO and triblock PEO-b-PEEGE-b-PEO and PEEGE-b-

PEO-b-PEEGE copolymers have been synthesized. For PEEGE-b-PEO and

PEEGE-b-PEO-b-PEEGE copolymers, cesium alkoxides of poly(ethylene glycol)

(PEG) and poly(ethylene glycol) monomethyl ether (MPEG), generated in benzene

after heating under stir at 60 �C (~1 h), were used as macroinitiators for the

synthesis of the triblocks and diblocks, respectively (Scheme 51a). In both cases,

the use of the Cs alkoxide initiator resulted in the synthesis of well-defined low PDI

(<1.1) polymers. For the synthesis of PEO-b-PEEGE-b-PEO triblock copolymer, a

potassium alkoxide of diethylene glycol (t-BuOK) was employed. To achieve

difunctionality, t-BuOK was reacted with diethylene glycol in DMSO. The mixture

was slightly heated in order to remove the released t-BuOH and EEGE monomer

was added. Copolymerization took place for 48 h at 60 �C [141] (Scheme 51b). The

synthesis of PEO-b-PEEGE diblock, through sequential anionic polymerization,

using a [sec-BuLi]/[t-BuP4] ~ 1/1 initiating system and starting with the polymer-

ization of PEO, has also been described [142].

PS-b-PEO-b-PEEGE triblock terpolymers have also been prepared using

organolithium initiators. First, styrene was polymerized in THF at �70 �C using

sec-BuLi, subsequently EO was added, and after 1 h the temperature is gradually

elevated to 50 �C, followed by the addition of t-BuP4 ([sec-BuLi]/[t-BuP4] ~ 1/1) to
promote EO polymerization. Judicious use of the t-BuP4 amount added must be

applied, since an excess amount might result in side reactions with EEGE. After

2 days, EEGE was added, at room temperature, to the living diblock, and copoly-

merization continued at 50 �C for 3 days, completed by the addition of a mixture of

acetic acid/methanol (3/5 v/v), acting as terminating agent [142] (Scheme 52). In

addition to the previously described triblock terpolymers, a new triblock consisting
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of P2VP-b-PEO-b-PEEGE has been described following the previous copolymer-

ization method, with the only difference that sec-BuLi was first reacted with DPE.

All triblocks presented low polydispersity indices (Mw/Mn< 1.1).
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Polymerization of PEEGE offers the advantage of hydroxyl functionalization

through the deprotection of the ethoxyethyl group, thus leading to the transfor-

mation to poly(glycerol). Deprotection was achieved by a two-step reaction with

formic acid and subsequent hydrolysis in alkaline media [143] (Scheme 53).

Another epoxy variation, ethyl glycidyl ether (EGE), with thermoresponsive

abilities, has also been polymerized using the same preparation techniques.

Potassium phenoxy ethoxide was used as initiator offering the formation of

α0-phenyl PEGEs. Polymerization took place at 110 �C for ~20 h, and the

polymer was quenched with sulfuric acid. In the same way, diblock copolymers

PEGE-b-PEO have also been synthesized through the sequential addition of PEO

after the polymerization (under the same conditions) of PEGE. During EO

monomer addition, the temperature was reduced to 60 �C and subsequently raised

to 110 �C.
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6 Block Copolymers from Alkyl Isocyanates

Polyisocyanates represent a valuable class of polymeric materials since they adopt a

rodlike helical conformation in solution and in bulk and since they possess extraor-

dinary liquid crystalline and optical properties [144]. The combination of these

rigid chains with flexible blocks leads to novel materials characterized by the

microphase separation between the different blocks along with the orientational

ordering inside the rodlike phase. The synthesis of polyisocyanates by living

anionic polymerization was hindered mainly by the existence of backbiting side

reactions of the amidate anions leading to the formation of stable cyclic trimers

[145]. The trimerization yield may reach 100 % at temperatures higher than

�40 �C. Consequently, severe problems concerning the control over the molecular

weight and the molecular weight distribution, the polymerization yield, and the

ability to prepare block copolymers or more complex architectures were exhibited.

However, it was reported that the living anionic polymerization of isocyanates can

be promoted when the polymerization is conducted at �98 �C in THF with sodium

naphthalene as initiator in the presence of the crown ether 15-crown-5 or the

sodium salt tetraphenylborate, NaBPh4 [146]. The crown ether entraps the sodium

counter cations, thus depleting the anionic active center and greatly accelerating the

propagation reaction. If the living polymer is terminated soon after the polymeri-

zation reaction is completed, the backbiting process is drastically reduced. On the

other hand, NaBPh4 stabilizes the amidate anion of the growing chain as a result of

the common ion effect and the steric hindrance of the bulky tetraphenylborate

group (Scheme 54). NaBPh4 was proven to be more efficient in promoting the

living anionic polymerization of alkyl isocyanates. Using this methodology,

triblock copolymers composed of poly(hexyl isocyanate), PHIC, end blocks, and

either PS, PI, or poly[3-(triethylsilyl)propyl isocyanate], PTESPI, middle blocks

were prepared, using sodium/naphthalene as a difunctional initiator and NaBPh4 as

additive [147]. Furthermore, the synthesis of pentablock terpolymers PHIC-b-PS-b-
PI-b-PS-b-PHIC and PHIC-b-PI-b-PS-b-PI-b-PHIC was reported (Scheme 54)

[148]. Initial results concerning the microphase separation and the thermal proper-

ties of these materials were reported in these studies.

A series of efficient monofunctional anionic initiators were employed for the

controlled polymerization of isocyanates, as well. Benzyl sodium, in the presence

of a tenfold excess of NaBPh4, was employed as initiator for the synthesis of PS-b-
PHIC and PI-b-PHIC by sequential addition of monomers. The polymerization of

the first block was conducted at �78 �C, whereas HIC was polymerized by

lowering the temperature to �98 �C [149].

Potassium diphenyl methane, DPM-K, was also successfully employed as

monofunctional initiator for the synthesis of P2VP-b-PHIC block copolymers

[150]. The polymerization of 2VP was conducted in THF at �78 �C, whereas
HIC was polymerized in the presence of a five- to tenfold excess of NaBPh4 by
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lowering the temperature to �98 �C, leading to well-defined products. It was found
that aliphatic acid chlorides can be employed as linking agents for living

polyisocyanates. The living P2VP-b-PHIC�Li+ diblocks were efficiently linked

with malonyl chloride or suberoyl chloride in the presence of pyridine providing

P2VP-b-PHIC-b-P2VP triblock copolymers (Scheme 55). The coupling reaction

was conducted at�98 �C for 10–20 min. Careful control of the stoichiometry led to

quantitative coupling reactions without any need for fractionation [151].

Sodium benzanilide, Na-BPM, has a dual function, since it serves both as an

initiator and as an additive for the protection of the anionic chain ends during the

polymerization of isocyanates (Scheme 56). Therefore, Na-BPM was used for the

block copolymerization of HIC and (3-triethoxysilyl)propyl isocyanate

[152]. Sodium benzydroxide, BH-Na, acts in a similar manner promoting the living

polymerization of isocyanates. It was employed for the synthesis of block copoly-

mers of poly(furfuryl isocyanate), PFIC, and PHIC, PFIC-b-PHIC. Furthermore,
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sodium deoxybenzoin, DB-Na, was found to be an efficient dual function enolate

anionic initiator and additive leading to model polyisocyanates. Using this initiator,

block copolymers of HIC and (3-triethoxysilyl)propyl isocyanate were obtained

(Scheme 57) [153].
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7 Block Copolymers from Metal-Containing Monomers

Organic polymer substances, combined with metals, depict enhanced mechanical

properties and enriched with magnetic, conductive, redox active, catalytic, and

many other qualities. The incorporation of organic materials with inorganic solids

is not a new concept. As early as 1955, DuPont company synthesized Poly

(vinylferrocene) (PVF) to combine the properties of the two different elements

foreseeing many possibilities for new applications and the opportunity to combine

different polymerization techniques. However, metals, due to their low solubility,

also due to stability issues and side reactions during polymerization procedures,

overburden the preparation of well-defined polymers having high molecular

weights. Thus, various techniques are required for the polymerization of metal-

containing monomers.

Metal-containing block copolymers can form ordered arrays, derived from the

microphase separation during the self-assembly of two immiscible segments, cre-

ating three-dimensional nanostructures of periodical domains. These structures can

be utilized to create porous membranes, nanolithographic templates, photonic

band-gap materials, and catalyst precursors for the controlled structural synthesis
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of carbon nanotubes [154]. Of special interest are ferrocene, Fc, containing mono-

mers because they can be polymerized in a living/controlled fashion, are free from

side reactions, have special electrochemical polymer properties, and have the

ability to control aggregation phenomena [155].

Ferrocene-containing monomers can be categorized into two types. The first

type includes bridged monomers (ferrocenes bridged with an element), which

undergo anionic ring opening polymerization (ROP). A large variety of monomers

containing a silicone bridge have been synthesized (polyferrocenosilanes PFSs),

but also other elements have been used to create an Fc bridge such as germanium

[156] and phosphorus [157] (Scheme 58). The second type includes side-functional

monomers consisted of spacer-linked (or non-spacer) functional groups such as

methacrylic or vinyl (e.g., methacrylichexylferrocenes MAHFC, PVFs) [158],

which undergo anionic vinyl polymerization (Scheme 59).

Block copolymers are prepared either by sequential monomer addition or in

cases of chemical incompatibility other techniques can be employed such as the use

of chemoselective stepwise coupling reactions [159], protected functional initiators

[160] [such as (tert-butyldimethylsilyloxy)-1-propyl lithium BDMSPrLi], and

macroinitiators [161], or through the coupling of various cycloaddition reactions

[162]. The same principles for diblock copolymer synthesis, through sequential

addition, also apply for this type of monomer. Copolymerization will only occur if

the second monomer carbanion is of higher or similar stability than the carbanion of

the first block.
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In special cases, reactivity tailoring is mandatory. Various techniques can be

employed for this purpose, for example, reactivity can be moderated with 1,1

diphenylethylene (DPE) (Scheme 60). This widely used linking agent offers the

necessary steric hindrance for a one-target reaction and is also a

non-homopolymerizable moiety. However, the capping/linking of living Fc poly-

mers with DPE is slow at room temperature; the capping efficiency has been shown

to increase upon increasing the reaction temperature. In particular, the percentage

of living chains that were capped increased from 28 % after 4.5 h at room

temperature to 62 % after the same time at 50 �C. Unfortunately, the termination

of living PFS chains could not be avoided (yield less than 100 %); however, the

most useful strategy, in order to avoid unwanted side reactions, is to involve a

“carbanion pump” as well (with 1,1 dimethylsilacyclobutane as acting material) or

by quenching with a proton source followed by deprotonation of the DPE-capped

material [163–166]. Usually, a 4/2 M mixture of DPE and 1,1 dimethylsilacy-

clobutane is used for this purpose.

Silicon and phosphorus-bridged ferrocenes provide the ability for alternative

reactivity tailoring. These bridged monomers may also undergo a photocontrolled

anionic ROP, in the presence of UV light and through the participation of a mild

nucleophiles acting as the initiator, usually Na[C5H5] (NaCp) [157, 167, 168]
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(Scheme 61). Polymers of high molecular weights and narrow molecular weight

distribution may be obtained through this method. The main advantage of this

approach is the mildly basic polymerization environment that overcomes the

incompatibilities that follow the use of organolithium initiators with most func-

tional groups and thus allows the living polymerization of more sensitive function-

alities [169]. Polymers acquired through this method have been named as “soft

living” and the methods itself as “switch on-switch off” [167] since it can be

controlled by simply switching on or switching off the light, making possible the

sequential addition of different monomers, including even sensitive monomers,

providing a facile route for the synthesis of well-defined block copolymers.

7.1 Polyferrocenosilanes (PFSs) and Their Block
Copolymers

Out of all ferrocene-containing monomers, the most studied are the ferrocenosilanes.

PFSs attract large scientific interest due to the many interesting properties they

exhibit. Presenting etch resistance to plasma deems them as possible candidates in

nanolithography, as templates [170]. Other properties are high refractive indices

[171], controlled response to redox stimulus [172], the ability to form crystalline

self-assembledmaterials, [170] and thus can be used as precursors for the synthesis of

nanostructured magnetic ceramics, [173] and have been used for the controlled

synthesis, both in size and geometry, of single wall nanotubes [174].

The silicon substituents have been tailored to enhance the thermophysical

properties of the silanoferrrocene polymer. When symmetrically substituted by

short n-alkyl groups, PFSs embrace semicrystalline formations but remain amor-

phous when monomers are asymmetrically substituted [175]. Although, poly

(ferrocenyldimethylsilane) (PFDMS) has been used in the synthesis of the majority

of the ferrocene-containing block copolymers, the use of such semicrystalline

blocks might induce complications during microphase separation, in thin films

and in bulk, since crystallinity competes the driving force for regular self-assembly,

via the random association of the immiscible substances [176]. Thus, the use of

asymmetrically substituted PFSs eliminates the problem, providing amorphous

products, and allows the synthesis of high quality porous membranes and the

applications in fields where distinct microphase separation is necessary

[177]. The most commonly used asymmetric PFS is polyferrocenylethyl-

methylsilane (PFEMS); however, the disadvantage of PFEMS is its low Tg [177

(a, b)] (25 �C room temp), not allowing the use in nanolithographic techniques and

magnetic applications. Higher Tg, combined with amorphous domain, can be

acquired with the introduction of bulky moieties on one of the silicon-substituted

domains [178].

Ferrocenosilanes are polymerized through anionic ring opening polymerization

(ROP). Polymer propagation proceeds through cleavage of the silicon-

cyclopentadienyl bond giving well-defined, controlled, living polymers. As
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previously noted, ROP can also be realized through photocontrolled anionic ring

opening polymerization. This new “soft-living” photopolymerization method [157]

yields well-defined high molecular weight polymers. Requirements imposed by this

method are the use of a mild nucleophile as initiator, UV irradiation, and a polar

environment in order to achieve initiator electron transfer (which leads to delocal-

ization of the Cp anion); most commonly used solvents are THF and CH3CN. The

polymerization temperature may vary depending on the monomer functionality and

sensitivity but, in general, approaches relatively low temperatures (~0–5 �C).
Preferred initiator is n-BuLi, due to its stability and lower reactivity compared to

other organolithium initiators.

PFDMS-b-PEO block copolymers have been prepared through the introduc-

tion of an Si-H end-functionalized methoxy-PEO, as a macroinitiator for the

Pt(0)-catalyzed (Karstedt’s catalyst) ROP of dimethylsila (1) ferrocenophane

[179]. They have also been prepared through the coupling reaction of

end-functionalized PEO and PFDMS. Coupling reactions, depending on the func-

tional group, can proceed through “click chemistry” [180] or through the use of

ruthenium complexes [181]. In another concept, PFDMS-b-PEO copolymers are

realized through sequential monomer addition, by end capping the living PFDMS

chain with an epoxy group and reinitiating the hydroxyl-terminal group for EO

polymerization. This epoxy group can bare more than one functional centers (e.g.,

allyl glycidyl ether, AGE), thus allowing further polymer manipulation and com-

plex macromolecular structure synthesis (Scheme 62). Copolymer preparation of

this type starts with the polymerization of PFDMS in THF at room temperature,

using n-BuLi as initiator and followed by the end capping with the epoxide.

However, before end capping, the living PFDMS end must be modified through

the introduction of a “carbanion pump” system (thoroughly presented previously);

this action is mandatory since, if not modified, the living PFDMS end is incapable

of inducing the ring opening reaction of the epoxide. The resulting hydroxyl group,

of the epoxide terminating agent, can be the target point of a cesium hydroxide

(CsOH) initiator for the sequential EO polymerization [163]. This strategy offers

high yields of controlled molecular weights and narrow monomodal distributions.

In a similar way, 2VP was copolymerized with PFDMS (Scheme 63), through

prior living end modification [182]. The polymerization of PFDMS took place at

room temperature, however, to prevent potential side reactions during the polymer-

ization of 2VP [183] the reaction mixture was cooled down to �78 �C before the

insertion of the also cooled monomer (�78 �C). To avoid side reactions with the

pyridine ring, LiCl was also added with the second monomer mixture. The poly-

merization of the second monomer was allowed to proceed for 40 min giving high

yields (97 %) and PDI values <1.1 [165].

PFDMS-b-PDMAEMA was synthesized following a similar approach

(Scheme 64). PFDMS was initially prepared at room temperature, followed by a

suitable end-capping reaction to introduce a hydroxyl end group. In order to achieve

ω-functionalization in a one-pot reaction, protected functional initiators such as

(tert-butyldimethylsilyloxy)-1-propyl lithium (t-BDMSPrLi) can be employed.

t-BDMSPrLi offers the advantage of hydroxyl end functionalization, resulting in
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a 100 % yield of hydroxyl-functionalized PFDMS homopolymers since impurity-

cased terminations are absent. In this method, first block polymerization takes place

at room temperature, in THF solvent. After polymerization completion, the siloxy-

end homopolymer is treated for 24 h at room temperature with [Bu4N]F in THF,

thus providing the desired hydroxyl group. The hydroxyl end group of PFS can be

activated by KH in order to polymerize DMAEMA (N,N-dimethylamino ethyl

methacrylate). The resulting block copolymers had relatively broad molecular

weight distributions of 1.2 and 1.3 (Mw/Mn¼ 1.2–1.3) [184].

The preparation of styrene-ferrocene block copolymers requires the initial poly-

merization of styrene, since styryllithum compared to ferrocenolithium is a weaker

electrophile, or in other words, styrene provides a less stable carbanion than bridged

ferrocenosilanes.
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Styrene was first polymerized, in cyclohexane, at room temperature, using

n-BuLi as initiator. The polymerization took place for 1 h and then ferrocenylethyl-

methylsilane, dissolved in THF at a volume ratio of 1:1, compared to cyclohexane

was added. The copolymerization was left to take place for 30 min, and living

diblocks were terminated with degassed and distilled water. Polymers of narrow

molecular weight distribution were obtained [185].

Polyferrocenylisopropylmethylsilane (PFiPMS), also an amorphous polymer

because of its asymmetric substituents, provides an additional favored property.

Because of the bulky isopropyl group, PFiPMS offers a high Tg (45 �C for low

molecular weights and 60 �C for higher molecular weights) [178]. PS-b-PFiPMS is

prepared in the same way as the aforementioned PS block copolymers (Scheme 65).

The produced polymers displayed low PDI (~1.1), with well-controlled molecular

weights and volume fractions. However, PFiPMS homopolymers for molecular

weights from 25,000 to 35,000 presented PDI values from 1.26 to 1.40. This is

probably due to a lower propagation rate (compared to PFEMS) probably ascribable

to the steric isopropyl group, hence the polymerization time is significantly longer

than that required for the polymerization of PFEMS [186].
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7.2 Phosphorus-Bridged Ferrocenes

Phosphorus-containing polymers have gained significant attention mainly due to

their potential application as biomaterials and as catalyst supports in organic trans-

formations [187]. Phosphorus-bridged ferrocenes can also undergo photocontrolled

ROP, the advantages of which have been previously mentioned. This “soft-living”

polymerization yields well-defined polymers, with narrow molecular weight distri-

butions up to molecular weight values of 30,000; for molecular weights higher than

30,000, broader PDIs are obtained reaching 1.2 for 45,000 and 1.4 for 60,000.

Photocontrolled polymerization can take place in the presence of NaCp as initiator,

in THF at 5 �C, under UV radiation for 2 h. Polymer molecular weight can be

controlled according to monomer-initiator ratio as applied in living polymerization.

Block copolymers PFP-b-PFSF with low PDIs (1.05, 1.10) and high yields (~90 %)

were acquired employing this method, starting with the polymerization of the

phosphorus-bridged ferrocenophanes and followed by the sequential addition of

[Fe{(η-C5H4)2SiMe(CH2CH2CF3)}]. After the second monomer addition, the solu-

tion was left to photopolymerize for 3 h at 5 �C. The reaction was quenched with a

few drops of degassed methanol (Scheme 66). However, since copolymerization

yields do not reach 100 %, the block required purification from the homopolymer

impurities.

7.3 Germanium-Bridged Ferrocenes

Germanium-bridged ferrocenes were first reported by Osborne in 1980 [188],

followed by other reports [189]. The synthesis of a germanium-bridged polymer

analogous to PFS was first illustrated in 1993, through the synthesis of polyferro-

cenyldimethylgermane (PFDMG) by thermal ROP. However, the resulting poly-

mers possessed broad molecular weight distributions with little to no molecular

weight control. The synthesis of well-defined PFDMG homopolymers and diblock

copolymers through anionic polymerization has been exhibited [156]. Compared to

its silicon, analogous PFDMG provides very low yields of pure monomer after

purification. PFDMG can be polymerized through anionic ROP following the usual

ferrocenophane polymerization technique (n-Buli, THF, 25 �C). The polymers were

terminated by degassed methanol. Samples of narrow PDI were observed for low

molecular weights. Copolymers were also prepared (Scheme 67) [156]; PI-b-
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PFDMG was synthesized through sequential addition giving also polymers of

narrow PDI, starting with PI, initiated with sec-Buli, followed by the dilution of

living PI in THF-containing FDMG.

7.4 Side-Functional Ferrocene Monomers

Polyvinylferrocene (PVF) is the simplest type of side-functional Fc monomer; it is

polymerized through usual vinyl polymerization methods using organometallic

initiators (n-BuLi, in THF at room temperature). In the case of more sensitive

monomers with two possible reaction centers, such as methacrylates, organolithium

reactivity adjustments are mandatory. As aforementioned, the insertion of a DPE

moiety agent offers the necessary steric hindrance for unique stereoeclectic

targeting, eliminating or terminating side reactions. The polymerization and copo-

lymerization of polyferrocenylmethylmethacrylate PFMMA has been described

[190]. The homopolymerization of PFMMA is completed like usual methacrylate

monomers (n-BuLi, in THF at �78 �C, n-Buli reactivity reduction through DPE

linking and presence of LiCl for higher control). PS-b-PFMMA diblocks were also

synthesized (Scheme 68) applying the well-established conditions of methacrylate

polymerization. Starting with the polymerization of styrene in cyclohexane at

25 �C, and followed by the end capping of PSLi chains with DPE, the solution

was then dissolved in THF at �78 �C in the presence of LiCl, completed with the

addition of the FMMA monomer. The PFMMA polymers were terminated with

degassed methanol.
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Scheme 66 Photocontrolled polymerization of phosphorus-bridged ferrocenes and block

copolymerization with FSF
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Abbreviations

2VDBT 2-Vinyldibenzenthiophene

4VP 4-Vinyl pyridine

AFM Atomic force microscopy

AGE Allyl glycidyl ether

a-PA a-Phenyl acrylate
Bd Butadiene

BDMrSPrLi (tert-Butyldimethylsilyloxy)-1-propyl lithium

BF Benzofulvene

CHD 1,3-Cyclohexadiene

Cp Cyclopentadienyl

CzEMA 2-(N-carbazoyl)ethyl methacrylate

D3 Hexamethylcyclotrisiloxane

D4v Tetramethyltetravinylcyclotetrasiloxane

DABCO 1,4-Diazabicyclo[2,2,2]octane

DAS 4-Diphenylaminostyrene

DBAG N,N-Dibenzyl amino glycidol

DEAAm N,N-Diethylacrylamide

DEVP Diethylvinyl phosphonate

DIVP Diisopropylvinyl phosphonate

+ sec-BuLi THF, 0�C sec-Bu

Li

m

m-1

Fe Ge
Me

Me
n

sec-Bu
m Ge

Me Me
Fe

H

n

MeOH

Scheme 67 Synthesis of PI-b-PFDMG block copolymers
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Scheme 68 Synthesis of PS-b-PFMMA block copolymers
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DMAEMA Dimethylaminoethylmethacrylate

DMAEMA 2-(Dimethylamino)ethyl methacrylate

DME Dimethoxyethane

DPE Diphenylethylene

ECA Ethylcyanoacrylate

EEGE Ethoxyethyl glycidyl ether

EO Ethylene oxide

EtHA 2-Ethyhexyl acrylate

Fc Ferrocene

FDMG Ferrocenyldimethylgermane

FMA 2-(N-Methylperfluorbutanesulfonamido)ethyl methacrylate

HIC Hexyl isocyanate

I Isoprene

IPP 2-Isopropenylpyridine

LCST Lower critical solution temperature

LiEA Lithium enolate of acetaldehyde

MAHE trans-1-Methacryloyloxy-2,4-hexadiene

MAHFC Methacrylichexylferrocenes

MAPOSS 3-(3,5,7,9,11,13,15-Heptaisobutyl-pentacyclo[9.5.13,9.15,15,17,13]

octasiloxan �1-yl) propyl methacrylate

MBA 3-Methacryloyloxy-1,1’-biadamantane

MEEOLi 2-(2-Methoxyethoxy)ethoxide lithium

MMA Methyl methacrylate

MPEG Poly(ethylene glycol)monomethyl ether

n-BuLi n-Butyllithium
NMR Nuclear magnetic resonance

NPHSO 3,5-Bis(dimethylaminomethylene)hydroxystyrene

OFPMA 2,2,3,3,4,4,5,5-Octafluoropentylmethacrylate

P(ε-CL) Poly(ε-caprolactone)
P2VP Poly(2-vinyl pyridine)

P4VP Poly(4-vinyl pyridine)

PAGE Poly(allyl glycidyl ether)

PaMeS Poly(a-methylstyrene)

PCHD Polycyclohexadiene

PCHD Poly(1,3-cyclohexadiene)

PCzEMA Poly[2-(N-carbazoyl)ethyl methacrylate]

PDAS Poly(diphenylaminostyrene)

PDEAAm Poly(N,N-diethylacrylamide)

PDEVP Poly(diethylvinyl phosphonate)

PDEVP Poly(diethylvinyl phosphonate)

PDIVP Poly(diisopropylvinyl phosphonate)

PDMAAm Poly(N,N-dimethylacrylamide)

PDMAEMA Poly[(dimethylamino)ethyl methacrylate]

PDMS Poly(dimethylsiloxane)
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PE Polyethylene

PECA Poly(ethylcyanoacrylate)

PEG Poly(ethylene glycol)

PEO Poly(ethylene oxide)

PEP Poly(ethylene-alt-propylene)

PFDMG Polyferrocenyldimethylgermane

PFDMS Poly(ferrocenyldimethylsilane)

PFIC Poly(furfuryl isocyanate)

PFiPMS Polyferrocenylisopropylmethylsilane

PFMMA Polyferrocenylmethylmethacrylate

PFPs Phosphorus-bridged polyferrocenes

PFS Poly(ferrocenosilanes)

PG Polyglycidol

PHIC Poly(hexyl isocyanate)

PI Polyisoprene

PIsOA Poly(isooctyl acrylate)

PLA Poly(lactic acid)

PMBA Poly(3-Methacryloyloxy-1,1’-biadamantane)

PMM Poly(methylidene malonate)

PMMA Poly(methyl methacrylate)

PMVS Poly(methylvinyl siloxane)

PnBuA Poly(n-butyl acrylate)

PNHSO Poly[3,5-bis(dimethylaminomethylene)hydroxystyrene]

POFPMA Poly(2,2,3,3,4,4,5,5-octafluoropentylmethacrylate)

PpEES Poly[p(1-ethoxy ethoxy)styrene]

PPP Polyphenylene

PS Polystyrene

PtBOS Poly(4-tert-butoxystyrene)
PtBS Poly(tert-butoxystyrene)
PtBuA Poly(tert-butylacrylate)
PTESPI Poly[3-(triethylsilyl)propyl isocyanate]

PTFEMA Poly(2,2,2-trifluorethylmethacrylate)

PTMSS Poly(trimethylsilylstyrene)

PVAN Poly(vinylanthracene)

PVF Poly(vinylferrocene)

PVPh Poly(vinylphenol)

PVPPy Poly[2-(4-vinylphenyl)pyridine]

S Styrene

SAXS Small angle X-ray scattering

SEC Size exclusion chromatography

sec-BuLi sec-Butyllithium
SiOPLi 3-tert-Butyldimethylsilyloxy-1-propyllithium

SMA Stearyl methacrylate

TBAF Tetrabutylammonium fluoride
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tBuA tert-Butylacrylate
t-BuOK Potassium tert-butoxide
TEM Transmission Electron Microscopy

tert-BuLi tert-Butyllithium
Tg Glass transition temperature

THF Tetrahydrofuran

TIPSOPrLi 3-Triisopropylsilyloxy-1-propyllithium

TMEDA Tetramethylethylenediamine

TMSS Trimethylsilylstyrene

TOQ Tertrachloror-1,2-(o)-benzoquinone
VAN Vinylanthracene

VPPy 2-(4-Vinylphenyl)pyridine

VTMS Vinyltrimethylsilane

WAXS Wide-angle X-ray scattering
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Graft and Comblike Polymers

Andrew Goodwin, Nam-Goo Kang, and Jimmy W. Mays

Abstract The molecular design and construction of comb polymers and graft

copolymers through anionic polymerization have made significant strides over the

last quarter century. Grafting methods that utilize anionic polymerization tech-

niques, which are reviewed in this chapter, provide strict control over backbone and

side chain molecular weights, branch spacing, number of branch points, and branch

point functionality in order to synthesize well-defined grafted materials. These

carefully controlled synthetic strategies, and recent progress in macromolecular

characterization, allow for synthesis of more complex tailored copolymer materials

for a variety of applications, including thermoplastic elastomers, high-impact

plastics, pressure-sensitive adhesives, additives, and foams. We predict that future

work in this area will focus on better understanding the correlation between

macromolecular architecture and properties, as well as the synthesis of even more

complex architectures incorporating additional (three or more) chemical building

blocks into branched copolymer materials.

Keywords Anionic polymerization • Graft copolymers • Molecular architecture •

Multigraft copolymers • Thermoplastic elastomer

1 Introduction

Living anionic polymerization provides a versatile method for the synthesis of

macromolecules having a low degree of compositional heterogeneity [1, 2]. The

term living refers to the ability of the growing polymer anions to propagate without

termination or chain transfer reactions, which was elegantly demonstrated by

Michael Szwarc in 1956 [3–5]. Since Szwarc’s discovery, anionic polymerization
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has been exploited to achieve the controlled polymerization of numerous suitable

monomers, as well as the synthesis of linear block copolymers (diblock, triblock,

etc.) and various types of branched polymers (stars, combs, and dendrimers) [1, 2,

5–10]. Incorporation of two or more monomers to produce linear block and

branched copolymer systems, such as miktoarm stars and graft copolymers, has

resulted in a broad range of elegant multiphase tailored materials based on self-

assembly of incompatible segments [11]. Polymers exhibiting these complicated

structures have sparked the interest of theoreticians, physicists, and synthetic

chemists alike, not only because of their exploitation for new applications but for

being both processable and recyclable [12].

Well-defined branched structures have steadily gained attention because of their

unique properties which can be tuned through chemical design; therefore, these

materials can address numerous applications ranging from thermoplastic elasto-

mers and high-impact plastics to pressure-sensitive adhesives, additives, and foams

[6]. In particular, graft copolymers with desired functional groups, chemical com-

positions, and a large grafting density have been of interest for numerous biological

and nanoscience applications [13–18]. Over the past quarter century, the synthesis

of model branched structures has expanded to include not just anionic polymeriza-

tion but a variety of living/controlled polymerizations, as well as approaches

incorporating a combination of techniques. These developments have been pro-

moted by advancements in anionic, cationic, and radical polymerization methods

including: ring-opening polymerization (ROP), ring-opening metathesis polymer-

ization (ROMP), atom transfer radical polymerization (ATRP), single electron

transfer living radical polymerization (SET-LRP), reversible addition-

fragmentation chain transfer (RAFT) polymerization, and nitroxide-mediated poly-

merization (NMP) [7, 8, 13]. Although anionic polymerization techniques are

limited to a rather small range of monomers, this method offers the maximum

control over the polymerization with the absence of chain transfer or other termi-

nation reactions, whereas controlled radical methods do suffer from termination

events resulting in broader polydispersity indices (PDI – the ratio of weight-average

to number-average molecular weights), incomplete monomer conversions

( p< 0.8), and decreased grafting efficiencies ( f< 0.75) [8, 19–22]. Strong syn-

thetic control is not only significant to synthetic polymer chemists, but the avail-

ability of well-defined precisely tailored polymers is critical to polymer physicists

and engineers for use in gaining a fundamental understanding of the correlation

between polymer architecture, molecular composition, and physical properties in

order to tailor polymers for specific applications [13].

2 General Aspects of Graft Copolymer Synthesis

Comb and graft copolymer architectures consist of a linear polymeric backbone

having one or more polymer side chains attached by covalent bonds [1, 6]. Comb

structures are the simplest form of these branched architectures, where both the
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main chain and branches have the same chemical composition. In contrast, graft

copolymers are comprised of a backbone and side chains that differ in chemical

composition [9, 23]. The structures of both comb and graft copolymers are defined

by (1) the molecular weight of the main chain, (2) the molecular weight of the graft

chain, and (3) the distance between the graft chains [24] (Scheme 1).

Optimum control of the polymerization provides a basis for the precision

synthesis of well-defined graft copolymers. Ideally, these comb and graft copol-

ymer materials would consist of monodisperse side chains bound to a monodis-

perse main chain, with the number of branches, branch spacing, and branch point

functionality all being precisely controlled [25]. This has been most nearly

achieved through anionic polymerization, providing an array of branched struc-

tures, comprised of a variety of monomers, and exhibiting narrow PDIs with tight

control over branch junction functionality and placement, as discussed below.

However, most anionic graft copolymer syntheses reported to date, because of

their mechanisms, yield a controlled average number of graft branches per

molecule and random spacing distribution of graft branches along the

backbone [1].

Anionic polymerization is well suited for the synthesis of controlled comb and

grafted architectures due to the absence of termination and other transfer reactions

that results in an increase of heterogeneity within the polymerization [2, 26–

33]. Various other polymerization methods including conventional free radical,

living free radical, and cationic polymerizations have been used to synthesize comb

and graft polymers, as discussed in detail in prior works [8, 33–35]. It is important

to note that the primary advantages of using anionic polymerization approach for

the construction of comb and other branched structures include, but not limited to,

high grafting efficiency, control of the backbone and side chain molecular weights

and polydispersities, and in some cases control of branch point functionality and

spacing. However, this methodology is often restricted because of enduring exper-

imental techniques and characterization shortcomings. The following sections

provide a general overview of anionic polymerization methods for the synthesis

of graft copolymers. It is important to note that the number of branch sites can be

Scheme 1 Three structural factors of graft copolymers [24]
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controlled through stoichiometric measures and is randomly distributed along the

backbone unless specified.

There are three general methods for the synthesis of grafted polymers

(Scheme 2): (a) “grafting onto,” where the backbone polymer chain contains

heterogeneously placed functional groups, X, that will react with another macro-

molecule with a chain end antagonistic reactive functional group, Y, a living anion

in the case of anionic polymerization; (b) “grafting from,” where the active sites are

generated along the polymeric backbone, giving way to a pseudo-multifunctional

macroinitiator, to be used in the initiation of the second monomer; and (c) “grafting

through,” in which a living polymer chain is end capped with an unsaturated

monomeric head unit, forming a macromonomer that will undergo further homo-

or copolymerization during the backbone construction [1]. We will review these

three methods for comb polymer and graft copolymer synthesis, citing classic early

work and also highlighting recent examples over the past decade. This will be

followed by a discussion of the most recent specialized methods for synthesis of

combs and graft copolymers, which offer superior control over macromolecular

architecture. There is no effort made here to cite all examples, especially those from

older literature. Readers are referred to earlier reviews on the subject [1, 2, 8, 10, 24,

36, 37].

Scheme 2 Three basic strategies for synthesis of comb polymers and graft copolymers [29]
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2.1 Grafting Onto

The grafting onto method involves the nucleophilic attack of the living polymer

side chains along the main chain at suitable electrophilic sites, with anhydrides,

esters, pyridine, or benzylic halide groups among the most commonly utilized

[8, 10, 25]. Branching sites along the backbone can be generated by post-

polymerization modification or by copolymerization with monomer(s) bearing the

desired functional group. Under appropriate reaction conditions, the backbone and

side chains undergo a coupling reaction, covalently bonding the two, resulting in

the final comb or graft copolymer architecture. A key advantage to this method is

that before the coupling reaction, both the living anionic side chains and polymer-

ized backbone may be isolated, allowing for independent characterization. Mea-

suring the molecular weights of the grafted product and the homo- or copolymer

backbone and side chain precursors allows the number of branches and the grafting

efficiency to be more accurately determined. Additionally, in cases where both the

backbone and side chains are polymerized by anionic methods, the molecular

weight, polydispersity, and the chemical composition of each can be controlled,

yielding near homogeneous comb- and graft-type products [10].

The most common procedure to synthesize comb or graft structures by a grafting

onto approach utilizes chloromethylation of polystyrene (PS) (Scheme 3)

[38]. Using this method and living poly(ethylene oxide) (PEO) oxyanions made

by anionic polymerization, Rempp and coworkers synthesized PS-g-PEO graft

copolymers [39]. However, reaction of many polymeric carbanions with

chloromethyl groups results in undesirable metal-halogen exchange, altering the

functionality of the branched polymer [40–42]. Conversion of chloromethyl groups

of the modified PS into chlorosilyl moieties, established by Rahlwes and coworkers,

results in quantitative reaction with poly(isoprenyllithium) to make PS-g-PI, where

PI is polyisoprene [43]. Additional PS graft copolymers containing poly

(2-vinylpyridine) (P2VP), poly(4-vinylpyridine) (P4VP), poly(methyl methacry-

late) (PMMA), and poly(tert-butylmethacrylate) (PtBuMA) side chains were syn-

thesized by partial chloromethylation or bromomethylation of the anionically

prepared PS main chain followed by reaction with the living anions of the side

chains [39, 44–47]. Hydrolysis of the tert-butyl group of PtBuMA leads to PS-g-

PMA, where PMA is poly(methacrylic acid) [48].

Scheme 3
Chloromethylation of

PS [38]
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All these linking reactions occur through nucleophilic attack of the living

polyanion upon the backbone. A successful reaction often requires reducing the

reactivity of the anions to avoid side reactions. Living polycarbanions may be end

capped with 1,1-diphenylethylene (DPE) [49] or ethylene oxide for this purpose.

DPE end capping of PS anions was employed by Fernyhough et al. [50], followed

by reaction with a chloromethylated PS backbone and sulfonation to produce comb-

branched sodium poly(styrenesulfonate)s (NaPSS).

Using a modification of this strategy, Wilhelm and coworkers recently reported

the synthesis and characterization of well-defined model comb polymers of poly

(4-methylstyrene) (P4MS) having very low, but well-controlled, degrees of

branching [51]. The backbone and side chains of P4MS were made by living

anionic polymerization. The backbone was then treated with

N-bromosuccinimide (NBS) to partially brominate the methyl groups of the back-

bone polymer, and the living P4MS side chains were end capped with DPE prior to

linking. For a degree of bromination, >2 mol% side reactions leading to cross-

linking occurred, likely a result of metal-halogen exchange reactions.

Kawahawa et al. reacted a partially brominated polypropylene (PP) backbone,

made by a metallocene-catalyzed copolymerization of propylene with 11-bromo-1-

undecene, with PSLi to create PP-g-PS [52]. The obtained graft copolymers have

potential as compatibilizers for blends of PP and PS. Lin and coworkers prepared an

iodinated PBd backbone and demonstrated the synthesis of comb PBd and various

graft copolymers by reaction with DPE end-capped living polyanions of various

types, including various block copolymers to create complex copolymer architec-

tures including more than one type of grafted side chain [53]. Tang

et al. synthesized various comb and graft structures with PI as the backbone by

epoxidation of anionically synthesized PI using H2O2/HCOOH, followed by reac-

tion with PI, PS, PS-b-PI, and PI-b-PS [54].

More complex architectures have been synthesized by modification of this

grafting onto strategy. Graft copolymers with “V-shaped” and “Y-shaped” side

chains were synthesized by a combination of controlled radical polymerization

and living anionic polymerization (Scheme 4) [55]. The backbone was prepared

by TEMPO-mediated copolymerization of styrene and vinylbenzyl chloride. The

V-shaped branches were made by reaction of a PS macromonomer, having a DPE

end group, with PSLi or PILi, followed by reaction with the benzyl chloride-

functionalized PS backbone. The Y-shaped branches were incorporated in a

similar manner after further polymerization initiated by the “V-shaped”

polyanions.

Borsali and Deffieux and coworkers synthesized PS-b-PI comb copolymers by

the selective coupling of PS anions with a poly(chloroethylvinylether) backbone

block, followed by reaction of PI anions with chlorobutyl functionality introduced

into the second backbone block [56]. The same group synthesized comblike

copolymers having randomly distributed PS and PI grafts attached to a poly

(chloroethylvinylether) backbone by a grafting onto strategy [57].
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Hirao et al. prepared poly(m-tert-butyldimethylsiloxymethylstyrene)s with nar-

row PDIs by living anionic polymerization, transformed them into poly

(m-chloromethylstyrene)s by reaction with BCl3, and reacted this functionalized

Scheme 4 Synthesis of graft (co)polymers with V- and Y-shaped branches [55]
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backbone with living anionic polymers of styrene, isoprene, and 2-vinylpyridine to

synthesize comb polymers and graft copolymers having one branch on each repeat-

ing unit (macromolecular bottlebrush) [58, 59]. Attempts to produce polymers

carrying two branches per repeat unit were carried out using modifications of this

approach [59].

Polybutadiene (or alternatively polyisoprene) can be chlorosilylated for prepa-

ration of PBd-g-PS graft copolymers and PBd-g-PBd combs, where PBd is poly-

butadiene [60–62]. The synthesis of PBd-g-PS begins with the anionic

polymerization of butadiene in benzene, resulting in a linear PBd backbone with

>90 % 1,4-addition. Post-polymerization hydrosilylation using (CH3)2SiHCl cre-

ates chlorosilane groups at pendant double bonds of the 1,2-polybutadiene units.

The reaction with living PS anions or PBd anions gave PBd-g-PS or PBd-g-PBd,

respectively, with random branch placement (Scheme 5). Increased functionality of

the branching sites can be introduced through the use of multifunctional Si-Cl

coupling agents during the hydrosilylation step [10, 63, 64]. The same synthetic

scheme produces comb-branched polyethylenes when catalytic hydrogenation is

carried out on PBd comb homopolymers [61, 62].

The anionic copolymerization of the difunctional monomer 4-(vinylphenyl)-1-

butene with styrene at�40 �C in toluene/THF to yield PS-g-PS, PS-g-PI, and PS-g-

PMMA has also been demonstrated [65]. The experimental conditions permit the

styrenic double bond to be more reactive, giving a linear backbone with randomly

spaced alkene pendent groups. The alkene functionality allows the introduction of

Si-Cl groups via hydrosilylation at the olefinic double bonds and when introduced

to suitable living polyanions (PS, PI, PMMA) produces well-defined comb poly-

mers or graft copolymers.

This same group described the synthesis of amphiphilic graft copolymers com-

posed of hydrophilic backbones and hydrophobic PS side chains with various

acrylic monomers [66, 67]. The synthesis begins with the anionic copolymerization

of the desired methacrylic backbone monomer and glycidyl methacrylate (GMA).

Living polystyryllithium (PSLi) is then added, which undergoes a rapid reaction

between the active PS chain ends and pendent epoxy groups of GMA, forming the

desired final graft copolymer composition. The amount of GMA in the copolymer

backbone controls the number of available grafting sites along the backbone. After

Scheme 5 Hydrosilylation of PBd backbone as a route to grafted polymers and copolymers [60]
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reaction with living side chains, all unreacted epoxy groups are neutralized with

1,1-diphenylhexyllithium [66, 67].

A variety of other grafted homopolymers and copolymers have been prepared by

reacting living polyanions with suitable functionalized polymer backbones includ-

ing poly(N-vinylcarbazole) [68], cellulose [69, 70], and maleic anhydride

copolymers [71].

Block-graft copolymers are block copolymers having one or more linear block

and one or more blocks which are graft copolymers [72]. Poly[styrene-b-

(4-vinylphenyl)dimethylvinylsilane)-g-polyisoprene]-b-polystyrene block-graft

copolymers were synthesized by Se et al. [73]. (4-Vinylphenyl)dimethylvinylsilane

was anionically polymerized using cumylcesium in THF at �78 �C, followed by

addition of styrene to create a PVS-b-PS diblock copolymer backbone. Living PI

anions were reacted with the PVS functional groups to create the block-graft

architecture. Block-graft copolymers having a PS backbone with PI side chains

attached to only a portion of the backbone were made by a grafting onto strategy

[74]. The backbone block copolymer was made by using TEMPO-mediated radical

copolymerization of styrene and vinylbenzyl chloride to grow the first block,

followed by addition of styrene to grow the second block. Living PI anions were

reacted with benzyl chloride groups in the first block in order to attach the side

chains.

2.2 Grafting From

The grafting from method employs creation of active sites along the polymer

backbone, which serve to initiate the polymerization of the monomer that will

create the side chains. A disadvantage of this approach, as compared to the grafting

onto method, is that the side chains cannot usually be isolated and characterized

independently, making it more difficult to ascertain side chain length and grafting

density. As with the grafting onto strategy, if the backbone and side chains are both

made via a controlled/living polymerization process, they can be of narrow PDI.

Branch placement is generally random.

Grafting from by anionic polymerization is most often accomplished through

acid-base chemistry [25]. Acidic hydrogens on amide, alcohol, or phenol groups

can be removed by treatment with tert-BuOK; subsequently, the anionic polymer-

ization of ethylene oxide may then proceed [75]. Acidic hydrogens, adjacent to a

carbonyl group, can be removed with lithium diisopropylamide (LDA) and have

been shown to be well suited for the polymerization of methacrylate

monomers [76].

Metallation by organometallic compounds such as s-BuLi, in the presence of a

strong chelating agent, i.e., N,N,N’N’-tetramethylethylenediamine (TMEDA), has

been shown to create main chain active sites of allylic, benzylic, and aromatic C-H

bonds (Scheme 6). Several groups demonstrated this technique by producing

various poly(diene-g-styrene)s [77–82]. Hadjichristidis and Roovers synthesized
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model poly(isoprene-g-styrene) via lithiation of PI in the presence of TMEDA and

improved this grafting chemistry by performing all manipulations under high

vacuum in sealed vessels followed by fractionation to isolate the desired

products [78].

An important advancement in the metallation technique by the grafting from

approach was the introduction of metallation via a superbase. Lochmann

et al. reported the one-pot metallation of a parent PS backbone by a superbase,

prepared from 3-lithiomethylheptane and excess potassium alkoxide, followed by

the reaction with an electrophile to produce randomly substituted polystyrene

containing a variety of side chain pendant groups [83]. Using a less electronegative

potassium counterion enhances the reactivity by promoting the favorable associa-

tion of Li and O, generating potassium-contained substituents along the PS back-

bone. The superbase reagent provides for rapid deprotonation, at room temperature

in cyclohexane, of modestly acidic substances, and the high reactivity of the

organopotassium sites is capable of reacting with a large spectrum of electrophiles

[83–85]. Therefore, graft copolymers may be synthesized by polymerization or

copolymerization of a suitable monomer (e.g., 4-methylstyrene), metallation, and

addition of an anionically polymerizable monomer (Scheme 7) [84, 85].

Employing this general strategy, PP-g-PS was recently synthesized by Li

et al. [86]. They used Ziegler-Natta copolymerization of propylene and

p-allyltoluene to prepare the backbone, followed by metallation of the benzylic

Scheme 6 Metallation of a polydiene backbone, followed by monomer addition to create a graft

copolymer by the “grafting from” mechanism [1]

Scheme 7 Synthesis of graft copolymers through metallation of poly(styrene-co-methylstyrene)

[85]
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sites using n-BuLi/tert-BuOK and addition of styrene monomer. Polypropylene-g-

poly(ethylene-co-1-butene) with a well-defined long-chain branched structure was

prepared by a similar strategy (metallocene-initiated copolymerization of propyl-

ene and 4-(3-butenyl)toluene, followed by metallation of benzylic sites using

sec-BuLi/TMEDA, addition of butadiene monomer to grow PBd side chain, and

hydrogenation) (Scheme 8) [87].

Se et al. [88, 89] prepared di- and triblock copolymers of styrene and p-tert-

butoxystyrene to prepare a polymer backbone, followed by acid hydrolysis to

convert the butoxy groups to hydroxyl groups and activation using cumyl potassium

or DPE potassium, and the subsequent addition of ethylene oxide yields the block-

graft copolymers. Pispas and coworkers used anionic copolymerization of styrene

and p-tert-butoxystyrene, which when deprotected was used to polymerize ethylene

oxide in a ring-opening anionic polymerization using phosphazene base (t-BuP4)

(Scheme 9) [90]. The same team synthesized thermo-responsive brush copolymers

with poly(propylene oxide-r-ethylene oxide) side chains via the same strategy

employing a metal-free anionic polymerization grafting from strategy [91].

In another approach, PMMA-g-poly(β-butyrolactone) copolymers have been

synthesized [92]. This method involves treating the PMMA backbone with

18-crown-6 and potassium hydroxide to create the macroinitiator. This reaction

was determined to have a high grafting efficiency with facile control of the density

of grafting sites. Graft copolymers of PMMA-g-polyamide 6 were synthesized by

using N-carbamated caprolactam pendants as macroactivators and sodium

caprolactamate as a catalyst for the anionic polymerization of caprolactam

[93]. This group used a similar approach for synthesis of various graft copolymers

with “rigid” backbones via anionic ring-opening polymerization of caprolactam

(Scheme 10) [94, 95].

Scheme 8 Synthesis of PP-g-EBR copolymers [87]
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Graft copolymers having aromatic polyimide backbones and caprolactam side

chains were synthesized by anionic polymerization of caprolactam initiated by

imide rings bearing several suitable functional groups [96]. PS-g-polyamide 6 has

been synthesized by anionic polymerization of caprolactam from an isocyanate-

Scheme 10 Mechanism of graft copolymers of (a) St, (b) MMA, (c) NPMI, (d) ACCL, (e)
macroactivator, and (f) graft copolymer [94]

Scheme 9 Synthetic scheme for the preparation of polystyrene-b-poly(p-hydroxystyrene-g-eth-

ylene oxide) [90]
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bearing PS backbone [97]. Amphiphilic polycaprolactam-g-PMMA and

polycaprolactam-g-poly(L-lysine) copolymers have been synthesized by

metallation of a PCL backbone using LDA/THF, followed by addition of suitable

monomers [98, 99]. These degradable copolymers are of interest in biomedical and

pharmaceutical applications. Degradable amphiphilic polycaprolactam-g-P4VP

and polycaprolactam-g-poly(dimethylaminoethyl methacrylate) copolymers have

been reported by the same group [100]. More recently, Schlaad reported the anionic

graft copolymerization of ethylene oxide directly from poly(N-isopropyl acrylam-

ide) via activation of the PNIPAM using phosphazene base [101].

The grafting from strategy via living anionic synthetic procedures has two major

disadvantages: (1) knowledge of the precursor polymer chain is generally limited,

as noted above, to the backbone, with the isolation and characterization of the

branches generally involving selective chemical decomposition, and (2) ionic

copolymerization can lead to poor solubility, which results in poor control of the

polymerization [9, 10, 25, 65]. However, this methodology is considered particu-

larly attractive for use in controlled radical polymerization techniques since there is

a low concentration of instantaneous propagating species present, limiting coupling

and other termination events, and the continuous growth of side chains effectively

relieves steric effects [13].

2.3 Grafting Through (The Conventional Macromonomer
Approach)

The grafting through method relies on the formation and polymerization of

macromonomers, which are oligo- or polymeric chains characterized by a

polymerizable head group. Following this methodology, the side chains are first

covalently bonded to a polymerizable moiety, forming the macromonomer. When

homopolymerized, the macromonomer results in molecular brushes, but it is more

commonly copolymerized to produce comb polymers and graft copolymers. The

macromonomer approach requires consideration of important synthetic factors but

offers access to reasonably well-defined grafted architectures, having well-defined

side chains and backbones, more easily than other grafting methods based upon

anionic polymerization. The most important consideration is the reactivity disparity

of the macromonomer (M1) and comonomer (M2), typically expressed by reactivity

ratios r1 and r2, described by the Mayo-Lewis copolymerization equation [102]:

d M2½ �=d M1½ � ¼ 1 þ r2 M2½ �= M1½ �ð Þ = 1 þ r1 M1½ �= M2½ �ð Þ: ð1Þ

Generally, ionic mechanisms exhibit a greater discrepancy between r1 and r2, as
compared to free radical copolymerization, resulting in limited control of branch
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placement along the backbone. Additional factors of inherent incompatibility

between the macromonomer and growing polymer chains, fluctuations in concen-

trations of the two compounds, and phase separation due to the formation of the

copolymer can lead to greater compositional and molecular weight heterogeneity of

the product [9, 10, 25].

The formation of PS and PMMA macromonomers has been described in numer-

ous publications [103–108]. An example of the PS macromonomer synthesis begins

with the homopolymerization of styrene initiated by sec-BuLi. The living polymer is

then end capped with ethylene oxide to increase chain end flexibility and reactivity

before reacting with methacryloyl chloride to yield a methacrylate polymerizable

end group or benzyl bromide (or chloride) for a styrenic polymerizable end group.

Living PS has also been end capped with 1,1-dipheylethylene and subsequently

reacted with vinyl benzyl bromide (or chloride). Similarly, PMMAmacromonomers

were synthesized, end capped, and copolymerized with MMA or styrene to yield

PMMA-g-PMMA or PS-g-PMMA, respectively.

More recently, an in situ approach has been used to synthesize comb and grafted

copolymers and does not require the isolation of the macromonomer as a purifica-

tion step. The synthesis of the macromonomer involves the slow addition of living

polymer to 4-(chlorodimethylsilyl)styrene (CDMSS) (Scheme 11) [109, 110]. This

Scheme 11 In situ preparation and copolymerization of macromonomer [110]
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is made possible because of the selectivity of the substitution reaction between the

organolithium and the silyl chloride rather than with the styrenic double bond. End

capping the living polymer with a few butadiene units before introduction of

CDMSS provides greater control as a result of the selectivity for the Si-Cl over

the double bond being PBdLi> PILi> PSLi [108]. This method also allows for the

incorporation of multifunctional branch points via the copolymerization of “dou-

ble-tailed” and “triple-tailed” macromonomers, as shown by Hadjichristidis and

coworkers [111, 112].

The use of this in situ macromonomer approach has been extended by

Hadjichristidis and coworkers to the synthesis of a host of complex architecture

grafted polymer and copolymers (Scheme 12), including comb, star-comb, comb-

on-comb, and double-graft architectures (diblock copolymers where each block is a

graft copolymer) [113–115].

Foster and coworkers have very recently introduced a newmethod combining the

macromonomer approach and click chemistry for the synthesis of functionalized

comb polystyrenes (Scheme 13) [116]. ω-(p-Vinylbenzyl)PS macromere was syn-

thesized by anionic polymerization of styrene, followed by termination with

4-vinylbenzyl chloride. An unsaturated anionic initiator, 4-pentenyllithium, was

used to make α-4-pentenyl-ω-(p-vinylbenzyl)PS macromonomer. These two

macromonomers were then anionically copolymerized, with the titration of excess

sec-BuLi initiator to remove impurities just prior to polymerization, to afford a

polymer backbone where the pendant vinyl end groups could be functionalized in a

variety of ways using “click chemistry.”

Scheme 12 Complex comblike block copolymer architectures [115]
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3 More Advanced Methods to Achieve Graft Copolymers
with Superior Control of Macromolecular Architecture

The methods previously discussed can, under appropriate conditions, allow for

control of side chain length and backbone length. However, they provide only

statistical control over the number of branch points per molecule and the spacing of

the branch points. Thus, much research has been conducted over the past two

decades in order to better control these parameters.

Progress in living anionic polymer synthetic techniques has prompted the crea-

tion of many novel branched architectures including bottlebrush, π-shaped,
H-shaped, super-H-shaped, and pom-pom-shaped polymers and structures incorpo-

rating dendritic motifs [20, 117–125]. The synthesis of graft copolymer systems

containing regular branch point spacing has also been achieved primarily through

the use of chlorosilane-coupling chemistry, originally demonstrated in the synthesis

Scheme 13 Mechanism for the synthesis of functionalized comb polystyrenes: (a)
macromonomer A, (b) macromonomer B, and (c) synthesis of comb-vinyl copolymer by thiol-

ene “click” chemistry [116]
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of a simple graft PI-g-PS in 1990 [126]. This material was composed of a polyiso-

prene (PI) backbone with a single centrally located polystyrene (PS) side chain; the

simple graft is equivalent to an A2B miktoarm star. This chemistry has evolved to

allow the synthesis of multigraft copolymers having both regular branch point

spacing and tunable branch point functionality including tri-, tetra-, and

hexafunctional branch points, termed regular comb, centipede, and barbwire archi-

tectures, respectively (Scheme 14), as discussed in the next section [127].

In each case, high molecular weights and a large number of branch points (>10)

have been obtained. PI-g-PS materials have been extensively studied and have

shown noteworthy superelastic characteristics of extremely high elongation at

break and very low hysteresis, with both tensile strength and strain at break

increasing with the number of branch points and branch point functionality

[128]. More recently, a new class of regularly branched and low polydispersity

comb and graft copolymers has been demonstrated and termed “exact” graft

copolymers [129]. This novel technique introduces new and unprecedented control

of branch point placement, but for practical reasons may be limited to low numbers

of branch points (�5) and moderate molecular weights [9, 130, 131].

3.1 The Chlorosilane Macromonomer Polycondensation
Approach

An alternative macromonomer strategy based on step-growth polymerization has

been used to make multigraft copolymers with regularly spaced tri-, tetra-, and

hexafunctional branch points. As noted above, these materials have been termed

Scheme 14 Regular

multigraft poly(isoprene-g-

styrene) architectures: (a) A
(BA)N “comb,” (b) A
(B2A)N “centipede,” and (c)
A(B4A)N “barbwire” [127]
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“regular combs,” “centipedes,” and “barbwire” polymers, respectively, and have

been studied in detail for graft copolymers containing styrene and isoprene [127,

132]. The construction of each multibranched architecture incorporates the same

general methodology of combining living anionic and condensation polymeriza-

tions, with appropriate choice of the chlorosilane linking agent. In the case of the

tetrafunctional branch points (centipedes), living PSLi is slowly added to SiCl4
(“vacuum titration”) to obtain a coupled PS product with two terminal Si-Cl bonds

in the middle of the chain. This is then reacted with a small excess of difunctional

PI, initiated with a difunctional lithium initiator (DLI) derived from sec-BuLi and

(1,3-phenylene)bis(3-methyl-1-phenylpentylidene)dilithium, giving well-defined

graft copolymers with a PI backbone and PS branches (Scheme 15). Notice that

the last step in the synthesis is a polycondensation reaction yielding a PDI of 2 and

allowing the number of branch points to be controlled through stoichiometry.

Correspondingly, tri- or hexa-chlorosilanes are used for the synthesis of comb

and barbwire architectures. The hexafunctional multigraft (barbwire) synthesis also

requires the strategy of titrating in living PS arms in order to have stoichiometric

equivalents of silane and titrant to avoid the substitution of the third Cl at either end

of the hexafunctional chlorosilane. In contrast, the synthesis of trifunctional

multigrafts requires no titration and is achieved by reacting living PS with an

excess of methyltrichlorosilane, followed by removal of excess chlorosilane and

addition of living PI having anions at both ends. This method, although painstaking

due to the titration step and removal of the excess MeSiCl3 on the high-vacuum

line, yields regular branch point spacing, controlled branch point functionality, and

is capable of extremely high molecular weights for both homopolymer and copol-

ymer versions [127, 132]. Additionally, narrow molecular weight distribution

fractions having high levels of architectural homogeneity were obtained via sol-

vent/nonsolvent fractionation [127, 132].

Scheme 15 Synthesis of PI-g-PS centipedes [132]
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Plamper et al. recently reported alternate synthetic strategies leading to similar

macromolecular architectures, which they called the “pearl necklace architecture”

or “threaded star-shaped copolymers” [133]. A polycondensation reaction of PEO

macromonomers with partially protected dipentaerythritol leads to a multiblock of

PEO. Then the protected hydroxyl groups of dipentaerythritol were removed,

allowing attachment of poly(dimethylaminoethyl methacrylate) chains.

3.2 Exact Graft Copolymers

The synthesis of “exact” graft copolymers has been achieved utilizing the

macromonomer approach by incorporating moieties based on 1,1-diphenylethylene

(DPE). Since DPE shows no self-addition behavior, the dependence on reactivity

ratios of themacromonomer and comonomer can be avoided. This techniquewas first

used to synthesize miktoarm stars [134, 135], but its use has now expanded to more

complex branched architectures.

Comb, two and three branch symmetric, and asymmetric structures were first

shown by Hadjichristidis and coworkers, incorporating 1,4-bis(phenylethenyl)

benzene as a macromonomer [136]. This chemistry evolved to produce more

elaborate branched structures through the use of 4-(dichloromethylsilyl)

diphenylethylene (DCMSPDE). Exact graft copolymer synthesis is highlighted by

incorporating two chlorosilane linking molecules, promoting an exchange reaction

with living anionic chain ends on a non-homopolymerizable double bond of DPE

(Scheme 16). Again, since the substitution reaction is much faster, this allows for

Scheme 16 Synthesis of exact graft copolymer composed of polystyrene and polyisoprene [130]
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complete addition of the living polymer chains without initiation and propagation

of the sterically hindered vinyl group. Stoichiometry is crucial in order to obtain

complete initiation of the DCMSPDE double bond, without leading to linear side

products because of excess sec-BuLi [109, 129, 137].

A second exact grafting strategy demonstrated by Hirao and coworkers involves

three reaction steps using a double-DPE macromolecule: (1) a transformation

reaction of the α-terminal tert-butyldimethylsilyloxypropyl (SiOP) group into

bromopropyl function via deprotection of the SiOP group followed by bromination,

(2) a linking reaction of α-SiOP-ω-DPE-functionalized living PS with α-terminal

bromopropyl-functionalized PS to prepare an α-SiOP-in-chain-DPE-functionalized
PS backbone chain with the introduction of a DPE moiety between the two PS

chains, and (3) an addition reaction of PSLi with the DPE moiety to introduce a PS

graft chain (Scheme 17) [130].

Scheme 17 Successive synthesis of exact graft PS with three, four, and five PS branches [130]
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This general strategy was also used in the synthesis of exact graft copolymers

having a PMMA backbone and precisely located PS branches (Scheme 18)

[131]. This approach was extended to other polymer combinations including

P2VP-g-PS, PtBMA-g-PS, and poly(ferrocenylmethyl methacrylate)-g-PS

[138]. In these cases, the maximum number of branches attached was five, although

in principle more can be achieved if adequate care is taken.

Most recently, Hirao and coworkers have reported the synthesis of exact (co)

polymers having six PS, PI, or PMMA grafts attached to a PS backbone

[139]. The PS backbone, precisely controlled in terms of DPE placement, number

of DPE groups, and molecular weight, was prepared by combining the iterative

synthetic sequence with the subsequent coupling reaction and then reacted with

the living anions (Scheme 19). In addition, a new double-tailed exact graft PS

having 12 PS side chains (two per branch point) was synthesized by repeating the

addition reaction of living PS to the backbone PS [139].

Scheme 18 Synthesis of a series of exact graft copolymers containing PMMA and PS [131]
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4 Characterization

4.1 Molecular Weight Determination of Graft Copolymers

It was previously noted that the rigorous molecular characterization of comb, grafts,

and other branched polymers and copolymers can be as arduous as their synthesis.

Scheme 19 Iterative method allowing exact graft copolymer synthesis up to six branch points

[139]
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When possible, it is highly desirable to obtain molecular weight (MW) and PDI data

on the side chains and backbone prior to linking. Both the “grafting to” and

“grafting through” methods allow the backbone and side chains to be characterized

independently, as linear constituents. Characterization of the final products

(branched polymers and copolymers) is more complicated due to the increase in

heterogeneity and their more complex architectures. A prime example of instru-

ment limitations is demonstrated by size exclusion chromatography (SEC). Char-

acterization via SEC is the most commonly utilized approach for MW and PDI

determination, but this method is incapable of separating polymers with nearly

identical hydrodynamic volumes [140]. Such a restriction is particularly crippling

in characterization of model complex branched polymers and copolymers where

components of different branching levels, molecular weights, and compositions

may all co-elute. Furthermore, SEC suffers from large band broadening effects,

which make it even more difficult to resolve the various species present in complex

branched polymers and copolymers.

While synthetic polymer chemists continue to develop better synthetic method-

ologies that reduce structural heterogeneity, finding alternatives to SEC for the

rigorous molecular weight characterization of highly branched and other nonlinear

structures is a necessity. Where structural perfection is currently not possible,

characterization of imperfect structures can be just as beneficial [141]. In the last

15 years, this has been made feasible with the introduction of temperature gradient

interaction chromatography (TGIC) and first demonstrated by Chang et al.

[142]. TGIC relies on the enthalpic interactions between the solute molecules and

the stationary phase; these interactions can allow separation based on molecular

weight and not hydrodynamic volume. Strict control of the solvent and temperature

leads to superior resolution of branched polymers when compared to SEC with far

reduced band broadening [141, 143, 144].

A recent review by Hutchings has extensively discussed the advantages and

limitations of TGIC as it pertains to numerous complex branched architectures

including comb, H-shaped, and particular emphasis on dendritically branched poly-

mers [141]. In all cases, the use of TGIC was able to show that impurities were

present after fractionation, whereas traditional SEC analysis showed only a narrow,

single peak. More specifically, in the case of H-shaped polymers, it has been shown

that TGIC is capable of removing uncertainty and allowing for validation of current

rheological models for branched polymers [145–147]. TGIC will continue its

advancement and become a more universal characterization technique as a result

of its superior resolution and ability to identify low levels of heterogeneity.

4.2 Morphology and Mechanical Properties of Graft
Copolymers

Block copolymers undergo phase separation and self-organization on different

length scales, ranging from nanometers to hundreds of nanometers as a result of
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molecular weight, block composition, the solvent for film casting, annealing, etc.

[6]. For linear diblock and triblock copolymers, the morphology (spheres, cylin-

ders, bicontinuous gyroid, and lamellae) is directly linked to component volume

fractions. However, until about 20 years ago, very little was known about how long-

chain branching impacts morphology and mechanical properties of block

copolymers.

Milner developed a self-consistent mean field model for effects of architectural

and conformational asymmetry on “opposing polymer brushes,” which approxi-

mate miktoarm star copolymers [148]. Milner predicted that changing architecture

from an AB diblock to A2B, A3B, and A4B miktoarm stars, while keeping compo-

sition constant, would systematically alter the morphology of these materials. Thus,

Milner predicted that macromolecular architecture could be used to decouple

morphology of copolymers from the hitherto observed strict dependence on com-

position [148]. This prediction was subsequently verified [149–151].

In order to apply Milner’s theory to more complex multigraft copolymers, the

constituting block copolymer hypothesis (Scheme 20) is employed. This concept is

based on the idea that the overall phase behavior of a grafted copolymer is governed

by the behavior of smaller copolymer units associated at each junction point [123,

152–154]. Existing theories of miktoarm star and asymmetric linear diblocks can

thus be used to predict the behavior of the overall graft copolymers based upon the

local resemblance of multigraft copolymers to miktoarm star copolymers [148,

155–157].

Multigraft systems containing increased branch points per molecule have been

shown to suppress long-range ordering (Fig. 1) [128, 159]. Transmission electron

microscopy (TEM) images can only provide hints to the microphase-separated

Scheme 20 Constituting miktoarm star concept [159]
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domains for these materials [127]. Small-angle X-ray scattering (SAXS) data

supply confirmation of morphology and allow for the calculation of periodicity of

microphase separation from peak position (q) by application of the Bragg equation

[158]. Thus, when TEM observations are inconclusive because the material is

disrupted by branching or by alternative chemical/architectural means, SAXS can

yield well-reasoned morphological interpretations.

Uniformity of branch placement has been demonstrated to control the morphol-

ogy of the molecule at large through the preferred behavior at the smaller subunits

of the junction points. Beyer et al. showed that the domain shape of PI-g-PS with

tri- and tetrafunctional branch points can be correctly predicted, with the lamellar

morphology being the only to give long-range ordering [159]. A second finding

demonstrated in this work was that branch point placement was more significant

than the polydispersities of each sample [159]. Supporting these results, graft

copolymers with random tri- and tetrafunctional branch junction placement

displayed characteristic microphase separation but no long-range ordering as a

consequence of different morphologies being preferred throughout the polymer

chain [154].

Multigraft copolymers also exhibit unique mechanical properties emphasizing

the influence of molecular architecture. Again, well-controlled PI-g-PS composed

of regularly spaced grafted structure varying in the number of branch junctions per

molecule and branch point functionality (synthesized anionically under high-

vacuum conditions) was investigated for their stress-strain behavior (Fig. 2) [128,

160]. Analysis showed that the strain at break far exceeded that of their linear

counterparts (Styroflex and Kraton) [161]. Both strain at break and tensile strength

showed a linear dependence on the number of branch points. Hysteresis upon

stretching was extremely small, and the modulus could be tuned at a given com-

position by varying branch point functionality [162]. PI-g-PS structures composed

of random branch points yielded similar results, demonstrating the superior prop-

erties of multigraft copolymers as a result of their molecular architecture [128, 162,

163]. As the synthesis and characterization of graft copolymer and other complex

architectures continue to progress, these materials can continue to be tailored to

Fig. 1 TEM images of hexafunctional multigraft copolymers containing 21 % PS with (a) 5.3, (b)
3.6, and (c) 2.7 junctions per molecule. Additionally, SAXS confirmed (a) microphase-separated

and (b, c) lamellae morphologies [128] (Reprinted with permission from Macromolecules (2006)

American Chemical Society)
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optimize physical properties and exploit control of macromolecular architecture for

new and existing applications.

5 Conclusions and Future Prospects

Living anionic polymerization is an extremely valuable and versatile technique for

the synthesis of well-defined comb polymers and graft copolymers, both alone and

in combination with other living polymerization techniques. Over the past two
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decades, enormous advances in polymerization methodologies have led to comb

and graft materials having a broad range of chemical compositions and applications

ranging from elastomers and tough plastics to biomaterials and pharmaceutical

applications. New synthetic strategies allow control, not only of backbone and side

chain MW and PDI but also of the exact number of branch points, their placement

along the backbone, and the number of branches per branch point.

TGIC is emerging as a key analytical technique for the rigorous molecular

characterization of complex branched polymers and copolymers. Superior mechan-

ical properties have been demonstrated for multigraft copolymer-based thermo-

plastic elastomers.

In the future and following a general trend in block copolymer research, we

anticipate additional work in the synthesis of more complex multicomponent graft

copolymers, incorporating three or more monomers. We also anticipate the use of

self-assembly in creating reversible multigraft copolymers that respond to external

stimuli. Polypeptide components may play a key role here.
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Star-Branched Polymers (Star Polymers)

Akira Hirao, Mayumi Hayashi, Shotaro Ito, Raita Goseki,

Tomoya Higashihara, and Nikos Hadjichristidis

Abstract The synthesis of well-defined regular and asymmetric mixed arm (here-

inafter miktoarm) star-branched polymers by the living anionic polymerization is

reviewed in this chapter. In particular, much attention is being devoted to the

synthetic development of miktoarm star polymers since 2000. At the present

time, the almost all types of multiarmed and multicomponent miktoarm star poly-

mers have become feasible by using recently developed iterative strategy. For

example, the following well-defined stars have been successfully synthesized:

3-arm ABC, 4-arm ABCD, 5-arm ABCDE, 6-arm ABCDEF, 7-arm ABCDEFG,

6-arm A2B2C2, 9-arm A3B3C3, 12-arm A4B4C4, 13-arm A4B4C4D, 9-arm AB8,

17-arm AB16, 33-arm AB32, 7-arm AB2C4, 15-arm AB2C4D8, and 31-arm

AB2C4D8E16 miktoarm star polymers, most of which are quite new and difficult
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to synthesize by the end of the 1990s. Several new specialty functional star poly-

mers composed of vinyl polymer segments and rigid rodlike poly(acetylene) arms,

helical polypeptide, or helical poly(hexyl isocyanate) arms are introduced.

Keywords Living anionic polymerization • Star polymer • Regular star polymer •

Asymmetric star polymer • Miktoarm star polymer • μ-Star polymer • Iterative

strategy • Multicomponent and multiarmed star polymer

1 Introduction

The availability of star-branched polymers (hereinafter star polymers) with well-

defined architectures and low degrees of molecular weight and compositional

heterogeneity is essential for fundamental understanding regarding the relation-

ships among the star-branched structure and their basic properties as well as

morphologies. If such relationships can be understood and predetermined, new

specialty polymers based on star-branched structures are created, because it has

long been known that the branched structure significantly influences various phys-

ical properties and morphologies.

A star polymer, recognized as the simplest branched polymer among the various

branched polymers so far synthesized, consists of three or more linear polymer

chains linked together at one end of each chain by a single or junction point. In

general, star polymers are categorized into two types, that is, regular and asym-

metric star polymers. Regular star polymers are composed of all the same arm

segments in molecular weight and chemical structure. Because of several arm

segments connected at the single point and the same number of chain ends, these

polymers have characteristic features, such as lower viscosities in the bulk and

solution, better solubility, smaller hydrodynamic volumes, lower crystallinities, and

lower glass transition temperatures (Tg) and melting points (Tm), in comparison to

linear polymers with the same molecular weights.

Asymmetric star polymers, whose arms differ in chemical structure, are gener-

ally called mixed-arm or miktoarm (coming from the Greek word μικτ�oζ meaning

mixed) star polymers, abbreviated as μ-star polymers. This type of polymer belongs

to a star with a composition asymmetry. Furthermore, there are two additional

different asymmetric star polymers as follows: the first example is a star polymer

with molecular weight asymmetry, whose arms are identical in chemical structure,

but differ in molecular weight. The other one is a star polymer with topological

asymmetry, in which the arms are block copolymers, but differ with respect to the

block sequence connected to the branch point. Such three asymmetric star polymers

are illustrated in Fig. 1 to clearly understand their structures.

Among such asymmetric star polymers, μ-star polymers have received much

attention in recent years because they exhibit unique and unusual morphologies in

bulk and selected solvents, either by moving the borders of the classical morphol-

ogy map of linear block polymers or by tremendously increasing the variety of new

morphological structures [1–3]. Thus, μ-star polymers are expected as promising
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nonlinear multiphase polymers next to linear block polymers with many potential

applications in the fields of nanoscience and nanotechnology such as electronic and

optical nanodevices, nanomaterials for lithography, nanoreactors carrying metal

catalysts and enzymes, nanoscale microfilters, self-assembled materials for drug

and genetic materials delivery, etc.

In this chapter, we will briefly describe the general and basic synthesis of star

polymers established until the 1990s to avoid the duplication of previous reviews

and books [4–13]. Our attention will focus on the recent developments of

multiarmed and multicomponent μ-star polymers synthesized by the living anionic

polymerization “with emphasis on the precise control of synthetic factors involving
the molecular weight, molecular weight distribution, arm number, and composi-
tion.” The rapid progress in living/controlled radical polymerization systems as

well as several living polymerization systems via cationic, transition-metal-medi-

ated, and other mechanisms also enables the synthesis of various different μ-star
polymers, which cannot be obtained by anionic polymerization. However, such star

polymers, although interesting, are beyond the scope of this chapter and may be

covered elsewhere.

2 Regular Star Polymers

2.1 Regular Star Polymers Synthesized Until the 1990s

In order to synthesize regular as well as asymmetric star polymers with well-defined

structures, the use of living polymerization systems is essential. Although several

living polymerization systems via different active species and reaction mechanisms

have been significantly developed, particularly in the last 25 years, the living

anionic polymerization of styrene, 1,3-butadiene, isoprene, 2-vinylpyridine, alkyl

methacrylates, and their derivatives with certain functional groups [14–18] is still

the best system based on the following viewpoints: first, the molecular weight can

be precisely controlled in a wide range from 103 to even 106 mol/l. Second, an

extremely narrow molecular weight distribution can be realized, Mw/Mn values

being 1.05 or even lower. Finally, the resulting living anionic polymers have chain-

composition asymmetry molecular weight asymmetry topological asymmetry

Fig. 1 Three asymmetric star polymers
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end anions, which are highly reactive, but stable under appropriate conditions. Such

characteristics are ideally suited for the synthesis of star polymers with well-defined

structures.

Two strategies were proposed for the synthesis of regular star polymers as early

as the 1960s soon after the discovery of the living anionic polymerization in 1956.

They were strategies based on the “core-first” initiation and “arm-first” termination

methodologies. Scheme 1 shows the synthesis of star polymers by the core-first

initiation method. A multifunctional anionic initiator having three or more anionic

sites exactly defined in number is prepared in advance and used as the initiator for

the living anionic polymerization of an appropriate monomer to grow the arm

segments. The number of arms in the resulting star corresponds to the number of

anionic sites if all of the sites efficiently work. There are advantageous points where

steric hindrance is reduced as the polymerization proceeds and fractionation is

basically not needed. The most successful examples by this method were the

synthesis of polystyrene (PS), poly(ethylene oxide) (PEO), and poly(dimethyl-

siloxane) (PDMS) star polymers having 4–16 arms by the polymerization of the

corresponding monomers with the multifunctional anionic initiators based on

carbosilane dendrimers of several generations [19, 20]. A hydrocarbon-soluble

trifunctional anionic initiator was prepared from 1,3,5-tris(1-phenylethenyl)ben-

zene and sec-BuLi and found to be an effective initiator for the synthesis of 3-arm

PS and poly(1,3-butadiene) (PB) star polymers [21, 22].

A serious problem, however, exists regarding the uniformity of the arm seg-

ments in molecular weight. Due to the ionic repulsion among several anionic sites

that influences the degree of ion dissociation, it is highly probable that the propa-

gation reaction heterogeneously proceeds, resulting in a large molecular weight

distribution of the arm segments. Furthermore, it is difficult or nearly impossible to

know how many reaction sites participate in the polymerization. Thus, star archi-

tectures including arm the lengths and numbers cannot be always unambiguously

defined. For these reasons, the agreement between the calculated and observed

molecular weights is not a guarantee to demonstrate the well-defined structures of

the resulting polymers. In addition, the insolubility and synthetic difficulty of

highly purified multifunctional anionic initiators often prevents the practical syn-

thesis of star polymers.

The second strategy based on the arm-first termination methodology utilizes a

multifunctional terminator having the exact number of reaction sites in the linking

reaction with living anionic polymers for the star polymer synthesis, as shown in

Living anionic
polymerizatioon

Monomer
-

---
- -

-

-

--

Scheme 1 Synthesis of

regular star polymer by

“core-first” initiation

method
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Scheme 2. The premade living anionic polymer with a known molecular weight and

a narrow molecular weight distribution is employed in the linking reaction. The

number of arms in the resulting star polymer is readily determined by comparing

the molecular weight of the final polymer to that of the premade living polymer.

Agreement between the molecular weight of the final polymer and the molecular

weight calculated by multiplying theMn value of the premade living polymer by the

arm number is direct evidence for the well-defined and expected structure. The

uniformity and molecular weight of the arm segment are always guaranteed by the

use of the premade living polymer. Thus, the arm-first termination methodology is

quite superior to the core-first initiation one with respect to the well-defined star

polymer synthesis.

During the early stage of the star polymer synthesis, the use of a wide variety of

multifunctional terminators was attempted in the linking reaction with living anionic

polymers [23]. These terminators involved 1,3,5-trichloromethylbenzene, 1,3,5-

tribromomethylbenzene, 1,2,4,5-tetrabromobenzene, hexa(4-chloromethylphenyl)-

benzene, MeSiCl3, SiCl4, SnCl4, PCl3, hexachlorocyclic triphosphazene, 2,4,6-

triallyloxytriazine, dimethyl terephthalate, tetrekis((phenyl-1-vinyl)-4-phenyl)

plumbane, 1,1,4,4-tetraphenyl-1,4-bis(allyloxytriazine)butane, 1,3,5-tris

(phenylethenyl)benzene [22], and even C60 [24, 25]. Unfortunately, insufficient

linking and undesired side reactions often occurred in the linking reactions of most of

these terminators with the living anionic polymers to afford mixtures of target stars,

less or extra-armed stars, and other by-products. Moreover, the number of arms was

generally limited in range from 3 to 6. Such difficulties and limitations were

overcome by developing several functional dendrimer-based multifunctional termi-

nators. The arm-first termination methodology using such multifunctional terminators

is currently the most promising procedure for the synthesis of well-defined

multiarmed star polymers and will be introduced in the next sections “Arm-first

termination methodology using multifunctional chlorosilane reaction site,” “Arm-first

termination methodology using BnBr reaction site,” and “Arm-first termination

methodology using DPE reaction site.”

The third strategy initially reported by Burchard et al. [26, 27] since the 1970s

and later developed by Rempp et al. [28, 29] utilizes certain divinyl monomers

either with anionic initiators, followed by polymerization, or with living anionic

R
R

-

RR
R

Scheme 2 Synthesis of regular star polymer by “arm-first” termination method
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polymers. The typical divinyl monomers used are 4-divinylbenzene (4-DVB), a

commercially available mixture of 3- and 4-DVBs, and several bis(methacrylate)

monomers. In the former case as shown in Scheme 3, an anionic initiator like BuLi

reacts with 4-DVB to polymerize and subsequently undergoes the addition reaction

between the chain-end anion and the pendant vinyl group, resulting in the produc-

tion of a soluble microgel-like multifunctional compound with many anionic

reaction sites. This multifunctional compound is used as the anionic initiator in

the polymerization of the appropriate monomer. Thus, a variety of PS, PB, poly-

isoprene (PI), poly(tert-butyl acrylate) (PtBA), and PEO star polymers were syn-

thesized [29–34]. The number of arms can be controlled by the ratio of [4-DVB]/

[BuLi] in the range from 5 to even the high number of 1,300. Moreover, the reaction

of the growing chain-end anions with either suitable electrophiles or the addition of

other monomers allows access to a variety of end-functionalized stars or star block

copolymers.

A star polymer can also be synthesized by directly reacting a living anionic

polymer with 4-DVB, as illustrated in Scheme 4. Similar to the reaction of BuLi

with 4-DVB mentioned above, the living anionic polymer polymerizes a few

4-DVB molecules, followed by the addition reaction of the chain-end anion with

the pendant vinyl group, forming a 4-DVB micro gel nodule that serves as the

branch point for the produced star polymer. PS, PB, and PI star polymers are typical

examples synthesized by this methodology [35–39]. The number of arm segments

can also be changed from 5 to 56 by the ratio of [4-DVB] to [chain-end anion].

Since a number of anionic sites are produced by the above reaction, subsequent

addition of the same monomer or another monomer yields regular star polymers

BuLi

-

- -

-
-

-

-

-
-

-

-

-

-

-

Monomer
--

- - -
-

-

-

Scheme 3 Synthesis of star polymer by the polymerization with multifunctional initiator prepared

from BuLi with 4-DVB

-
-

- - -
---

-

-

Scheme 4 Synthesis of star polymer by reacting living anionic polymer with 4-DVB
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having more number of arms or μ-star polymers (see Scheme 5). For example, a

variety of AnBn μ-star polymers composed of PS (A) and poly(tert-butyl (meth)

acrylate) (PtB(M)A) (B), PEO (B), or poly(2-vinylpyridine) (P2VP) (B) were

successfully synthesized by this methodology [29, 39–42]. The number of arm

segments in the star polymers thus synthesized is always widely distributed and

even the molecular weight of the arms cannot be controlled. Thus, the third strategy

is not suitable to synthesize well-defined star polymers, although it is synthetically

straightforward and, therefore, technologically important.

2.2 Arm-First Termination Methodology Using
Multifunctional Chlorosilane Reaction Site

In contrast to the above-mentioned terminating agents, chlorosilane compounds

quantitatively react with highly reactive living anionic polymers, such as poly

(styryl)lithium (PSLi), poly(1,3-butadienyl)lithium (PBLi), and poly(isoprenyl)

lithium (PILi), without any side reactions. On the other hand, the incomplete

reaction of PSLi with SiCl4 was observed to occur, resulting in a mixture of star

PSs having less than three arms, thus the target 4-arm star PS could not be obtained.

This lack of reactivity is attributed to the steric hindrance between the core Si atom

and the chain-end PS anion. In contrast, the reaction between a less bulky PBLi and

SiCl4 was found to be complete to afford the expected 4-arm star PB. It was feasible

to synthesize the 4-arm star PS by converting the chain-end anion of PSLi to the

butadienyl anion by end-capping a few 1,3-butadiene units and subsequently

reacting with SiCl4. Since PILi is situated between PSLi and PBLi in steric

bulkiness, the careful choice of chlorosilane compounds and longer reaction

times are usually required to complete the linking reaction. Thus, well-defined

PSs, PBs, and PIs with arms ranging from 3 to even up to 18 were successfully

synthesized [9]. However, the synthesis of multiarmed star polymers was still

difficult due to the synthetic difficulty of multifunctional chlorosilane compounds.

Since the 1980s, there appeared a large breakthrough in the development of

multiarmed star polymer synthesis. Roovers, Hadjichristidis, and their coworkers

Same
-

-
--

- --

monomer
Different
monomer

7-arm A7 star14-arm A14 star 14-arm A7B7 star

Scheme 5 Synthesis of more armed regular star and AnBn μ-star by the polymerization of the

same or different monomer with the polymer anion
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were the first to successfully synthesize a series of carbosilane-based

multifunctional chlorosilane compounds having many Si-Cl reaction sites by

employing a new iterative approach, as shown in Scheme 6 [43]. The carbosilane

dendrimers were prepared starting with tetravinylsilane and using two reaction

steps, that is, the hydrosilylation of the vinylsilane moieties with MeSi(H)Cl2 and

the reaction of the chlorosilane function with vinylmagnesium bromide to introduce

a vinyl group to the silicon atom. The number of chlorosilane reaction sites were

dramatically increased from 8 (4� 2), 16 (4� 22), 32 (4� 23), 64 (4� 24), even

128 (4� 25) by repeating the two reaction steps. Thus, a series of multifunctional

chlorosilane compounds having 8, 16, 32, 64, and even 128 chlorosilane reaction

sites were successively prepared. Similarly, they also prepared another series of

multifunctional chlorosilanes, in which 6, 12, and 18 chlorosilane reaction sites

were introduced. These carbosilane-based multifunctional chlorosilane compounds

are designed so as to separate the chlorosilane reaction site by the methylene chain

and to possess only two chlorides on one silicon atom in order to facilitate the next

linking reaction stage with living anionic polymers.

With the use of such multifunctional chlorosilane compounds in the linking

reactions with living anionic polymers, the following multiarmed star polymers

with well-defined structures were successfully synthesized for the first time: typi-

cally 6-, 12-, and 18-arm star PSs; 6-, 8-, 12-, and 18-arm star PIs; 8-, 16-, 32-, 64-;

and 128-arm star PBs. Most of these star polymers were quite new and possessed

remarkably high molecular weights up to 108 g/mol in some cases [44–48].

Later, reevaluation of the 32- and 64-arm star PBs by 1H NMR and MALDI-

TOF MASS analyses showed that the average number of introduced arms were

29 and 54, respectively, indicating the strict steric requirements in the synthesis of

multiarmed star polymers [49, 50]. Nevertheless, the arm-first termination meth-

odology using multifunctional chlorosilane compounds is still one of the most

reliable and promising methodologies for the synthesis of well-defined multiarmed

star polymers. The chlorosilane compounds also readily react with the living poly

Si
MeSiHCl2 Si

Si
Si

Si

Si

Me

Cl

Cl

Cl Cl

Cl

Cl

ClCl

Me

Me

Me

MgBr MeSiHCl2
R-Si(Cl)16

MgBr
R-Si(Cl)32

1)

2) MeSiHCl2

MgBr
R-Si(Cl)64

1)

2) MeSiHCl2

MgBr
R-Si(Cl)128

1)

2) MeSiHCl2

Scheme 6 Synthesis of carbosilane-based multifunctional chlorosilane compounds by iterative

methodology
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(methyl methacrylate) PMMA and PEO. Unfortunately, the resulting star polymers

are not stable due to the formation of hydrolysable Si-O-C linkages between the

PMMA or PEO segments and their cores.

2.3 Arm-First Termination Methodology Using BnBr
Reaction Site

It has long been believed that the linking reaction of highly reactive living anionic

polymers, such as PSLi, PBLi, and PILi, with benzyl chloride (BnCl) or benzyl

bromide (BnBr) proceeds along with several undesired side reactions such as the

metal–halogen exchange, benzyl proton abstraction, and single-electron transfer

reactions. Accordingly, fewer or extra-armed star polymers were by-produced in

addition to target stars in the reaction of the living anionic polymer with

multifunctional benzyl halides. However, it became feasible to dramatically reduce

or almost eliminate such side reactions by end-capping the living anionic polymers

with 1,1-diphenylethylene (DPE) prior to the reaction. Moreover, the choice of the

reaction conditions is very important. The reaction efficiency could be further

improved by carrying out the reaction under the conditions in THF at �40 �C or

lower temperature. It is also important to design in such a way that one halomethyl

group is substituted on the phenyl ring to minimize the steric hindering and

electronic effects. Among the benzyl halides, BnBr is superior to BnCl in the

linking reaction, while benzyl iodide is too unstable for the practical use in the

star polymer synthesis. Thus, the linking reaction between the BnBr reaction site

and the DPE-end-capped living anionic polymer was observed to almost quantita-

tively proceed [51]. It should be noted that less reactive living polymers of 2VP,

MMA, and tBMA cleanly and quantitatively linked with 1,2,4,5-

tetrabromomethylbenzene in THF at �78 �C to afford the corresponding 4-arm

star polymers [52, 53].

Similar to the above-mentioned synthesis of multifunctional chlorosilanes by the

iterative approach, Hirao et al. successfully synthesized a series of chain-end-

(BnBr)n-multifunctionalized polymers with different generations by employing a

new iterative approach, which involves two reaction steps in each reaction

sequence, that is, the iterative process as follows [51]: first, the reaction of the

terminal BnBr reaction sites with a DPE anion prepared from sec-BuLi and 1,1-bis

(3-tert-butyldimethylsilyloxymethylphenyl)ethylene (1); second, a transformation

reaction of the introduced 3-tert-butyldimethylsilyloxymethylphenyl

(TBDMSiOMP) groups into BnBr functions used as the reaction sites by treatment

with a 1:1 mixture of Me3SiCl and LiBr.

As shown in Scheme 7, a chain-end-(BnBr)2-functionalized PS was initially

prepared by reacting PSLi with 1 to introduce two TBDMSiOMP termini, followed

by transformation into two BnBr reaction sites with Me3SiCl/LiBr. In the first

process, the DPE anion was prepared from sec-BuLi and 1 and reacted in situ
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with the resulting chain-end-(BnBr)2-functionalized PS to introduce four

TBDMOSiMP groups at the chain end. They were transformed into four BnBr

reaction sites by the same treatment as that used above. These two reactions exactly

correspond to the above-mentioned two reaction steps, respectively. Since the two

reactions were observed to quantitatively proceed, the same process could be

repeated. In fact, the number of BnBr reaction sites exponentially increased from

8 (23) to 16(24), 32(25), and 64 (26). The results are summarized in Table 1.

A star PS was synthesized by the linking reaction of PSLi (Mn¼ ca. 5,000 g/mol)

with each of the chain-end-(BnBr)n-multifunctionalized PSs (Mn values of

PSs¼ ca. 5,000 g/mol) in THF at �78 �C. Prior to the linking reaction, PSLi was

end-capped with DPE to avoid any side reaction. The reaction was very fast and

actually completed within 1 h under such conditions to result in 3-, 5-, 9-, 17-, and

33-arm star PSs. Their structures were all well defined, as confirmed by the SEC

and SLS analyses listed in Table 2.

Since living PMMA cannot react with 1 of the DPE derivative, the DPE anion is

used as an initiator in the living anionic polymerization of MMA to introduce two

TBDMOSiMP groups at the initiating chain end. As shown in Scheme 8, the same

iterative reaction process was performed to increase the number of the BnBr

reaction sites by repeating the process [54]. The reaction of the living PMMA

(Mn¼ ca. 10,000 g/mol) with the chain-end-(BnBr)n-multifunctionalized PMMAs

(Mn values of PMMAs¼ ca. 10,000 g/mol) in THF at�78 �C quantitatively yielded

well-defined 3-, 5-, 9-, and 17-arm star PMMAs (see also Table 3).

Next, several living anionic polymers with different reactivities were reacted

with the chain-end-(BnBr)8-multifunctionalized PS in order to investigate the

reactivity of the BnBr reaction site. These polymer segments were all adjusted to

be ca. 10,000 g/mol in Mn value. Both PBLi and PILi were end-capped with DPE

and subsequently reacted in situ with the BnBr-functionalized PS in THF at�78 �C
for 1 h. Under such conditions, 8 PB or 8 PI segments were readily and quantita-

tively coupled to afford well-defined 9-arm AB8 μ-star polymers composed of PS

(A) and PB (B) or PI(B) arms in virtually quantitative yields (see Scheme 9).

1)

-

-

-

2) MeOH

Me3SiCl

LiBr

R
Me3SiCl

LiBr

R
Me3SiCl

LiBr 16

32 64

SiMe2But Br

Scheme 7 Synthesis of chain-end-(BnBr)n-multifunctionalized PSs by iterative methodology
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Table 1 Characterization results of chain-end-(BnBr)n-multifunctionalized PSs

Polymer

Mn (g/mol) Mw/Mn BnBr functionality

calcd VPO SEC calcd 1H NMR

PS(BnBr)2 4,790 4,800 1.04 2 2.00

PS(BnBr)4 5,470 5,420 1.04 4 3.92

PS(BnBr)8 6,850 6,780 1.03 8 8.08

PS(BnBr)16 9,590 9,640 1.04 16 15.9

PS(BnBr)32 15,000 14,800 1.03 32 32.0

PS(BnBr)64 25,600 24,700 1.03 64 64.2

Table 2 Synthesis of PS star polymers with 3, 5, 9, 17, and 33 arms by the linking reaction of

PSLis with chain-end-(BnBr)n-multifunctionalized PSs

Star polymer number of arms

Mn (g/mol) Mw/Mn

calcd SLS SEC

3 17,900 17,800 1.03

5 26,800 26,600 1.04

9 44,000 44,700 1.03

17 88,100 87,600 1.05

33 190,000 196,000 1.02

R
R

16

SiMe2But Br

RLi MMA
-

- -

-
MeOH Me3SiCl

Me3SiCl Me3SiCl

LiBr

LiBrLiBr
Me3SiCl

LiBr

R R

Scheme 8 Synthesis of chain-end-(BnBr)n-multifunctionalized PMMAs by iterative

methodology

Table 3 Synthesis of PMMA star polymers with 3, 5, 9, and 17 arms by the reaction of chain-end-

(BnBr)n-multifunctionalized PMMAs with living PMMAs

Star polymer number of arms

Mn (g/mol) Mw/Mn

calcd SLS SEC

3 39,900 40,500 1.02

5 59,600 61,500 1.02

9 99,600 105,000 1.02

17 208,000 205,000 1.04
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Similarly, the quantitative synthesis of a 9-arm AB8 star polymer, whose B arm was

P2VP or PtBMA, was also achieved by reacting either the living P2VP or PtBMA

with the same BnBr-functionalized PS under identical conditions. The reaction of

living PEO bearing K+ with the BnBr-functionalized PS resulted in a 100 % linking

of the eight PEO chains by adding DMF (ca. 20 vol %) as a cosolvent and gradually

raising the temperature to 40 �C for 24 h. Thus, the eight BnBr reaction sites all

were satisfactorily reacted with a variety of living anionic polymers to afford the

corresponding star polymers. Based on these results, the methodology using the

BnBr reaction sites demonstrated the possible synthesis of the multiarmed regular

PS, PB, PI, P2VP, PMMA, PtBMA, and PEO stars [55]. The latter three star

polymers were observed to be practically stable, since PMMA, PtBMA, or PEO

arms were linked at the cores via stable C-C or C-O bonds.

It should be noted that the insufficient coupling reactions of chain-end-(BnBr)8-

multifunctionalized PSs (Mn¼ 100 kg/mol) were observed with very high-

molecular-weight living anionic polymers having Mn values of more than 100 kg/

mol even for longer reaction times of 48–168 h. This is at least partly due to the

steric hindrance around the reaction sites at the core.

2.4 Arm-First Termination Methodology Using DPE
Reaction Site

The final methodology is also based on the arm-first termination methodology

involving the DPE reaction sites in conjunction with iterative approach. However,

the iterative approach employed in this methodology is different in mechanism

from those described in sections “Arm-first termination methodology using

multifunctional chlorosilane reaction site” and “Arm-first termination methodology

using BnBr reaction site.” In the first two iterative approaches used above, the

number of the reaction sites increased by repeating the iterative process and the arm

segments were then introduced via the prepared reaction sites, resulting in

Br

PS PS

9 arm AB8 m-star polymer

B : PI, PB, P2VP, PMMA, PtBMA, PEO
Mn = ~ 100 000 g/mol, Mw/Mn ~ 1.03

-

Scheme 9 Synthesis of 9-arm AB8 μ-stars by the reaction of chain-end-(BnBr)8-functionalized

PS with various living anionic polymers
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multiarmed star polymers. On the other hand, the iterative approach herein pro-

posed is designed so as to introduce both the reaction sites and arm segments at the

same time in each iterative process. Accordingly, each process yields a star polymer

and the resulting star polymer is always employed as the starting polymer in the

next process. Since the synthetic significance of this methodology will be empha-

sized in the next section, a possible application to the synthesis of multiarmed star

polymer is now described.

As shown in Scheme 10, a new DPE-functionalized agent, 3,5-bis

(3-(4-(1-phenylethenyl)phenyl)propoxy)benzyl bromide (2), is used as the key

compound in each iterative process [56]. All the polymer segments were fixed at

ca. 10,000 g/mol in Mn value throughout the synthesis. PSLi was initially

end-capped with DPE and subsequently reacts with 2 to introduce two DPE reaction

sites at the chain end. The addition reaction of two equivalents of PSLi to the two

DPE reaction sites at the PS chain end was essentially quantitative, resulting in a

3-arm star PS having two DPE anions generated at the linking points. The four DPE

reaction sites were introduced by in situ reacting 2 with the generated two DPE

anions. Thus, the introduction of two PS arms and four DPE reaction sites was

achieved in this process. Since the star PS had the same DPE reaction sites at the

core and the two reaction steps were virtually quantitative, the same reaction

process could be repeated four more times to successively afford the 7-, 15-, 31-,

and 63-arm star PSs.

The yield of the 7-arm star PS was quantitative in THF at �78 �C within 1 h.

However, the reaction was not complete in the next process under the same

conditions. Accordingly, the reaction conditions were altered as follows: in tert-
butylbenzene at 30 �C for 168 h (the second process) and in tert-butylbenzene with

PS D
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Scheme 10 Synthesis of multiarmed PS stars by iterative methodology using DPE reaction sites
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two equivalents of TMEDA at 40 �C for 72 h (the third and fourth processes). A

further attempt for the synthesis of a 127-arm star PS by reacting PSLi with the

core-(DPE)64-functionalized 63-arm star PS was not successful even under the

same conditions. The resulting polymer was found to possess on average

113 arms. The insufficient linking reaction may be attributed to the steric hindrance

around the reaction sites as well as the ionic repulsions among the unreacted anionic

sites and (PSLi)s.

As summarized in Table 4, a series of star PSs thus synthesized, except for the

113-arm star PS, was confirmed by 1H NMR, SEC, and SLS to be well defined in

star architecture and precisely controlled in arm segment. Even the 113-arm star PS

possessed a narrow molecular weight distribution. Thus, this methodology demon-

strates the high synthetic potential of the multiarmed star PSs. However, it should

be mentioned that only highly reactive living anionic polymers capable of reacting

with the DPE function, such as PSLi, PBLi, and PILi, are able to be used at the

moment.

This iterative methodology can readily be changed to the original ones shown in

sections “Arm-first termination methodology using multifunctional chlorosilane

reaction site” and “Arm-first termination methodology using BnBr reaction site”

as follows: The reaction of the chain-end-(DPE)2-functionalized PS with two

equivalents of sec-BuLi instead of PSLi, followed by in situ reacting the generated

DPE anion with 2, yielded a chain-end-(DPE)4-functionalized PS. By repeating the
same reaction sequence, the DPE reaction sites increased 8, 16, followed by 32 in

number. This indicates that the two original methodologies can also possibly be

changed to the second alternative iterative one, with which arms as well as reaction

sites are introduced at the same time.

In conclusion, the synthesis of regular star polymers has almost been established

in cases using the arm-first termination methodologies with a variety of living

anionic polymers with different reactivities. Indeed, regular star PS, PB, PI,

P2VP, PMMA, PtBMA, and PEO were successfully synthesized by carefully

choosing the reaction site. The resulting stars all have well-defined architectures

with controllable molecular weights, narrow molecular weight distributions, and

many arms ranging from 6 to 63. A variety of functional star polymers can now be

synthesized by applying the living anionic polymerization of new functional sty-

rene derivatives to the above methodologies (see chapter Non-polar monomers:

Table 4 Synthesis of multiarmed star PSs by iterative methodology using DPE reaction sites via 2

Star PS arm number

Mn (g/mol) Mw/Mn

calcd SLS SEC

3 32,200 33,700 1.03

7 79,400 79,000 1.04

15 163,000 166,000 1.05

31 330,000 330,000 1.05

63 625,000 623,000 1.03

127(113) 1,290,000 1,113,000 1.05
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styrene and 1,3-butadiene derivatives). Furthermore, a variety of recently devel-

oped living anionic polymers derived from cyclic monomers may also be usable in

these methodologies, resulting in new well-defined multiarmed star polymers.

3 Asymmetric Star Polymers

As mentioned in the introduction, star polymers are usually categorized into regular

and asymmetric star polymers. The asymmetric star polymer further subdivides into

the following three types according to their architectures: (1) chemical structure

asymmetry, (2) molecular-weight asymmetry, and (3) topological asymmetry, as

illustrated in Fig. 1. Among them, we now focus on the chemical structure

asymmetry-based miktoarm star polymers. These miktoarm arm star (abbreviated

μ-star) polymers are classified as nonlinear branched block polymers and have

recently attracted much attention because their morphological nanoscale

suprastructures and supramolecular assemblies formed in bulk as well as selected

solvents are new, characteristic, and, more importantly, quite different from those

produced by linear block polymers. These structures and assemblies are expected to

play important roles in the fields of nanoscience and nanotechnology with many

potential applications. Accordingly, the μ-star polymers are currently recognized as

a promising next-generation multiphase polymeric material.

In order to elucidate the formation of such structures and assemblies in detail, well-

defined architectures and precisely controlled arm segments in μ-star polymers are

strongly demanded. In general, such μ-star polymers are much more difficult in

synthesis than regular star polymers due to the following requirements and still a

challenging subject even now: (1)multistep reactions to introduce a number of different

arms, (2) isolation of the intermediate polymers to obtain pure products, and, most

importantly, (3) several different reaction sites selectively worked for the introduction

of each arm. These requirements make the molecular design and practical synthesis of

multiarmed and multicomponent μ-star polymers extremely difficult. Accordingly, the

methodologies currently developed can mainly cover two-component AxBy types and

several examples of three-component ABC type μ-star polymers. Only a few synthetic

examples of the four-component ABCD μ-stars have been reported. Moreover, struc-

tural variation is considerably limited in the three- and four-component star polymer

syntheses. There is no report about the synthesis of the five-component ABCDE or

more-component μ-star polymers except for those to be introduced later. As empha-

sized in the introduction part, the living anionic polymerization is the most suitable

system for the synthesis of well-defined μ-star polymers because of the excellent

abilities to precisely control many structural variables.

In the first half of this section, the methodologies established so far for the

synthesis of three- and/or four-component μ-star polymers will be introduced. The

recently developed methodologies based on iterative strategy possible for the

synthesis of multiarmed and multicomponent μ-star polymers will then be

described in the latter half.
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3.1 Methodology Using Chlorosilane Reaction Site

As mentioned in section “Arm-first termination methodology using multifunctional

chlorosilane reaction site,” multifunctional chlorosilane compounds are some of the

most effective reaction sites to synthesize multiarmed regular star polymers as these

compounds readily and quantitatively react with the living anionic polymers. In the

synthesis of regular stars using multifunctional chlorosilane compounds, the reac-

tivity of the living anionic polymer toward the Si-Cl bond was found to follow the

sequence of PBLi> PILi> PSLi mainly due to the steric bulkiness of the chain-end

anion. It was also found that the reactivity of the Si-Cl bond for the chain-end anion

decreased as replacing the chlorine atom by the polymer chain by both the electron

donating effect and steric hindrance. By utilizing such different reactivities, the

methodology using multifunctional chlorosilane compounds was significantly

developed to be an effective procedure for the synthesis of a variety of μ-star
polymers.

Mays was the first to successfully synthesize a well-defined μ-star polymer of the

3-arm AB2 type composed of PS (A) and PI (B) by the chlorosilane methodology,

as illustrated in Scheme 11 [57]. The most sterically bulky and thereby less reactive

PSLi first reacted with a large excess of MeSiCl3 to prepare a chain-end-(SiCl2)-

functionalized PS and, after removal of the excess unreacted MeSiCl3 in situ under

high vacuum conditions, the more reactive PILi was reacted with the SiCl2 terminus

of PS, resulting in a 3-arm AB2 μ-star polymer. The addition order of the living

polymer is important in this case. For example, the reverse addition order makes it

difficult to synthesize an in-chain-(SiCl)-functionalized (PI)2 and finally introduce a

PS chain into the core, due to the combination between the less reactive Si-Cl

reaction site and sterically hindered PSLi. This methodology was developed by

Hadjichristidis et al. to synthesize all possible combinations of the AB2 star

polymers, in which the A and B arms were PS, PB, or PI [58, 59]. Furthermore,

an AB3 μ-star polymer was synthesized in a similar manner using SiCl4 instead of

MeSiCl3 [60–62].

The same group also successfully synthesized a 3-arm ABC μ-star composed of

PS, PI, and PB arms for the first time by utilizing such different reactivities, as

shown in Scheme 12 [63]. In the synthesis, PILi first reacted with a large excess of

MeSiCl3 to replace the chlorine atom by the PI chain to prepare a chain-end-

(SiCl2)-functionalized PI and the excess unreacted MeSiCl3 was removed under

excess
MeSiCl3

Si-Me

Cl

Cl
+ MeSiCl3

PS
PI

3-arm AB2 m-star

Scheme 11 Synthesis of 3-arm AB2 μ-star polymer by the chlorosilane methodology
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high vacuum. The most bulky and least reactive PSLi was stoichiometrically

reacted in situ with the Si-Cl terminus by a colorimetric titration changing from

an orange-red to colorless. No more linking of the PSLi occurred by employing this

technique in addition to the steric hindrance of PSLi. Finally, the most reactive

PBLi was reacted with the least reactive in-chain-(SiCl)-functionalized PI-b-PS to

afford a target 3-arm ABC μ-star with well-defined structures (Mn¼ 45.4 kg/mol,

Mw/Mn¼ 1.03). Furthermore, a 4-arm ABCD μ-star polymer was synthesized by a

similar procedure, in which PSLi, poly(4-methylstyryl)lithium (PMSLi), PILi,

followed by PBLi, were sequentially added to SiCl4 [64]. This polymer was the

first successful four-component μ-star polymer (Mn¼ 62.5 kg/mol,Mw/Mn¼ 1.05).

A very interesting ABC μ-star containing PDMS (Mn¼ 58.9 kg/mol, Mw/

Mn¼ 1.04) could also be synthesized by reacting the above-prepared in-chain-

(SiCl)-functionalized PS-b-PI with the living PDMS [65]. The methodology further

demonstrated the effective synthesis of a variety of μ-star polymers, such as the

AB3, A2B2, AB5, and A8B8 types, where A and B arms are PS, PI, PB, 2-methyl-

1,3-pentadiene, 1,3-cyclohexadiene, and their block copolymer segments. The

resulting polymers were all well defined in structure with narrow molecular weight

distributions (Mw/Mn ~ 1.05) [66–73].

Unfortunately, the living PMMA and other related living polymers derived from

alkyl methacrylate monomers cannot be directly applied in this effective method-

ology, because the silyl enol ether linkage formed between the PMMA arm and the

core is readily hydrolyzed even with moisture in the air. In order to introduce the

PMMA segment into the μ-star polymer, the reaction site was converted from the

Si-Cl reaction site to a DPE anion, as illustrated in Scheme 13. After the in-chain-

excess
MeSiCl3

Si -Me
Cl

Cl

+ MeSiCl3
PI

PS

3-arm ABC m-star

Cl

Me

Si

PB
-

-
-

Scheme 12 Synthesis of 3-arm ABC μ-star by the chlorosilane methodology

Cl
-

-

-

Me
Si Me Si

MMA MeOH PMMA

PI

PS

PI

PS

Scheme 13 Synthesis of 3-arm ABC μ-star polymer composed of PS, PI, and PMMA
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(SiCl)-functionalized PS-b-PI was prepared in the same manner as that mentioned

above, the Si-Cl reaction site was reacted with a dilithium compound, Li

(CPh2CH2CH2CPh2)Li, to convert it to the DPE anion. This new anionic reaction

site was used as an initiator for the polymerization of MMA, resulting in a 3-arm

ABC μ-star polymer composed of PS, PI, and PMMA arms (Mn¼ 77.0 kg/mol,Mw/

Mn¼ 1.06) [74]. This modification of the reaction site is advantageous in this

respect that any monomer besides MMA that undergoes the living anionic poly-

merization with the DPE anion can be used.

Thus, a variety of well-defined three- and four-component μ-star polymers can

be synthesized by utilizing the different reactivity of the living anionic polymer

toward the Si-Cl reaction site as well as the reactivity difference of the Si-Cl bond

by the number of chlorine atoms on the Si atom. On the other hand, the reaction

order of the living polymers is very critical and limited by the above-mentioned

reactivity differences. Moreover, the final linking reaction steps often take longer

times even for a few months. Although the living polymers of MMA, other alkyl

methacrylates, and ethylene oxide cannot be used in the original methodology, the

development of the modified methodology with the anionic reaction site enables the

introduction of these polymer segments into the stars.

3.2 Methodology Using Dual-Functionalized Reaction Sites

In 1992, Fujimoto et al. reported a general and versatile methodology for the

synthesis of 3-arm ABC μ-star polymers by utilizing the dual-functionalized char-

acter of the DPE derivatives [75]. As illustrated in Scheme 14, a chain-end-DPE-

functionalized PDMS was first prepared by the polymerization of hexamethylcy-

clotrisiloxane (D3) with lithium alkoxide of the DPE derivative (see Scheme 14)

and then reacted with PSLi to link the PDMS with the PS segment. Since a DPE

anion was newly generated by this addition reaction, tBMAwas subsequently added

in situ to polymerize with the generated DPE anion, resulting in a 3-arm ABC μ-star
polymer composed of PDMS, PS, and PtBMA arms (Mn¼ 59.0 kg/mol and Mw/

Mn¼ 1.06). The DPE function works as a dual-functionalized agent, which pro-

vides a linking site at first, followed by an initiation site. Consequently, the two

different arm segments could be separately introduced. This means that the 3-arm

ABC μ-star polymers can always be synthesized with the use of a chain-end-DPE-

functionalized polymer as the starting material. Thus, this methodology combines

the “arm-first” termination method to link two polymer chains with the “core-first”

initiation method to grow the third arm segment. In the final step, any monomer

undergoing the living anionic polymerization with the DPE anion can be used.

Because of fewer operation steps and more choices of possible monomers including

several cyclic monomers, the methodology has been further developed for the

synthesis of various 3-arm μ-star polymers by Abetz et al. [1, 76] and recently

Matsushita et al. [2, 77–81]. They used 1-(4-bromomethylphenyl)-1-

phenylethylene or 1-(3-(3-chloropropyldimethylsilyl)phenyl)-1-phenylethylene in
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order to introduce the DPE functionality in the starting polymer. Scheme 15 shows

the synthesis of the 3-arm ABC μ-star polymer composed of PS, PB, and PMMA

arms. Representative μ-star polymers synthesized by this methodology are summa-

rized in Table 5.

It was further reported that several functional DPE derivatives effectively work

as the suitable nodules for the synthesis of the μ-star polymers. Quirk

et al. synthesized a 4-arm A2B2 μ-star polymer by the addition reaction of two

MeOH
PtBMA

PDMS

PS

PDMS
PS

-
-

tBMA

LiO-Si
Me

Me
D3

Scheme 14 Synthesis of 3-arm ABC μ-star polymer by the methodology using DPE dual-

functionalized reaction site

Br
-

-

-

MMA

PS
PB

PMMA

PS

PB
MeOH

Scheme 15 Synthesis of 3-arm ABC μ-star polymer by the methodology using DPE reaction site

Table 5 Synthesis of 3-arm

ABC μ-star polymers by the

methodology using DPE

reaction site

3-arm ABC μ-star
Mn (g/mol) Mw/Mn lit.A B C

PS PB PMMA 250,000 1.13 76

PS PB P2VP 96,000 1.01 1

PS PB P2VP 288,000 1.04 1

PS PB P2VP 134,000 1.04 77

PS PB P2VP 199,000 1.04 77

PS PI P2VP 154,700 1.02 2

PS PI P2VP 192,100 1.02 2

PS PI P2VP 241,000 1.03 79

PS PI P2VP 401,000 1.04 79
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equivalents of PSLi with 1,3-bis(1-phenylethenyl)benzene, which is regarded as a

DPE derivative substituted with the DPE function, followed by the polymerization

of 1,3-butadiene with the two generated DPE anions (Mn¼ 23.4 kg/mol and Mw/

Mn¼ 1.05) [82]. Similarly, another 4-arm A2B2 star composed of PS and PMMA

arms was synthesized by Young et al. (Mn¼ 58.9 kg/mol and Mw/Mn¼ 1.03)

[83]. Quirk et al. also demonstrated the synthesis of a 3-arm AA0A00 star PS

composed of three PS arms with different Mn values using 1,4-bis

(1-phenylethenyl)benzene [84]. Unlike the reaction of PSLi with the above meta-
isomer, the PSLi underwent the 1:1 addition reaction with this para-isomeric DPE

derivative and no more addition occurred due to the delocalization of the generated

anion. After quenching with methanol, another PSLi reacted with the resulting

chain-end-DPE-functionalized PS, followed by polymerization of the styrene

monomer, resulting in the above 3-arm star PS with molecular weight asymmetry.

This synthetic success indicates the possible synthesis of 3-arm ABC μ-stars.
He et al. reported that the methodology using the above para-isomer allowed

access to a 4-arm ABCD μ-star polymer synthesis [85]. The synthesis also takes

advantage of the 1:1 addition reaction, as illustrated in Scheme 16. PSLi first

reacted with 1,4-bis(1-phenylethenyl)benzene in the 1:1 addition manner, followed

by the polymerization of tBMA with the generated DPE anion. Poly

(α-methylstyryl)lithium (PαMSLi) then reacted with the residual DPE moiety to

link the PαMS chain, and 4-vinylpyridine (4VP) was subsequently in situ polymer-

ized to grow the fourth arm, resulting in a 4-arm ABCD μ-star composed of PS,

PtBMA, PαMS, and P4VP arms (Mn¼ 30.0 kg/mol and Mw/Mn¼ 1.05).

Dumas et al. developed the methodology using 1-(2-tert-butyldimethylsilylox-

yethylplenyl)-1-phenylethylene for the synthesis of different types of 3-arm ABC

star polymers [86, 87] (see Scheme 17). PSLi was first reacted with the above DPE

derivative, followed by the polymerization of ethylene oxide, to afford the in-chain-

functionalized PS-b-PEO. The 2-tert-butyldimethylsilyloxyethyl group between

the two blocks was then deprotected to regenerate the hydroxyl group, which was

converted to sodium alkoxide by treatment with Ph2CHNa. The resulting sodium

alkoxide function was used as the anionic initiator for the ring-opening

PS
-

-

-

-

tBMA
PαMS

4VP

MeOH

MeOH

4-arm ABCD m-star

Scheme 16 Synthesis of 4-arm ABCD μ-star polymer by the methodology using two DPE

reaction sites
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polymerization of ε-caprolactone, resulting in a 3-arm ABC star composed of PS,

PEO, and poly(ε-caprolactone) arms (Mn¼ 112 kg/mol and Mw/Mn¼ 1.29). Simi-

larly, another 3-arm ABC star composed of PS, PEO, and PtBMA arms was

synthesized.

Hirao et al. successfully synthesized a 3-arm ABC, followed by a 4-arm ABCD

μ-star polymer, by the methodology with 1,1-bis(3-chloromethylphenyl)ethylene,

as illustrated in Scheme 18 [88, 89]. A chain-end-(BnCl and DPE)-functionalized

PI was first prepared by the reaction of the DPE-end-capped PILi with an excess of

the above DPE derivative and subsequently reacted with the DPE-end-capped poly

(4-methoxystyryl)lithium (PMOSLi) to prepare an in-chain-DPE-functionalized

PI-b-PMOS. A 3-arm (Mn¼ 31.8 kg/mol and Mw/Mn¼ 1.03) was synthesized by

reacting PSLi with the resulting DPE-functionalized PI-b-PMOS. The reaction of

the intermediate 3-arm ABC star anion formed by the above reaction with a chain-

end-(4-bromobutyl)-functionalized poly(4-trimethylsilylstyrene) (PMSiS) yielded

a 4-arm ABCD μ-star polymer (Mn¼ 43.0 kg/mol andMw/Mn¼ 1.04) composed of

PI, PMOS, PS, and PMSiS arms. With the use of an in-chain-DPE-functionalized

A2 polymer in place of the in-chain-DPE-functionalized AB diblock copolymer in

the above methodology, all possible 3- and 4-arm μ-star polymers including A2B,

e-caprolactone

PS

Poly(eCL)

PS

MeOH

O-SiMe2But O

O-SiMe2But

PS PEO PS PEO

ONa

PEO

-

Scheme 17 Synthesis of 3-arm ABC μ-star polymer by the methodology using DPE reaction site

PI

PS
-

-

-

-

PMSiS

Cl Cl
Cl

(CH2)4Br

PMOS

PMOS

PI

PS

PMSiS

3-arm ABC star 4-arm ABCD star

Scheme 18 Synthesis of 3-arm ABC and 4-arm ABCD μ-star polymers by the methodology using

DPE reaction site
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AB2, AB3, A2B2, A3B, A2BC, AB2C, and ABC2 in addition to the ABC and ABCD

types were successfully synthesized. The starting in-chain-DPE-functionalized A2

was prepared by reacting two equivalents of a DPE-end-capped living polymer

(A) with 1,1-bis(3-chloromethylphenyl)ethylene.

Hadjichristidis et al. successfully synthesized a 4-arm ABCD μ-star polymer by

adding the dual functionality of DPE in the methodology with multifunctional

chlorosilane compounds [90]. As shown in Scheme 19, 1-(4-dichloromethylsi-

lylphenyl)-1-phenylethylene of a new DPE derivative was used as the key com-

pound and PILi, followed by the living PDMS, was selectively replaced with the

two chlorine atoms of this DPE to prepare an in-chain-DPE-functionalized PI-b-
PDMS. The target 4-arm μ-star polymer was synthesized by the addition reaction of

PSLi to the in-chain DPE function and the subsequent polymerization of 2VP with

the generated DPE anion (Mn¼ 75.9 kg/mol and Mw/Mn¼ 1.06). A series of 4-arm

A2B2, 4-arm A2BC, and 5-arm A2B2C μ-star polymers were also synthesized by the

similar methodologies (Mn¼ 88.7, 96.4, 109 kg/mol and Mw/Mn¼ 1.05, 1.02,

1.02). Their A, B, and C arms are PDMS, PS, and PI, respectively.

Recently, Müller et al. reported the methodology by combining a DPE derivative

having a protected alkyne functionality with the azide–alkyne Huisgen cycloaddi-

tion reaction to synthesize the 3-arm ABC μ-star polymers [91]. As shown in

Scheme 20, PBLi reacts with 1-((4-tert-butyldimethylsilyl)ethynyl)phenyl-1-

phenylethylene, and tBMA was subsequently polymerized to prepare an in-chain-

(ethynyl)-functionalized PB-b-PtBMA. A chain-end-N3-functionalized PEO was

separately prepared by the anionic ring-opening polymerization, followed by ter-

minating with azido acid chloride, and reacted with the in-chain ethynyl function of

PB-b-PtBMA to link the PEO chain, resulting in a 3-arm ABC μ-star composed of

PB, PtBMA, and PEO arms (Mn¼ 32.7 kg/mol and Mw/Mn¼ 1.04). Other 3-arm

star polymers composed of PB, PtBMA, PS and PB, PtBMA, poly(2-N,N-
dimethylaminoethyl methacrylate) arms were synthesized by the same procedure

(Mns¼ 20.8–32.5 kg/mol and Mw/Mns¼ 1.03–1.11).

Si Cl
Me

Cl
PI

-

-

-
PDMS PS

2VP MeOH

PI

PDMS

PS

P2VP

4-arm m-star polymer

Scheme 19 Synthesis of 4-arm ABCD μ-star polymer by the methodology using chlorosilane and

DPE reaction sites
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Hillmyer et al. developed a new, but basically similar methodology using the

dual functionality of the EO derivative in place of the DPE function in order to

synthesize two interesting 3-arm ABC star polymers, as illustrated in Scheme 21

[92–94]. The synthesis was started by the reaction of PBLi with methoxymethox-

yoxirane to prepare a chain-end-functionalized PB with hydroxyl and acetal-

protected hydroxyl functionalities. After catalytic hydrogenation of the PB main

chain for conversion to poly(ethylethylene) (PEE), the hydroxyl group was changed

to potassium alkoxide, followed by the polymerization of EO to afford an in-chain-

OH-functionalized PEE-b-PEO after removal of the acetal protection. Two 3-arm

ABC μ-star polymers composed of PEE, PEO, poly(γ-methyl-ε-caprolactone) arms

(Mn¼ 18.8 kg/mol and Mw/Mn¼ 1.22) and PEE, PEO, poly(perfluoropropylene

oxide) (PFPO) (Mn¼ 17.9 kg/mol and Mw/Mn¼ 1.08) were synthesized by the

anionic ring-opening polymerization of γ-methyl-ε-caprolactone and the esterifica-
tion reaction with a chain-end-(COCl)-functionalized PFPO, respectively.

As often mentioned, the dual-functionalized agent like the DPE and EO derivatives

enables the sequential introduction of two of the same or different polymer chains into

the core via the linking and initiation sites. Accordingly, if this agent is attached to a

PB

PEO

PtBMA

PEO

3-arm ABC m-star polymer

SiMe2But

SiMe2But
tBMA Bu4NF

N3

PB

H

N N
N

Scheme 20 Synthesis of 3-arm ABC μ-star polymer by the methodology using DPE reaction site

in conjunction with Click reaction
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O
O O

O O
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2) Ph2CHK

O HCl
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PEO

PFPO
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PEE
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-

Scheme 21 Synthesis of 3-arm ABC μ-star polymer by the methodology using EO reaction site
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polymer chain in advance, 3-arm ABC μ-star polymers can be synthesized by

introducing two different polymer chains via the dual-functionalized reaction sites.

If the agent is incorporated between two blocks in the block copolymer, the synthesis

of 4-arm ABCD μ-star polymers may be feasible. Furthermore, 3-arm ABC and 4-arm

ABCD stars can be synthesized in a similar manner using the DPE derivative having

the function(s) capable of linking with other polymer chain(s). The methodologies

herein introduced are all based on such mechanisms.

3.3 Methodologies Based on Iterative Strategy

The generality and versatility of the methodologies described above were demon-

strated for the effective synthesis of three- and four-component μ-star polymers

with well-defined structures. However, these methodologies cannot be used for the

synthesis of more component and armed μ-star polymers, since the reaction site

(s) always disappears after the introduction of arm(s) in the final stage and thereby

the arm can be no longer introduced.

In order to overcome this difficulty, Hirao, Higashihara et al. have proposed a

novel methodology, which is based on a new conceptual “iterative strategy,” since
2001. In this methodology, the reaction system is designed in such a way that the

same reaction site is regenerated after the introduction of an arm segment in each

reaction sequence and this “arm introduction–regeneration of the same reaction site”

sequence is repeatable. Accordingly, the same or different arm segment can be

successively and, in principle, limitlessly introduced by repeating the reaction

sequence, resulting in the synthesis of a series of many component and armed

μ-star polymers. Since a new reaction site is always regenerated for the next reaction

stage, several reaction sites selectively worked for the introduction of a number of

arms are not needed and the above-mentioned complicated and practically difficult

synthetic design can be avoided in this proposed iterative methodology. A variety of

iterative methodologies using different reaction sites have been significantly devel-

oped based on the same concept and can allow access to a variety of synthetically

difficult multiarmed and multicomponent μ-star polymers [10–13, 17, 95, 96].

3.3.1 Iterative Methodologies Using DPE Reaction Site

The first successful iterative methodology, in which a DPE function is used as the

reaction site, is illustrated in Scheme 22. At first, a chain-end-DPE-functionalized A

was prepared as the starting material by reacting a DPE-end-capped living polymer

(A) with 1-(4-(3-bromopropylphenyl))-1-phenylethylene (3) [97]. In the first iterative
process, the resulting chain-end-DPE-functionalized A was reacted with another

living polymer (B) to link the B chain with the A segment, and a DPE anion was

produced at the linking point by the linking reaction. The agent, 3, was then in situ

reacted with this DPE anion to reintroduce the DPE function. Thus, the linking
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reaction and the reaction of the DPE anion with 3 exactly correspond to “the arm

introduction” and “the reaction site regeneration” steps, respectively. Since the

resulting A-b-B possesses the DPE reaction site introduced between the two blocks,

the same reaction process can be repeated. In fact, living polymer (C) reacted with the

in-chain-DPE-functionalized A-b-B, followed by reacting with 3, resulting in a 3-arm
ABC μ-star polymer core functionalized with the DPE reaction site. By repeating the

same process two more times with the sequential uses of living polymers (D) and (E),

4-arm four-component ABCD and 5-arm five-component ABCDE μ-star polymers

were successfully synthesized. The DPE reaction site is capable of not only under-

going the linking reaction with a living anionic polymer, but also regenerating the

DPE reaction site via the DPE anion produced by the linking reaction. Thus, the dual

functionality of the DPE derivative is also utilized in each process of this methodol-

ogy. Typically, the A, B, C, D, and E arms were the PMSiS, PMOS, PMS, PS, and

poly(4-tert-butyldimethylsilyloxystyrene) (PTBDMSiOS) segments.

In each process, the two reactions were observed to virtually quantitatively

proceed. The resulting μ-star polymers were confirmed by SEC, RALLS, and 1H

NMR analyses to be well defined and expected in structure, as listed in Table 6. The

final 5-arm ABCDE μ-star polymer is the first successful example composed of five

different arms. Hydrolysis of the E arm by treatment with (C4H9)4NF yielded a new

5-arm ABCDE μ-star including an acidic and ionic poly(4-vinylphenol) arm

A

Br
(3):

3
-

-
-

-
-

-

-

-

D
B

3 D
C

3 D
D

D3
E

D3
D:

Scheme 22 Iterative methodology using DPE reaction site

Table 6 Synthesis of μ-star
polymers by iterative

methodology using DPE

reaction site

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

A 10,500 10,700 1.03

AB diblock 21,300 22,000 1.02

3-arm ABC 32,000 34,400 1.02

4-arm ABCD 42,800 43,000 1.02

5-arm ABCDE 59,300 57,000 1.02
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segment. Since the final polymer possesses the DPE reaction site at the core, the

synthesis of μ-stars with more arms and components is expected by further repeat-

ing the same process.

With the use of 1,3-bis(1-phenylethenyl)benzene (4) in place of DPE in the same

iterative methodology, the arm number may increase by two in each iterative

process, as illustrated in Scheme 23 [98, 99]. In the first process, two equivalents

of a living polymer (A) reacted with 4 to link two A segments (the arm introduction

step) and 3was in situ reacted with the two produced DPE anions to reintroduce two

DPE functions (the reaction site regeneration step). Next, the resulting in-chain-

(DPE)2-functionalized A2 was reacted with a living polymer (B), followed by the in

situ reaction with 3, and produced a 4-arm A2B2 μ-star polymer core functionalized

with two DPE reaction sites. One more repetition of the process using a living

polymer (C) gave a 6-arm A2B2C2 μ-star polymer. The A, B, and C arms used were

PS, PαMS, PMOS and PS, PαMS, PI.

In the same sense, with the use of 1,1-bis(3-(1-phenylethenyl)phenyl)ethylene

(5), composed of three DPE skeletons in the same methodology, the number of arms

could increase by three in each process, resulting in the 3-arm A3, 6-arm A3B3, and

9-arm A3B3C3 μ-star polymers (see Scheme 24) [100]. Three 9-arm stars composed

of PS, PMOS, PI arms, PS, PMOS, PMSiS arms, and PS, PMOS, PTBDMSiOS

arms convertible to poly(4-vinylphenyl) segment. Each of these processes in both

4- - -

-

-

--

3
DD

A
B

3
DD

C
3

DD

Scheme 23 Synthesis of μ-star polymers by the iterative methodology with 3 and 4 using DPE

reaction site
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Scheme 24 Synthesis of μ-star polymers by the iterative methodology with 3 and 5 using DPE

reaction site
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methodologies efficiently proceeded to afford well-defined μ-star polymers in

almost 100 % yields. Their characterization results are listed in Table 7.

As mentioned in section “Arm-first termination methodology using DPE reac-

tion site,” it was possible to significantly increase the number of arm segments in

each process using 3,5-bis(3-(4-(1-phenylethenyl)phenyl)propoxy)benzyl bromide

(2) having two DPE and one BnBr functions [56]. This agent, 2, is designed so as to
regenerate the two DPE reaction sites via one DPE anion produced by the arm

introduction step. As illustrated in Scheme 25 similar to Scheme 10, a DPE-end-

capped living polymer (A) reacts with 2 to prepare a chain-end-(DPE)2-

functionalized A as the starting polymer. In the first process, two equivalents of a

D
-

- -

-

-

-
-

-

-

O

O

3

3

Br

(2)

2
(D2) (D )2

2
(D4)

(D )4 (D8) (D16)

31-arm AB2C4D8E16 m-star(D32)

D: D :

(A)
(B) (C)

2 2
(D)

2
(E)

7-arm AB2C4 m-star (D8) 15-arm AB2C4D8 m-star (D16)

3-arm AB2 m-star (D4)

Scheme 25 Synthesis of multiarmed μ-star polymers with up to five components by the iterative

methodology with 2 using DPE reaction sites

Table 7 Synthesis of μ-star
polymers by iterative

methodology with 3 and 4 or

5 using DPE reaction sites

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

4-arm A2B2 41,100 41,800 1.02

6-arm A2B2C2
a 61,700 62,400 1.02

6-arm A2B2C2
b 34,800 31,800 1.06

6-arm A3B3 67,800 66,700 1.03

9-arm A3B3C3
c 97,000 97,100 1.02

9-arm A3B3C3
d 101,000 103,000 1.04

9-arm A3B3C3
e 98,300 97,200 1.03

aPS/PαMS/PMOS
bPS/PαMS/PI
cPS/PMOS/PMSiS
dPS/PMOS/PI
ePS/PMOS/PTBDMSiOS
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living polymer (B) reacted with the two DPE reaction sites of the starting polymer

to link two B segments with the A chain and 2 was in situ reacted with two DPE

anions produced by the linking reaction. As a consequence, a 3-arm AB2 star was

obtained and, importantly, four DPE reaction sites were regenerated at the core.

Similarly, repetition of the same process three more times with the sequential uses

of living polymers (C), (D), and (E) quantitatively yielded the 7-arm AB2C4,

15-arm AB2C4D8, and even 31-arm AB2C4D8E16 μ-star polymers. The resulting

polymers were all confirmed to be well-defined and expected structures, as listed in

Table 8. The regeneration of 8, 16, and 32 DPE reaction sites was confirmed by 1H

NMR. Thus, the number of arms significantly increases by repeating the process

according to the equation, f¼ 2(n+1) – 1 (f and n are the arm and iterative process

numbers, respectively).

Thus, the methodology using 2 allows readily, access to multiarmed μ-star
polymers with up to 31 arms and possibly more arms. However, the synthetic

variation of the μ-star polymers with more than 10 arms is limited only to 15 and

31 arms due to the rapid divergence of the number of arms. Recently, Higashihara

et al. proposed to alternatively use 2 and 3 in each of the reaction site regeneration

steps, with which the number of synthetically possible μ-star polymers can expo-

nentially increase to 2, 4 (22), 8 (23), and 16 (24) by repeating the process four times,

as illustrated in Scheme 26 [101]. After the completion of the fourth iterative

process, a total of 30 (2 + 4 + 8 + 16) μ-star polymers can be synthesized, while

the methodology using 2 yields only five polymers even after the fifth process.

The synthesis was initiated in order to prepare a chain-end-(DPE)2-fuctionalized

A by reacting the living polymer (A) with 2. During the first iteration, a linking

reaction of the (DPE)2-functionalized A with a living polymer (B) was followed by

reacting either 3 or 2, affording two kinds of 3-arm AB2 star polymers core

functionalized two and four DPE reaction sites, which were abbreviated as 3-arm

AB2(DPE)2 and 3-arm AB2(DPE)4, respectively. During the second iteration, a

living polymer (C) reacted with either the 3-arm AB2(DPE)2 or 3-arm AB2(DPE)4
and 3 or 2 was in situ reacted to either of the resulting two polymer anions. The

following four μ-star polymers were produced: 5-arm AB2C2(DPE)2, 5-arm

AB2C2(DPE)4, 7-arm AB2C4(DPE)4, and 7-arm AB2C4(DPE)8. During the third

iteration, the same process using a living polymer (D) was repeated to synthesize

the eight stars as follows: 7-arm AB2C2D2(DPE)2, 7-arm AB2C2D2(DPE)4, 9-arm

AB2C2D4(DPE)4, 9-arm AB2C2D4(DPE)8, 11-arm AB2C4D4(DPE)4, 11-arm

AB2C4D4(DPE)8, 15-arm AB2C4D8(DPE)8, and 15-arm AB2C4D8(DPE)16. Fur-

thermore, 16 five-component μ-stars could be synthesized by repeating the same

Table 8 Synthesis of μ-star
polymers by the iterative

methodology with 2 using

DPE reaction sites

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

3-arm AB2 32,100 35,700 1.02

7-arm AB2C4 77,000 79,200 1.02

15-arm AB2C4D8 162,000 172,000 1.02

31-arm AB2C4D8E16
a 339,000 363,000 1.02

aPS/PαMS/PMS/MOS/PMSiS
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process using a living polymer (E) as follows: 9-arm AB2C2D2E2(DPE)2, 9-arm

AB2C2D2E2(DPE)4, 11-arm AB2C2D2E4(DPE)4, 11-arm AB2C2D2E4(DPE)8,

13-arm AB2C2D4E4(DPE)4, 13-arm AB2C2D4E4(DPE)8, 15-arm

AB2C4D4E4(DPE)4, 15-arm AB2C4D4E4(DPE)8, 17-arm AB2C2D4E8(DPE)8,

17-arm AB2C2D4E8(DPE)16, 19-arm AB2C4D4E8(DPE)8, 19-arm

AB2C4D4E8(DPE)16, 23-arm AB2C4D8E8(DPE)8, 23-arm AB2C4D8E8(DPE)16,

31-arm AB2C4D8E16(DPE)16, and 31-arm AB2C4D8E16(DPE)32.

Among them, 22 μ-star polymers were actually synthesized. The polymers

obtained by this methodology were all well defined in structure and narrowly

distributed in molecular weight distribution. The representative results of μ-star
polymers with more than 9 arms are listed in Table 9. Thus, it is quite surprising that

the alternative use of 3 and 2 in the reaction site regeneration step enables the

synthetic range of μ-star polymers to be significantly broadened.

In all of the iterative methodologies herein developed, the living anionic poly-

mers of styrene and its derivatives are used in order to react with the DPE reaction

site(s) to continue the next process. The living anionic polymers of 1,3-butadiene,

isoprene, and certain functional 1,3-diene monomers can also be used in these

methodologies. Thus, almost all possible multiarmed and multicomponent μ-star
polymers composed of such polymer segments are now available.

It is also possible to use 2- and 4-vinylpyridines, alkyl methacrylate monomers,

and other vinyl and cyclic monomers that undergo the living anionic polymeriza-

tion with the DPE anion(s) in the final step of each process. However, once these

D2

2

D2

3

2

D4

3

2

3

2

D2

D4

D8

D4

(A)

(B)

(C)

(C)

Br

O

O
Br

3:

2:

Scheme 26 Synthesis of μ-star polymers by the iterative methodology with an alternative choice

of 2 and 3 using DPE reaction sites
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monomers are used, the iterative process can no longer be continued due to loss of

the reaction site(s). Unfortunately, their living anionic polymers are not employed

in each process due to the lack of reactivity toward the DPE reaction site(s).

3.3.2 Iterative Methodology Using 2-Alkyl-1,3-Butadiene Reaction Site

As mentioned in section “Iterative methodologies using DPE reaction site,” the key

in the iterative methodology is the dual-functional ability of the DPE reaction site

which provides a linking site with a living anionic polymer as well as the same DPE

reaction site via the DPE anion produced by the linking reaction. This ability of

DPE reaction site makes it possible to carry out both steps (arm introduction and

regeneration of reaction site) essential for the iterative methodology. Hirao

et al. have found that a 1,3-butadiene (Bd) function attached to the PS chain-end

via the 2-position shows the same dual-functionalized ability [102]. For example,

PSLi reacted with the Bd terminus in PS in a 1:1 addition manner to link the two PS

chains (the arm introduction step) and the PS chain-end anion was converted to a

1,3-butadienyl anion (Bd anion). The same Bd function was reintroduced by

reacting in situ the produced Bd anion with 6-bromo-3-methylene-1-hexene (6)
(the reaction site regeneration step). Somewhat surprisingly, neither polymerization

nor even oligomerization of the Bd terminus occurred using a 1.5-fold excess of

PSLi toward the Bd function in THF at�78 �C for 24 h. These experimental proofs

strongly indicate the possible use of the Bd function in the iterative methodology.

As shown in Scheme 27, the methodology with the Bd reaction site is basically

the same as that using the DPE reaction site [103]. The synthesis was started from

the preparation of a chain-end-Bd-functionalized PS by reacting a DPE-end-capped

Table 9 Synthesis of μ-star
polymers by the iterative

methodology with 2 and

3 using DPE reaction sites

Polymer (DPE number)

Mn (g/mol) Mw/Mn

calcd SLS SEC

9-arm AB2C2D4(4) 98,400 100,000 1.05

9-arm AB2C2D4(8) 98,200 106,000 1.02

9-arm AB2C2D2E4(2) 87,500 92,900 1.05

11-arm AB2C4D4(4) 116,000 119,000 1.05

11-arm AB2C4D4(8) 118,000 121,000 1.02

11-arm AB2C2D2E4(4) 116,000 109,000 1.04

13-arm AB2C2D2E4(4) 136,000 150,000 1.04

15-arm AB2C4D8(8) 159,000 163,000 1.05

15-arm AB2C4D8(16) 159,000 168,000 1.04

15-arm AB2C4D4E4(4) 158,000 154,000 1.02

17-arm AB2C2D4E8(8) 171,000 178,000 1.04

19-arm AB2C4D4E8(8) 188,000 181,000 1.04

23-arm AB2C4D8E8(8) 243,000 260,000 1.04

31-arm AB2C4D8E16(32)
a 332,000 356,000 1.02

aPS/PαMS/PMS/PMOS/PMSiS
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PSLi with 6. In the first iterative process, PαMSLi reacted with the

Bd-functionalized PS, followed by reacting with 6, to yield an in-chain-Bd-

functionalized PS-b-PαMS. By conducting the next process using PMSLi, a

3-arm ABC μ-star polymer core functionalized with the Bd reaction site was

synthesized. Since the Bd-functionalized AB diblock copolymer and the core-Bd-

functionalized 3-arm ABC star were obtained in almost 100 % yields, it is obvious

that both the arm introduction and reaction site regeneration steps satisfactorily

work via the Bd reaction site. Furthermore, 4-arm ABCD, 5-arm ABCDE, and even

6-arm ABCDEF μ-star polymers were successively synthesized by repetition of the

same process three more times. The A, B, C, D, E, and F arms correspond to the PS,

PαMS, PMS, PMOS, PMSiS, and PTBDMSiOS (convertible to poly

(4-vinylphenol)) segments. As evidenced in Table 10, all of the resulting polymers

were confirmed by SEC, RALLS, and 1H NMR analyses to be well defined and

expected in structure. The successful use of Bd reaction site is thus obvious in the

iterative methodology.

An additional advantage of the Bd reaction site is the quantitative conversion to

highly reactive and synthetically useful anhydride and two epoxide functions by the

Diels-Alder and oxidation reactions, as shown in Scheme 28 [102, 104].

3.3.3 Iterative Methodologies Using α-Phenylacrylate Reaction Site

The two iterative methodologies using the DPE and Bd reaction sites demonstrate

the successful synthesis of a variety of new μ-star polymers. This is undoubtedly

attributed to the quantitative linking reactions of such reaction sites with highly

PS
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-
-
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Scheme 27 Synthesis of μ-star polymers up to 6-arm ABCDEF type by the iterative methodology

using Bd reaction site
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reactive living anionic polymers of styrene, 1,3-butadiene, isoprene, and their

derivatives. On the other hand, the living anionic polymers of 2VP and alkyl

methacrylates (RMAs) cannot be applied to these iterative methodologies because

their chain-end anions are too low in nucleophilicity to react with the DPE and Bd

reaction sites.

In order to overcome this difficulty, we have newly developed an

α-phenylacrylate (PA) function as the reaction site in the iterative methodology

[13, 17, 95, 96, 105]. Since the C¼C bond of PA is activated by the ester carbonyl

electron-withdrawing character, the PA function is considered to show a higher

reactivity toward anionic species than the DPE and Bd functions. Furthermore, a

sterically bulky α-phenyl substituent may prevent further addition reactions of the

PA function leading to oligomerization and polymerization. In practice, it was

observed that the PA reaction site at the polymer chain-end undergoes a 1:1

addition reaction with either the living P2VP or PRMA to link the two polymer

chains in THF at low temperatures in the range from �20 to �78 �C. No more

addition reactions occurred at all under such conditions. Unfortunately, however,

several attempts were unsuccessful to find a suitable reaction to regenerate the PA

function, because the enolate anion produced from the PA function was neither

stable nor reactive. Accordingly, another route via a hydroxyl group for the

regeneration of the PA reaction site is proposed, as illustrated in Scheme 29 [106].

Table 10 Synthesis of μ-star
polymers by the iterative

methodology using Bd

reaction site

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

A homopolymer 11,200 11,500 1.03

AB diblock copolymer 24,200 25,300 1.04

3-arm ABC 34,800 35,900 1.01

4-arm ABCD 47,100 47,200 1.01

5-arm ABCDE 58,800 58,500 1.02

6-arm ABCDEFa 71,800 71,500 1.03
aPS/PαMS/PMS/PMOS/PMSiS/PTBDMSiOS

OO O

OO O

Cl CO3H

O

O

Scheme 28 Preparation of

chain-end-anhydride-

functionalized or chain-end-

two epoxides-

functionalized PS by the

Diels-Alder or oxidation

reaction of chain-end-Bd-

functionalized PS
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In the proposed methodology, a new DPE derivative substituted with

trimethylsilyl (TMS), and tert-butyldimethylsilyl (TBDMS) ethers, 7, is used as

the key agent. The two silyl ethers are converted to the PA reaction sites in turn for

the arm introduction and reaction site regeneration in each process. A chain-end-

(TMS and TBDMS ethers)-functionalized polymer (A) was first prepared as the

starting polymer by the polymerization of a certain methacrylate monomer with a

DPE anion having TMS and TBDMS ethers prepared from 7 and sec-BuLi. The
TMS ether was then converted to the first PA reaction site by treatment with

methanol containing K2CO3 and the subsequent Mitsunobu esterification reaction

with α-phenylacrylic acid. Under such conditions, the TBDMS ether remained

completely intact. The PA reaction site was reacted with the living polymer

(B) to link the B chain to the A segment, resulting in an in-chain-(TBDMS

ether)-functionalized A-b-B. Next, the TBDMS ether was deprotected with

(C4H9)4NF, followed by the same esterification with α-phenylacrylic acid to con-

vert to the second PA reaction site. The PA reaction site was then reacted with the

DPE anion having TMS and TBDMS ethers to reintroduce both the TMS and

TBDMS ethers.

Since the two silyl ethers are the same as those introduced in the starting polymer

(A), the above process can be repeated. In fact, it could be repeated three more

times by progressively reacting living polymers (C), (D), and (E) to successively

synthesize the μ-star polymers with up to five arms. Thus, the TMS ether was

converted to the first PA reaction site, which was used for the arm introduction,

while the second PA was prepared from TBDMS ether in the same manner for the

reintroduction of both the TMS and TBDMS ethers to repeat the same process.

Typically, the A, B, C, D, and E arms are PMMA, poly(ethyl methacrylate)

(PEMA), PtBMA, poly(benzyl methacrylate) (PBnMA), and poly(2-methoxyethyl

methacrylate) (PMOEMA), respectively. The results are summarized in Table 11.
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Scheme 29 Synthesis of μ-star polymers by the iterative methodology using PA reaction site
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2-tert-Butyldimethylsilyloxyethyl methacrylate (Si-HEMA), (2,2-dimethyl-1,3-

dioxolan-4-yl)methyl methacrylate (acetal-DHPMA), and ferrocenylmethyl methac-

rylate (PFMMA) were also introduced as the arm segments. The first two polymers

are readily converted to hydrophilic poly(2-hydroxyethyl methacrylate) (PHEMA)

and water-soluble poly(2,3-dihydroxypropyl methacrylate) (PDHPMA) segments by

deprotection of the silyl and acetal groups. The resulting 3-arm ABC, 4-arm ABCD,

and 5-arm ABCDE stars were the first successful μ-star polymers composed of all

different poly(methacrylate)-based arm segments. The living anionic polymers of

styrene, 1,3-butadiene, isoprene, and 2VP can also be used in this methodology

because the PA reaction site could be quantitatively reacted with these more reactive

living anionic polymers. Thus, a wide variety of living anionic polymers with

different reactivities can advantageously be employed for the PA reaction site during

the iterative methodology, which makes it more general and versatile.

A more efficient iterative methodology using a new trifunctional DPE anion as the

key agent was also proposed, as illustrated in Scheme 30 [107]. The trifunctional DPE

anion having TMS, TBDMS, and THP ethers is prepared by reacting 3-(tert-
butyldimethylsilyloxy)-1-propyllithium (TBDMS-PLi) with a DPE derivative

substituted with TMS and THP ethers. These three ethers are designed so as to be

selectively deprotected in turn to regenerate hydroxyl groups under carefully selected

conditions. The hydroxyl groups are then converted step by step to three PA reaction

sites by different reaction stages. The two PA reaction sites among them were used for

the introduction of two different arms, while the third one was used to reintroduce the

three different ethers by reacting the trifunctional DPE anion to continue the

methodology.

The trifunctional DPE anion was prepared by reacting TBDMS-PLi with the

DPE derivative substituted with TMS and THP ethers and used as an initiator in the

polymerization of a certain methacrylate monomer to introduce the three ethers at

the initiating chain end of polymer (A). The TMS ether was selectively removed,

followed by conversion to the first PA reaction site. The living polymer (B) reacted

with the PA reaction site to link the B chain to the A segment, resulting in an

in-chain-(TBDMS and THP ethers)-functionalized A-b-B. The TBDMS ether was

then selectively deprotected and converted to the second PA reaction site. A 3-arm

ABC μ-star was obtained by reacting living polymer (C) with the PA reaction site.

The THP ether that remained at the core was then converted to the third PA reaction

site, followed by reacting the trifunctional DPE anion with the PA reaction site.

Thus, the three different ethers were reintroduced into the core.

Table 11 Synthesis of μ-star
polymers by the iterative

methodology using PA

reaction site

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

3-arm ABC 32,200 33,800 1.03

4-arm ABCD 43,400 43,000 1.03

5-arm ABCDEa 52,000 51,500 1.03

5-arm ABCDEb 52,700 50,200 1.04
aPMMA/PEMA/PtBMA/PBnMA/PMOEMA
bPS/PMMA/PtBMA/PMS/PBnMA
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Since the three ether functions were exactly the same as those in the starting

polymer (A), the same process using two living polymers, (D) and (E), could be

repeated. As a consequence, a core-(TMS, TBDMS, and THP ethers)-

functionalized 5-arm ABCDE μ-star polymer could be synthesized. One more

repetition yielded a 7-arm ABCDEFG μ-star polymer. Since the three ether func-

tions are reintroduced at the core, μ-stars with more arms and components may

possibly be synthesized by repeating the process.

The synthetic key in this methodology is the selective and progressive

deprotection of TMS, TBDMS, and THP ethers at each reaction stage. The TMS

ether was removed in methanol containing a small amount of K2CO3. Both the

TBDMS and THP ethers were completely stable under such conditions. The

TBDMS ether was selectively deprotected by (C4H9)4NF in the presence of the

THP ether. In the μ-star polymer consisting of the PBnMA arm, the addition of

phenol equal to (C4H9)4NF in amount is needed to prevent the hydrolysis of the

benzyl ester function. Finally, the THP ether was readily and quantitatively cleaved

by treatment with 0.2 N HCl. Thus, the selective deprotection of TMS, TBDMS,

and THP ethers in this order was successfully carried out in each of all three

processes by the above careful treatments. The resulting polymers are all observed

to be well defined in structure and architecture, as summarized in Table 12. In

addition to the less reactive living PRMAs and P2VP, highly reactive living poly-

mers of styrene, 1,3-diene monomers, and their derivatives are usable in this

methodology using the PA reaction site similar to the first methodology shown in

Scheme 29.
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A series of μ-star polymers with up to 7 arms and 7 components were success-

fully synthesized by repeating the process three times. On the other hand, the six

iterative processes are required to synthesize the same 7-arm μ-star polymer by the

first methodology. Accordingly, the success of the proposed second methodology

makes it possible to synthesize multiarmed and multicomponent μ-star polymers by

fewer processes. The universality of the PA reaction site is thus obvious as

compared to the DPE reaction site.

3.3.4 Iterative Methodologies Using Intermediate Polymer Anions

In this section, a new iterative methodology based on a different molecular design

illustrated in Scheme 31 is proposed [108]. In the methodology, the star polymer

synthesis was started from an in-chain-(DPE anion)-functionalized AB diblock

copolymer, which was prepared by the reaction of PSLi with a chain-end-DPE-

functionalized PαMS. The in situ reaction of the diblock copolymer anion thus

prepared with 1,1-bis(3-chloromethylphenyl)ethylene (8) yielded a 4-arm A2B2

μ-star polymer (Mn¼ 45,000 g/mol) in one pot in THF at �78 �C for 1 h. Since

the resulting star possessed a DPE reaction site convertible to the DPE anion, both

the arm introduction and the reaction site regeneration steps essential in the iterative

methodology were achieved at the same time in this first iterative process. How-

ever, the polymer yield was 70 % and could not be improved by taking a longer

Table 12 Synthesis of μ-star
polymers having up to 7-arm

ABCDEFG type by the

iterative methodology with a

trifunctional reagent using PA

reaction site

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

4-arm ABCDa 43,200 43,200 1.03

4-arm ABCDb 80,900 80,000 1.04

3-arm ABC 35,000 34,900 1.03

4-arm ABCD 45,900 47,100 1.03

5-arm ABCDE 56,600 53,500 1.04

6-arm ABCDEF 62,800 64,900 1.05

7-arm ABCDEFGc 73,800 74,200 1.04
aPoly(cyclohexyl methacrylate)/PMMA/PBnMA/PMOEMA
bPoly(allyl methacrylate)/PS/PMOEMA/P2VP
cPoly(cyclohexyll methacrylate)/PS/PMOS/PMS/PMMA/

PEMA/PMOEMA

ClCl

PS
- -

P(aMS)

4-arm A2B2 μ-star
70%

Scheme 31 Synthesis of 4-arm A2B2 μ-star polymer by the reaction of in-chain-(DPE anion)-

functionalized AB diblock copolymer with 8
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reaction time of 24 h. The insufficient coupling efficiency is undoubtedly attributed

to the steric hindrance around the DPE anions.

In order to reduce the steric hindering effect and improve the polymer yield, one

more reaction step was added in each process as shown in Scheme 32. The DPE

anion once produced was in situ reacted with 1-(4-(4-bromobutylphenyl))-1-

phenylethylene (9) to reintroduce the DPE reaction site, which was separated by

four methylene chains from the core. The reintroduced DPE was again converted to

the DPE anion by treatment with sec-BuLi and in situ used in the coupling reaction
with 8. This treatment was effective in improving the polymer yield. Almost

quantitative yields of the 4-arm A2B2 and 8-arm A4B4 stars were realized in THF

at �78 �C within 1 h. A 16-arm A8B8 μ-star polymer could also be efficiently

synthesized, but the yield was 70 % even after 24 h (Table 13). As expected, the

coupling reaction during the fourth iterative process was difficult, resulting in a

32-arm A16B16 μ-star polymer in less than 5 % yield.
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Scheme 32 Synthesis of μ-star polymers by the improved iterative methodology

Table 13 Synthesis of μ-star
polymers by the improved

iterative methodology using

intermediate polymer anion

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

AB diblock copolymer 22,100 23,200 1.03

4-arm A2B2 46,600 48,300 1.03

8-arm A4B4 99,000 108,000 1.04

16-arm A8B8
a 208,000 199,000 1.02

aPS/PαMS
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The similar iterative methodology was next carried out using a core-DPE-

functionalized 3-arm ABC μ-star polymer in order to synthesize multiarmed

three-component μ-star polymers [109]. As illustrated in Scheme 33, the DPE

reaction site was always separated by three methylene chains from the core to

reduce the steric hindrance similar to the case using in-chain-DPE-functionalized

AB diblock copolymer mentioned above. Furthermore, a new agent, 1-(4-(5,5-bis

(3-bromomethylphenyl)-7-methylnonyl)phenyl-1-phenylethylene (10) having two

more reactive BnBr functions, was used as the coupling agent in place of 8. The
starting core-DPE-functionalized 3-arm ABC μ-star polymer was prepared by the

reaction of an in-chain-DPE-functionalized PS-b-PαMS with PMSLi, followed by

in situ reacting with 3. A target 6-arm A2B2C2 μ-star polymer was successfully

obtained in 100 % yield in the first process. By repeating the reaction sequence in

the second process, a 12-arm A4B4C4 μ-star polymer could also be obtained.

However, the yield was reduced to 70 %. As expected, the coupling reaction for

the synthesis of the 24-arm A8B8C8 star in the next process was observed to take

place only to a very small extent. By changing the component from PS, PαMS, and

PMS to PS, PαMS, and PI in the μ-star polymer, the same iterative methodology

was performed under the same conditions. Again, a 6-arm A2B2C2 star was

quantitatively synthesized, but a 12-arm A4B4C4 was obtained in 65 % yield.

With the use of a 3-arm A2B μ-star polymer, a 6-arm A4B2 m-star (100 %) and a

12-arm A8B4 m-star (75 %) were synthesized by the same methodology. The results

are listed in Table 14.

The iterative methodology herein shown is of great value to obtain the synthet-

ically difficult μ-star polymers, such as 6-arm A4B2, 6-arm A2B2C2, 12-arm A8B4,

and 12-arm A4B4C4 types. The occurrence of the coupling reaction between high-

molecular-weight polymers (Mn ~ 70,000 g/mol) at a very low temperature of

�78 �C is somewhat surprising. However, the increase in both the steric hindrance

and molecular weight by repeating the process renders the coupling reactions

yielding more armed stars significantly difficult.

D

3 sec-BuLi
D

3

D: D :

Br

- -

-

-

Br

D

3 sec-BuLi
D

3

D

3

3-arm ABC μ-star 6-arm A2B2C2 μ-star

12-arm A4B4C4 μ-star

Bus

Br

Br
Bus

Scheme 33 Synthesis of μ-star polymers by the iterative methodology using intermediate μ-star
polymer anion and 10
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3.3.5 Iterative Methodologies Using BnBr Reaction Site

As already mentioned, the BnBr function was observed to quantitatively react with

a variety of living anionic polymers with different reactivities under carefully

selected conditions. For example, a highly reactive living polymer of styrene,

1,3-butadiene or isoprene is first end-capped with DPE, followed by a coupling

reaction with the BnBr function in THF at �78 �C. Under the same conditions, less

reactive living polymers of 2VP and RMA are able to directly react with the BnBr

function. The use of a 1.2-fold excess of these living polymers for the BnBr

function was sufficient to go to completion in the reaction. An iterative methodol-

ogy using the BnBr function as a reaction site was also developed, as illustrated in

Scheme 34 [110]. The reaction design is somewhat different from those of the

methodologies using the DPE, Bd, and PA reaction sites, since the transformation

reaction of the 3-tert-butyldimethylsilyloxymethylphenyl (TBDMSOMP) group

into the BnBr function is employed as the reaction site regeneration step. At first

PSLi reacted with 1-(3-tert-butyldimethylsilyloxymethylphenyl)-1-phenylethylene

(11) to introduce the TBDMSOMP group at the chain end, which was quantitatively

transformed into the BnBr reaction site by treatment with a 1:1 mixture of Me3SiCl

and LiBr. Next, PαMSLi reacted with 11 to introduce the TBDMSOMP group at the

chain end and the resulting polymer anion was coupled in situ with the above chain-

end-BnBr-functionalized PS to afford an in-chain-TBDMSOMP-functionalized

PS-b-PαMS. Again, the TBDMSOMP group introduced between the two blocks

was transformed into the BnBr reaction site. Thus, the coupling and transformation

reactions exactly correspond to the arm introduction and the BnBr reaction site

regeneration steps, respectively. The same reaction process involving the two steps

were repeated with the use of PMSLi and 11, resulting in a 3-arm ABC μ-star
polymer consisting of the PS, PαMS, and PMS arms. The TBDMSOMP group

introduced at the core was transformed into the BnBr reaction site in the same

manner with Me3SiCl/LiBr. In the next process, a less reactive living PMMA was

coupled with the 3-arm ABC μ-star core-functionalized with the BnBr reaction site.
The coupling reaction was quantitative to afford a 4-arm ABCD star polymer

composed of the PS, PαMS, PMS, and PMMA arms. Thus, both steps in each

process satisfactorily work to successively synthesize the AB diblock, 3-arm ABC,

Table 14 Synthesis of μ-star
polymers by the iterative

methodology using

intermediate 3-arm μ-star
polymer anion and 10

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

3-arm ABC 32,000 33,400 1.02

6-arm A2B2C2 67,100 66,600 1.02

12-arm A4B4C4
a 134,000 134,000 1.02

3-arm A2B 36,300 35,300 1.03

6-arm A4B2 72,600 73,500 1.03

12-arm A8B4
b 145,000 148,000 1.03

aPS/PαMS/PMS
bPS/PI
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and 4-arm ABCDμ-star polymers (Table 15). In the final reaction stage for the

introduction of the PMMA arm, the TBDMSOMP group was not introduced into

the 4-arm ABCD μ-star polymer, because the living PMMA could not react with 11.
Therefore, the same reaction sequence was no longer repeated. On the other

hand, since PBLi, PILi, PSLi, or other living polystyrene derivatives react with 11,
the reaction process can be further continued by using such living polymers, leading

to the synthesis of more armed and component μ-star polymers.

With the use of an in-chain-(BnBr)2-functionalized A2 as the starting polymer in

the same methodology, a 4-arm A2B2, followed by a 6-arm A2B2C2 μ-star polymer,

were synthesized. Thus, the number of arms can increase by two in each process, as

shown in Scheme 35. The resulting polymers were all well defined in structure as

listed also in Table 15. In order to continue the process in this methodology, a living

anionic polymer is always required to react with 11 of the DPE derivative in each

process for the regeneration of the reaction site(s). Accordingly, the use of highly

reactive living polymers of styrene, 1,3-butadiene, isoprene, and their derivatives

O-Si

O-Si

O-Si

O-Si

MeOH
-

-

-

-

Me3SiCl

LiBr

BrPS

PαMS

O-Si

O-Si

Me3SiCl

LiBr

Br

PαMS

Me3SiCl

LiBr

PMMA

3-arm ABC μ-star

4-arm ABCD μ-star

Br

Scheme 34 Synthesis of μ-star polymers by the iterative methodology with 11 using BnBr

reaction site

Table 15 Synthesis of μ-star
polymers by iterative

methodology with 11 using

BnBr reaction site

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

A polymer 10,600 11,200 1.02

AB diblock copolymer 20,200 21,200 1.02

3-arm ABC 32,300 35,700 1.02

4-arm ABCDa 46,700 48,800 1.02

A2 polymer 24,100 25,200 1.02

4-arm A2B2 44,300 43,700 1.03

6-arm A2B2C2
b 65,700 67,000 1.02

aPS/PαMS/PMS/PMMA. bPS/PαMS/PtBMA
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are required, while the less reactive living P2VP and PRMAs cannot be used except

for the final linking step, as mentioned above.

As also shown in Scheme 7, the number of BnBr functions can be exponentially

increased by developing an iterative methodology. By repeating the same reaction

sequence from chain-end-(BnBr)2-functionalized PS, the number of BnBr reaction

sites could indeed increase from 2 to 4 (22), 8 (23), 16 (24), 32 (25), and even 64 (26).

By reacting another living polymer (B) with the chain-end-(BnBr)n-functionalized

polymers (A)s at each reaction stage, it was possible to synthesize a series of (n + 1)

arm ABn μ-star polymers, in which the A and B arms were PS (A) and PI (B),

PB (B), P2VP (B), PMMA (B), or PEO (B) segments as mentioned in section

“Arm-first termination methodology using BnBr reaction site.”

Although the living PMMA cannot directly react with 1, the DPE anion prepared

from 1 and sec-BuLi initiates the polymerization of MMA to introduce two

TBDMSOMP groups at the initiating chain end. The same iterative treatment

enabled a series of chain-end-(BnBr)n-functionalized PMMAs, in which the “n”

number readily increased from 2 (21) to 4 (22), 8 (23), and 16 (24) in the same

manner as that described above. The coupling reaction of the chain-end-(BnBr)n-

functionalized PMMA with other living anionic polymers also gave various (n + 1)

arm ABn μ-star polymers. Typically, the A and B arms were PMMA and PtBMA,

PS, PI, or P2VP segments. In practice, a variety of 3-arm AB2, 5-arm AB4, 9-arm

AB8 μ-star polymers, etc., were successfully synthesized, also as described in

section “Arm-first termination methodology using BnBr reaction site” [54, 55].

In the iterative methodologies described in the preceding sections and the

methodology using BnBr reaction site(s) described in the first part of this section,

the μ-star polymer synthesized in each process always became the starting polymer

in the next process. On the other hand, although the number of BnBr reaction sites

increased by basically the same iterative approach in the above-mentioned meth-

odology, the μ-star polymer synthesized in each process did not correspond to the

next starting material. Accordingly, the above-mentioned methodology deviated

from the definition of an iterative methodology introduced in the beginning of this

section “Methodologies based on iterative strategy,” but considered to be one of the

iterative methodologies.

In addition to the chain-end-(BnBr)n-functionalized polymers, in-chain-

(BnBr)2-functionalized A2 as well as A-b-B could also be used. These polymers

were prepared as shown in Scheme 36. The living chain-end-(TBDMSOMP)2-

O-SiPαMS
- -Me3SiCl

LiBr

4-arm A2B2 μ-star
6-arm A2B2C2 μ-star

Br
PtBMA

Br

Br

Br

Scheme 35 Synthesis of 4-arm A2B2 and 6-arm A2B2C2 μ-star polymers by the iterative meth-

odology using two BnBr reaction sites
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functionalized polymer (A) was first prepared by reacting living polymer (A) with

1 and subsequently in situ reacted with a chain-end-(4-bromobutyl)-functionalized

polymer (A) or (B). The two introduced TBDMSOMP groups were transformed into

two BnBr functions. In these polymers, the number of BnBr functions can readily

increase to 4 (22), 8 (23), 16 (24), etc., by the same iterative methodology as that used

above. With these in-chain-(BnBr)n-functionalized polymers, the synthesis of two

series of (2+ n) arm A2Bn and (2+ n) arm ABCn μ-star polymers were possible by the

coupling reaction of either the living polymer (B) or living polymer (C). Furthermore,

the synthesis of the (2+ n) arm A1+nB as well as (2 + n) arm AB1+n μ-star polymers

was also possible using either the living polymer (A) or living polymer (B) in the

reaction with the in-chain-(BnBr)2-functionalized A-b-B [111, 112].

The methodology was extended to the synthesis of multiarmed μ-star polymers

by reacting an off-centered A-b-B anion with either of a series of the chain-end-

(BnBr)n-As, in which the A and B arms were the PS and PMSiS segments, as shown

in Scheme 37 [113–115]. The term “off-centered A-b-B anion” is defined as a

polymer consisting of A and B blocks having an anionic site present at the junction

of such blocks. This polymer anion was prepared by reacting PMSiSLi with the

chain-end-DPE-functionalized PS and used in situ in the coupling reaction with the

chain-end-(BnBr)n-functionalized PS. In order to examine the possibility of the

coupling reaction, the off-centered A-b-B anions and BnBr-functionalized PSs

were adjusted to be ca. 10,000 g/mol (5,000 g/mol/5,000 g/mol) and ca. 10,000 g/

mol in Mn value.

Surprisingly, the coupling reaction was complete in THF within 10 min even at

�78 �C. 9-Arm AA0
4B4, 17-arm AA0

8B8, and even 33-armAA0
16B16 μ-star polymers

were successfully synthesized (A, A0, and B are PS (Mn¼ 10,000 g/mol), PS

(Mn¼ 5,000 g/mol), and PMSiS (Mn¼ 5,000 g/mol)). However, the quantitative

coupling reaction between the chain-end-(BnBr)32-functionalized PS and the poly-

mer anion was not achieved. The coupling efficiency was observed to be 75 %, but

not improved by allowing the reaction mixture to react for the longer reaction time of

168 h. A 49-arm (on average) AA0
24B24 star polymer was obtained. Thus, the steric

hindrance appeared at this stage using the (BnBr)32-functionalized PS (Table 16).

O-Si

O-Si
O-Si

O-Si

O-Si

O-Si

O-Si

O-Si

Br(CH2)4

Br(CH2)4

Br(CH2)4Br

Me3SiCl

LiBr

Me3SiCl

LiBr
(A)

Br

Br

Br

Br

(B)

(A)

Scheme 36 Synthesis of in-chain-functionalized A2 or A-b-B
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The above success of the coupling reactions using the off-centered AB diblock

anion motivated us to use a bulkier 3-arm ABC μ-star polymer having an anionic

site at the core in the same reaction. According to the procedure shown in

Scheme 38, a 3-arm ABC μ-star polymer anion (Mn¼ 30,000 (10,000/10,000/

10,000) g/mol) composed of P(MSiS), P(MOS), and P(MS) arms was prepared by

the procedure shown in Scheme 22 and in situ reacted with either the chain-end-

(BnBr)2-, or (BnBr)4-functionalized PS (Mn¼ 10,000 g/mol) in THF at �78 �C for

24 h [116, 117]. The coupling reaction smoothly proceeded to afford the 7-arm

A2B2C2D and 17-arm A4B4C4D μ-star polymers in virtually a 100 % yield. The

results are listed in Table 17.

All of the μ-star polymers were observed to possess predictable Mn values and

narrow molecular weight distributions. Their compositions were very close to the

Table 16 Synthesis of μ-star
polymers by the reaction of

chain-end-(BnBr)n-

multifunctionalized PSs with

the off-centered PS-b-PMSiS

anions

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

9-arm AA0
4B4 50,500 51,200 1.03

17-arm AA0
8B8 93,900 96,800 1.03

33-arm AA0
16B16 188,000 190,000 1.02

65-arm AA0
33B33 358,000 270,000a 1.02

a48 arms were introduced based on the observed molecular

weight. Efficiency¼ 75 %

Br

Br

Br

4

8

-

16

9-arm AA'4B4 μ-star

17-arm AA'8B8 μ-star

33-arm AA'16B16 μ-star

Scheme 37 Synthesis of μ-star polymers by the reaction of chain-end-(BnBr)n-multifunc-

tionalized PSs with the off-centered PS-b-PMSiM anions
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theoretical values. Thus, it was demonstrated that the iterative methodology based

on the coupling reaction of the chain-end-(BnBr)n-functionalized polymers with

off-centered block copolymer anions or 3-arm μ-star terpolymer anions well

worked for synthetic access to a series of characteristic multiarmed μ-star polymers,

which are synthetically difficult by any other methods.

As mentioned above, the synthesis of a 65-arm AA0
32B32 μ-star polymer was not

successful possibly due to the steric hindrance around the core by reacting the

chain-end-(BnBr)32-multifunctionalized A with an off-centered A0-b-B. Similarly,

several attempts failed to synthesize a 49-arm A16B16C16D μ-star polymer com-

posed of the PMSiS (A), PMOS (B), PMS (C), and PS(D) arms by coupling of the

3-arm ABC star polymer anion with the chain-end-(BnBr)16-multifunctionalized

PS. Insufficient coupling efficiencies are also possibly due to the steric hindering

effect. However, high efficiencies of 80–90 % could be achieved by changing the

reaction time (168 h) and temperature (�40 �C).
Faust and Higashihara et al. synthesized a series of multiarmed ABn μ-star

polymers composed of poly(isobutylene) (PIB) (A) and PMMA (B) arms by

developing a similar iterative approach [118]. As shown in Scheme 39, a PIB

having an allyl chloride terminus was first prepared by the living cationic polymer-

ization of IB, followed by terminating with 1,3-butadiene. The resulting chain-end-

(allyl chloride)-functionalized PIB was reacted with the DPE anion prepared from

1 and sec-BuLi to introduce two TBDMSOMP groups at the chain end. The two

TBDMSOMP groups were then transformed into BnBr reaction sites by the

2

Br

Br

4

PS
PMOS

PMSiS

-

PS

PMS

7-arm A2B2C2D μ-star

13-arm A4B4C4D μ-star

Scheme 38 Synthesis of μ-star polymers by the reaction of chain-end-(BnBr)n-multifunc-

tionalized PSs with 3-arm ABC μ-star polymer anions

Table 17 Synthesis of μ-star polymers by the reaction of chain-end-(BnBr)n-multifunctionalized

PSs with 3-arm ABC μ-star polymer anions

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

7-arm A2B2C2D
a 73,600 77,900 1.03

13-arm A4B4C4D 134,000 133,000 1.02
aPMSiS/PMS/PMOS/PS
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treatment with Me3SiCl/LiBr in the same manner as that already described. By

repeating the reaction sequence involving the reaction of the BnBr reaction sites

with the DPE anion and the transformation reaction to the BnBr reaction site, the

number of terminal BnBr functions increased to 2(21), 4(22), and 8(23). The living

PMMA reacted with each of the prepared chain-end-(BnBr)n-multifunctionalized

PIBs, resulting in the successful formation of well-defined 3-arm AB2, 5-arm AB4,

and 9-arm AB8 μ-star polymers. A new B2AB2, B4AB4, or B8AB8 pom-pom

polymer was also synthesized in a similar manner by reacting the living PMMA

with an end-functionalized PIB with BnBr functions at both chain ends. The results

are summarized in Table 18. Thus, in this procedure for the synthesis of μ-star
polymers, the chain-end-functionalized polymers obtained by the living cationic

polymerization could also be employed.

2

4

PIB

PIB

PIB

5-arm AB4 μ-star

9-arm AB8 μ-star
Br

Br

Br

8

PMMA
-

3-arm AB2 μ-star

Scheme 39 Synthesis of μ-star polymers composed of PIB and PMMA by the reaction of chain-

end-(BnBr)n-multifunctionalized PIBs with living PMMAs

Table 18 Synthesis of μ-star
and pom-pom polymers

composed of PIB and PMMA
Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

3-arm AB2
a 26,600 27,200 1.06

5-arm AB4 47,600 45,800 1.03

9-arm AB8 119,000 124,000 1.02

pom-pom B2AB2 50,100 51,000 1.02

pom-pom B4AB4 56,600 55,600 1.02

pom-pom B8AB8 52,200 54,500 1.03
aPIB/PMMA
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4 μ-Star Polymers Composed of Random Coil
and Rigid Segments

Block polymers composed of random coil and rigid segments have recently

received much attention because such molecular conjugates combine the charac-

teristics of random coils such as flexibility, elasticity, solubility, and processability

with mechanically tough rigid segments. It is now recognized that very unique and

unconventional morphologies at the molecular level, previously unknown for fully

amorphous block polymers, are often produced. Furthermore, the individual char-

acteristic features of the rigid segments are also advantageous to provide additional

functionalities to the polymers. For these reasons, a variety of such block polymers

have been already synthesized and their potential applications have been widely

investigated especially in the fields of nanomaterial and nanoscience. In contrast,

only a few μ-star polymers including rigid segments have been synthesized,

although such polymers could also be of significant interest for the same reasons.

In this section, three recently synthesized μ-star polymers composed of vinyl poly-

mers and rigid segments will be introduced.

The first example is the μ-star polymers including rigid rodlike π-conjugated
poly(acetylene) (PA) segments, which show high conductivities and nonlinear

optical activities. However, the PA generally prepared by the transition-metal-

mediated polymerization of acetylene is not suitable for the star polymer synthesis

because the polymerization is not well controlled. In 1990, Hogen-Esch

et al. developed an efficient two-step methodology for the synthesis of a well-

defined PA via the living anionic polymerization of phenyl vinyl sulfoxide (PVS),

followed by thermal elimination of the resulting polymer, converting to the PA

segment, as shown in Scheme 40 [119, 120]. With this methodology, linear PAs

with known molecular weights and relatively narrow molecular weight distribu-

tions (Mw/Mn¼ 1.2–1.5) were first synthesized. Later, the polymerization was

improved with respect to the control using 4-methylphenyl vinyl sulfoxide

(4MPVS) and by adding a tenfold or more excess of LiCl to the initiator [121,

122]. The molecular weight distributions of the resulting polymers became

narrower (Mw/Mn< 1.2).

By applying this improved polymerization system to the iterative methodology

(see Scheme 22) described in section “Iterative methodologies using DPE reaction

site,” a series of μ-star polymers containing the PA segments were synthesized as

illustrated in Scheme 41 [123, 124].

S=O S=O S=O S=O S=O S=O S=O

H H H

H H HRLi 200 °C
S=O

H
+

Scheme 40 Preparation of well-defined PA by the anionic polymerization of phenyl vinyl

sulfoxide, followed by thermal elimination of the resulting polymer
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In the synthesis, the intermediate polymer anion was used as a macroinitiator in

the living anionic polymerization of 4MPVS, and the resulting P4MPVS was

converted to the PA segment by thermal treatment. In practice, 4MPVS was

quantitatively polymerized with either an AB diblock copolymer anion, a 3-arm

ABC μ-star polymer anion, or a 4-arm ABCD μ-star polymer anion, yielding the

corresponding 3-arm ABE, 4-arm ABCE, or 5-arm ABCDE μ-star polymer with

well-defined and expected structures (Table 19). The A, B, C, D, and E segments

were PS, PαMS, PMOS, PMSiS, and P4MPVS segments, respectively.

Similarly, two 3-arm AB2 μ-star polymers (Mn¼ 22,000–54,000 g/mol and Mw/

Mn< 1.1) were synthesized via the ion-bond by the stoichiometric reaction either

between chain-end-(NMe2)2-functionalized PPVS and chain-end-(COOH)-

functionalized PS or chain-end-(NMe2)-functionalized PPVS and in-chain-

(COOH)-functionalized PS, followed by thermal treatment, as shown in Scheme 42

S=O

S=O

S=O

200 °C

200 °C

200 °C

Scheme 41 Synthesis of coil-rod μ-star polymers using iterative methodology

Table 19 Characterization

results of μ-star polymers

including (P4MPVS)s

convertible to PA segments

Polymer

Mn (g/mol) Mw/Mn

calcd SLS SEC

3-arm ABE 31,800 32,700 1.02

3-arm ACE 31,800 34,600 1.03

4-arm ABCE 42,700 44,600 1.02

4-arm ABDE 43,300 43,600 1.03

5-arm ABCDEc 51,600 53,600 1.03
aPS/PaMS/PMOS/PMSiS/poly(4MVS)
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[122]. Periodic lamellar morphologies were observed in the cast films of such

polymers by TEM measurement.

The resulting polymers are of special interest in that the PA arms are phase-

separated, followed by self-organizing to arrange the conductive PA segments

inside the microdomains or self-assemblies in selected solvents. In addition, their

mechanical properties and behavior are also of interest because of rigid rodlike

characters of the PA segment. Thus, various μ-star polymers having the PA segment

(s) are now available by developing the methodology via the living anionic poly-

merization, followed by thermal treatment.

The second example is the μ-star polymers having poly(alkyl isocyanate) seg-

ment(s), which adopt an extended helical conformation with unique optical activ-

ities and liquid crystallinities. Lee et al. were the first to succeed in achieving the

living anionic polymerization of hexyl isocyanate (HIC) and the related isocyanate

monomers under rather specific conditions in THF at �98 �C with the use of

initiators bearing Na+ [125–127]. Certain suitable additives, such as NaBPh4 and

15-crown-5, were needed to prevent the unwanted trimer formation by the back-

biting that occurred after the polymerization. Under such conditions, PHICs with

controlled molecular weights (Mn ~ 50,000 g/mol) and narrow molecular weight

distributions (Mw/Mn< 1.1) were quantitatively obtained. Well-defined block

copolymers of PHIC-b-PS-b-PHIC, PHIC-b-PI-b-PHIC, and PHIC-b-P2VP-b-
PHIC could also be synthesized by the sequential polymerization of styrene,

isoprene, or 2VP, followed by HIC, to sodium naphthalene [128].

The synthesis of μ-star polymers with PHIC arms by Lee et al. are shown in

Scheme 43 [129]. A PHIC-COCH2CO-PHIC with an active methylene reaction site

between the two blocks was first prepared by coupling of the living PHIC with

malonyl chloride.

Subsequently, the Michael reaction of the PHIC-COCH2CO-PHIC with the

α-methacryloyl-functionalized polyethylene glycol (PEG) macromonomer in the

NMe2

NMe2

NMe2

COOH2poly(VPS)
PS

NH+Me2 
-OOC

NH+Me2 
-OOC

NH+Me2 
-OOC

COOH

200 °C

200 °C

Scheme 42 Synthesis of ion-bonded 3-arm AB2 μ-star polymers having one PA segment
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presence of triethylamine yielded a 3-arm AB2 μ-star polymer composed of PEG

(A) and PHIC (B). Two polymer chains of PHIC-COCH2CO-PHIC could be linked

with an α,ω-dimethacryloyl-functionalized PEG macromonomer leading to an

B2AB2 pom-pom type of (PHIC)2(PEG)(PHIC)2. The resulting μ-star polymers

were composed of helical PHIC and biocompatible PEG arms and possessed

controlled Mn values (Mn¼ 9,600–12,400 g/mol) and narrow molecular weight

distributions (Mw/Mn¼ 1.08–1.14). It was observed that the 3-arm AB2 μ-star
polymers form solid core-shell or hollow spherical micelles simply by changing

the solvent from THF to a mixed solvent of THF and ethanol (1/9, v/v).

A variety of block polymers combining polypeptide sequences with synthetic

polymers have already been synthesized, since rigid ordered conformations, such as

α-helices or β-strands, can be incorporated, with which unusual nanostructures are

produced and control over the nanoscale structures is significantly enhanced

through intramolecular hydrogen bonding. It is also interesting that the resulting

polypeptide–vinyl polymer conjugates behave as potentially biocompatible and

new smart materials, whose conformation and association properties can reversibly

respond by changing the pH and temperature [130–132]. These polymers were

generally prepared by the anionic ring-opening polymerization of α-amino acid N-
carboxyanhydrides (NCAs) with chain-end-amine-functionalized vinyl polymers,

but the polymerization control was somewhat difficult until recently. This difficulty

has been overcome by the use of an organonickel complex, ammonium chloride,

hexamethyldisilazane, and several primary amines as the initiators. Thus, the

molecular weights could be controlled up to a 105 g/mol order with narrow

molecular weight distributions (Mw/Mn¼ 1.04–1.18) [133–140].

With these improved polymerization systems, Hadjichristidis et al. first synthe-

sized new μ-star polymers including polypeptide segments by anionic polymeriza-

tion [141]. These polymers involved 3-arm A2B, 3-arm ABC, and 4-arm A2BC

ClCOCH2COCl-

O O
H H

COO
PEG

COO OOC

O O

O

O O

O

Et3N

Et3N

Scheme 43 Synthesis of coil–helix 3-arm AB2 μ-star and B2AB2 pom-pom polymer
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μ-stars, where the A, B, and C arms are polypeptide, PI, PS, or PαMS, respectively.

The reaction sequences for the synthesis of such μ-star polymers are given in

Scheme 44. In-chain-NH2-functionalized (PS)2, PS-b-PI diblock copolymer, or

3-arm core-NH2-functionalized (PS)2(PαMS) μ-star are first synthesized by

reacting 1-(3-bromopropyl)-2,2,5,5-tetramethyl-aza-2,5-disilacyclopentane with

the corresponding polymer anions, followed by deprotection. These amine-

functionalized polymers were used as the macroinitiators in the living anionic

polymerization of the NCAs.

All the macroinitiators were completely consumed, as evidenced by the absence

of the corresponding peaks in the SEC charts of the final products. From the

characterization results in Table 20, it can be seen that the final μ-star polymers

have low polydispersities and their stoichiometric molecular weights are in good

-NH2

NCA

PI

3-arm ABC 3-arm A2B

PS

PS Cl Cl PαMS N
Si

Si

Br MeOH

N
Si

Si

Br MeOH

-NH2
NCA

4-arm A2BC

Scheme 44 Synthesis of coil–helix μ-star polymers

Table 20 Synthesis of coil–helix μ-star polymers with polypeptide arms

Polymer

Mn (g/mol) Mw/Mn

calcd SEC-TALLS SEC

3-arm (PS)(PI)(PBLG) 35,000 33,300 1.09

3-arm (PS)(PI)(PBocLL) 35,000 34,200 1.07

3-arm (PS)2(PBLG) 32,000 32,600 1.05

3-arm (PS)2(PBocLL) 32,000 31,500 1.02

4-arm (PS)2(PαMS)(PBLG) 40,000 38,900 1.08

4-arm (PS)2(PαMS)(PBocLL) 40,000 38,500 1.07

PBLG poly(γ-benzyl-L-glutamate), PBocLL poly(ε-tert-butoxycarbonyl-L-lysine)
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agreement with those determined by SEC-TALLS. Consequently, the resulting

μ-star polymers having polypeptide arms are well defined in structure. Among

these synthesized μ-star polymers, 3-arm (PS)2PBocLL and 4-arm (PS)2(PBocLL)2
stars (PBocLL: poly(ε-tert-butoxycarbonyl-L-lysine)) were first deprotected and

then complexed with sodium dodecyl sulfonate of an anionic surfactant to give the

supramolecular complexes [142]. They are lamellar polypeptide–surfactant self-

assemblies with a β-sheet conformation. The ionic complexation leads to a partic-

ularly pronounced small-scale ordering of the polypeptide–surfactant complex

arms that dominate over the formation of block copolymer scale structures.

5 Conclusions

At the present time, well-defined regular star polymers having multiarms can be

synthesized by the linking reaction using multifunctional chlorosilane compounds,

followed by the development of the linking reaction using BnBr reaction sites. Both

the methodologies are based on “arm-first termination” procedure. The usable arms

of such star polymers are PS, PαMS, PI, PB, P2VP, PMMA, PtBMA, and PEO. Any

monomer including cyclic monomers that undergoes living anionic polymerization

can be used to result in the synthesis of the corresponding multiarmed regular star

polymers. It should be emphasized that the chlorosilane methodology is excellent

with respect to the synthesis of very high-molecular-weight star polymers with Mn

values of over 107 g/mol.

Regarding the μ-star polymer synthesis, only one example concerning the

synthesis of a four-component 4-arm ABCD μ-star polymer appeared before

2000. Even in the 3-arm ABC stars, a few examples were synthesized by the

methodologies using multifunctional chlorosilanes or dual-functionalized DPE

reaction sites. Since 2001, Hirao, Higashihara et al. have proposed the iterative

strategy using repeatable reaction sequences capable of simultaneous introduction

of arm(s) and reaction site(s). With the use of the methodologies based on this

iterative strategy, the limit for the synthesis of μ-star polymers is readily surpassed

and the almost all types of multiarmed and multicomponent μ-star polymers have

been successfully synthesized, as introduced in section “Methodologies based on

iterative strategy.” With the development of various reaction sites, any monomer

that undergoes living anionic polymerization can be used. Furthermore, since the

iterative strategy may possibly be applied to other living polymerization systems in

conjunction with several click reactions, the range of available star polymers will be

greatly expanded in the near future. The development of living anionic polymeri-

zation of phenyl vinyl sulfoxide, alkyl isocyanate monomers, and NCAs has

allowed access to various well-defined coil–rod and coil–helix μ-star polymers

with interesting functionalities. Thus, a wide variety of multiphase polymers with

star-branched architectures having more structural variables than linear block poly-

mers are now available. Their applications to both material science and nanoscience

will be expected.
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Abbreviations

4-DVB 4-Divinylbenzene

4MPVS 4-Methylphenyl vinyl sulfoxide

acetal-DHPMA (2,2-Dimethyl-1,3-dioxolan-4-yl)methyl methacrylate

Bd 1,3-Butadiene

BnBr Benzyl bromide

BnCl Benzyl chloride (BnCl)

DPE 1,1-Diphenylethylene

HIC Hexyl isocyanate

NCAs N-carboxyanhydrides
P2VP Poly(2-vinylpyridine)

P4VP Poly(4-vinylpyridine)

PA Poly(acetylene)

PA α-Phenylacrylate
PB Poly(1,3-butadiene)

PBLG Poly(γ-benzyl-L-glutamate)

PBLi Poly(1,3-butadienyl)lithium

PBnMA Poly(benzyl methacrylate)

PBocLL Poly(ε-tert-butoxycarbonyl-L-lysine)
PDHPMA Poly(2,3-dihydroxypropyl methacrylate)

PDMS Poly(dimethylsiloxane)

PEE Poly(ethylethylene)

PEG Polyethylene glycol

PEMA Poly(ethyl methacrylate)

PEO Poly(ethylene oxide)

PFMMA Poly(ferrocenylmethyl methacrylate)

PFPO Poly(perfluoropropylene oxide)

PHEMA Poly(2-hydroxyethyl methacrylate)

PHIC Poly(hexyl isocyanate)

PI Polyisoprene

PILi Poly(isoprenyl)lithium)

PMMA Poly(methyl methacrylate)

PMOEMA Poly(2-methoxyethyl methacrylate)

PMOSLi Poly(4-methoxystyryl)lithium

PMSiS Poly(4-trimethylsilylstyrene)

PS Polystyrene

PSLi Poly(styryl)lithium

PtBA Poly(tert-butyl acrylate)
PTBDMSiOS Poly(4-tert-butyldimethylsilyloxystyrene)

PtBMA Poly(tert-butyl methacrylate)

PVS Phenyl vinyl sulfoxide

PαMSLi Poly(α-methylstyryl)lithium

RMAs Alkyl methacrylates
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sec-BuLi sec-Butyllithium
Si-HEMA 2-tert-Butyldimethylsilyloxyethyl methacrylate

TBDMS tert-Butyldimethylsilyl

TBDMSiOMP 3-tert-Butyldimethylsilyloxymethylphenyl

TBDMSOMP 3-tert-Butyldimethylsilyloxymethylphenyl

TBDMS-PLi 3-(tert-butyldimethylsilyloxy)-1-Propyllithium

TMS Trimethylsilyl
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1. Hückstädt H, G€opfert A, Abetz V (2000) Synthesis and morphology of ABC heterarm star

terpolymers of polystyrene, polybutadiene, and poly(2-vinylpyridine). Macromol Chem Phys

201:296–307

2. Hayashida K, Arai S, Shinohara Y, Amemiya Y, Matsushita Y (2006) Systematic transitions

of tiling patterns formed by ABC star shaped terpolymers. Macromolecules 39:9402–9408

3. Li Z, Hillmyer MC, Lodge TP (2006) Morphologies of multicompartment micelles formed by

ABC miktoarm star terpolymers. Langmuir 22:9409–9417

4. Quirk RP (1996) IV Anionic synthesis of polymers with well-defined structures. 13 Star

polymers. In: Hsieh HL, Quirk RP (eds) Anionic polymerization: principles and applications.

Marcel Dekker, New York, pp 333–368

5. Grest GS, Fetters LJ, Huang JS, Richter D (1996) Star polymers: experiment, theory, and

simulation. Adv Chem Phys 94:67–163

6. Meneghetti SP, Lutz PJ, Rein D (1999) Star-shaped polymers via anionic polymerization

methods. In: Mishra MK, Kobayashi S (eds) Star and hyperbranched polymers. Marcel

Dekker, New York, pp 27–57

7. Hadjichristidis N (1999) Synthesis of miktoarm star (μ-star) polymers. J Polym Sci Part A

Polym Chem 37:857–871

8. Hadjichristidis N, Pispas S, Pitsikalis M, Iatrou H, Vlahos C (1999) Asymmetric star poly-

mers: synthesis and properties. Adv Polym Sci 142:71–127

9. Hadjichristidis N, Pitsikalis M, Pispas S, Iatrou H (2001) Polymers with complex architec-

tures by living anionic polymerization. Chem Rev 101:3747–3792

10. Hadjichristidis N, Pitsikalis M, Iatrou H, Driva P, Sakellariou G, Chatzichristidi M (2012)

Polymers with star-related structure: synthesis, properties, and applications. In:

Matyjaszewski K, M€oller M (eds) Polymer science: a comprehensive reference, vol

6. Elsevier BV, Amsterdam, pp 29–111

11. Hirao A, Hayashi M, Loykulnant S, Ryu SW, Haraguchi N, Matsuo A, Higashihara T (2005)

Precise synthesis of chain-multi-functionalized polymers, star-branched polymers, star-linear

block polymers, densely branched polymers, and dendritic branched polymers based on

iterative approach using functionalized 1,1-diphenylethylene derivatives. Prog Polym Sci

30:111–182

12. Higashihara T, Hayashi M, Hirao A (2011) Synthesis of well-defined star-branched polymers

by stepwise iterative methodology using living anionic polymerization. Prog Polym Sci

36:323–375

13. Ito S, Goseki R, Ishizone T, Hirao A (2013) Successive synthesis of well-defined multiarmed

miktoarm star polymers by iterative methodology using living anionic polymerization. Eur

Polym J 49:2545–2566

Star-Branched Polymers (Star Polymers) 711



14. Nakahama S, Hirao A (1990) Protection and polymerization of functional monomers: anionic

living polymerization of protected monomers. Prog Polym Sci 15:299–335

15. Hirao A, Nakahama S (1992) Anionic living polymerization of monomers with functional

silyl groups. Prog Polym Sci 17:283–317

16. Hirao A, Roykulnant S, Ishizone T (2002) Recent advance in living anionic polymerization of

functionalized styrene derivatives. Prog Polym Sci 27:1399–1471

17. Ishizone T, Hirao A (2012) Anionic polymerization: recent advances. In: Schlüter AD,
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Synthesis of Dendrimer-Like Polymers

Junpo He, Jia Li, and Shaohui Yang

Abstract This chapter reviews the synthesis of dendrimer-like polymers based on

controlled or living polymerization techniques. Dendrimer-like polymers possess

multiple chains interconnected in a dendritic way. The synthetic strategies include

divergent and convergent methods, as those for regular dendrimers, in combination

with the preparation of the polymer chains either in situ or in separate batches. The

divergent approach usually starts from a core with multifunctional initiation or

coupling reaction sites, followed by iterative polymerization/chain-end functiona-

lization, or grafting-to reaction/end-group transformation of the upcoming polymer

chains, respectively, to form dendrimer-like polymers of up to seventh generation.

The convergent approach involves efficient coupling reactions, such as reaction

between chlorosilane and living polymeric anion, and the reactivation of the joint

point into living anion in an alternating way. The latter suffers from more serious

steric hindrance than the former. A variety of dendrimer-like polymers, such as poly

(ethylene oxide) (PEO), polystyrene (PS), poly(meth)acrylates, polycaprolactone

(PCL), and their related copolymers, have been reported in the literature. The

control of molecular parameters of dendrimer-like products will be discussed in

the synthetic point of view.

Keywords Dendrimer-like polymers • Anionic polymerization • Divergent

method • Convergent method • Polymer architecture

1 Introduction

Dendrimer-like star-branched polymers are a kind of dendritic architectures in

which successive generations are interlinked by polymer chains emanating radially

from a central core [1]. The presence of polymer chain spacers between consecutive

generations may render the dendrimer-like polymers new properties associated with

the dendritic effect as well as the chemical structure of the repeating and branching
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units. Therefore, the molecular parameters that need to be controlled in the synthe-

sis may include: (1) the chemical structure that builds the backbone of the dendritic

molecule; (2) the molecular weights of the polymer chains as the spacers; (3) the

number of functionalities of the branch units; (4) the generation number; and (5) the

number and chemical structure of the peripheral functionalities. These factors

determine, independently or concurrently, the size, shape, compactness of molec-

ular conformation, solubility, viscosity, rheology, surface properties, etc., of the

resulting dendrimer-like star-branched polymers [2–6].

In comparison with the synthesis of regular dendrimers, the synthesis of

dendrimer-like star polymers is complicated by the incorporation of polymer chains

into dendritically branched structures. In order to control the length and the end

functionality of the spacers, controlled/“living” polymerization techniques are

usually employed for the formation of corresponding polymer chains either in

situ or prior to the construction of dendritic structure. These polymerizations

techniques, such as anionic polymerization, ring-opening polymerization (ROP),

and atom transfer radical polymerizations (ATRP) afford branches with well-

controlled length, narrow length distribution, and precision number and location

of the functional groups.

This chapter reviews the synthesis of dendrimer-like star polymers with different

structural designation, arm number, and composition by stepwise iterative meth-

odologies. We will focus on the synthetic strategies based on the divergent or

convergent approaches in combination with the principle of polymer chain forma-

tion. Star-like polymers prepared using dendritic initiators will not be included in

this chapter.

2 Synthetic Methodology

In a similar way to the synthesis of conventional dendrimers [7, 8], dendrimer-like

star polymers are prepared through either divergent or convergent approaches

(Scheme 1) [9, 10]. In both approaches, the polymer segments are formed either

by in situ polymerization starting from a core (“core first”) or by presynthesized

polymer precursors with terminal functionalities (“arm first”).

Scheme 1 Synthesis of dendrimer-like polymers through divergent and convergent methodolo-

gies (Redrawn from Ref. [9])
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Five structural parameters must be considered in the synthesis, that is, the core,

the polymer chain, the branch point, the surface functionality, as well as the overall

structure of the dendrimer-like polymers (e.g., homopolymer or block copolymer).

In general, the selection of a synthetic route is a result of comprehensive consid-

eration of these parameters.

2.1 Divergent Chain Growing/Branching Approach

The synthesis of dendrimer-like star polymers was first reported by Gnanou and

coworkers [11]. They developed a divergent chain growing/branching approach in

the synthesis of dendritic star-branched poly(ethylene oxide) (PEO) up to the

second generation [11]. The work set up a general principle for the synthesis of

dendrimer-like star polymers, in which iterative polymerization and chain

branching led to the “growing up” of the dendritic molecules. The synthesis usually

starts from a multifunctional core with certain number of functionalities (Table 1).

The choice of the polymerization type is associated with the chemical nature of the

target molecules. Thus, the core initiates the polymerization of a monomer, yielding

a star-like polymer with same number of end groups as the core. Fidelity of the end

group is very important for the subsequent branching reaction, and therefore to the

perfection of the final product. Then, the end groups of the star-like polymer are

converted into double or multiple numbers of functionalities that are able to initiate

further polymerization. Dendrimer-like polymers can be prepared after performing

polymerization and end-group transformation several times in an alternating way.

The compounds of core precursors are usually multifunctional initiators

possessing initiating sites such as hydroxyl groups for ROP of ethylene oxide

(EO) or ε-caprolactone (ε-CL) or lactide, alkyl halides for ATRP or living radical

polymerization of vinyl monomers, as well as living anionic polymerization. The

branching agents are ABn-type compounds bearing one A group for coupling and n

(protected) B group for branching. Representative core precursors and branching

agents are listed in Table 1.

2.1.1 PEO-Based Dendrimer-Like Polymers

PEO-based dendrimer-like polymers exhibit three kinds of featured structures, that

is, dendrimer-like PEO homopolymers, dendrimer-like PEO with various function-

alities, and dendrimer-like PEO containing block copolymers.

Dendrimer-like PEOs and PEO-containing copolymers were synthesized by

using commercially available or readily accessible multihydroxyl compounds,

such as 1 and 2, as the starting core precursors [11, 12]. The hydroxyl groups

were partially activated through deprotonation by diphenylmethyl potassium

(DPMK) for subsequent initiating ROP of EO. The polymerization was mediated

by the dynamic equilibrium between the activated and dormant species, resulting in

Synthesis of Dendrimer-Like Polymers 721



star-like PEO possessing same number of hydroxyl end groups as that in the

precursor. The branching reaction was achieved using various branching agent or

reactions, usually in two or more steps, to afford double or multiple number of

hydroxyls for the initiation/polymerization of the next generation. For instance,

2,2-dimethyl-5-ethyl-5- chloromethyl-1,3-dioxane (13), a compound bearing one

Table 1 Multifunctional core molecules and branching agents in the synthesis of dendrimer-like

polymers

Multifunctional core molecules

1 2 3 4

5
6

7 8

9
10

11 12

Branching agents

13 14 15 16

17 18
19

20

21
22

23
24

25
26

27
28

29 30
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chloromethyl and two hydroxyl groups protected in acetal form, was used as

branching agent in the synthesis of dendrimer-like PEO. The branching reaction

was accomplished through formation of ether linkage between chloromethyl and

hydroxyl end groups in the core or preceding generation, followed by recovery of

dihydroxyl groups via acidic hydrolysis of the protecting ketal function (Scheme 2)

[11]. In this synthesis, the molecular weight of the PEO chain was determined by

the feed ratio of EO to hydroxyl groups, whereas the number of branch points and

peripheral groups were controlled by stepwise branching reactions.

An alternative way of branching was a two-step process using allyl chloride as

the branching agent. The hydroxyl groups of the core or dendritic PEO were

vinylated through nucleophilic attack towards allyl chloride, followed by

dihydroxylation using OsO4 and N-methylmorpholine-N-oxide (NMO).

Dendrimer-like PEOs of up to eight generations was synthesized with the molecular

weight of 900,000 g/mol and ~384 external hydroxyl functions [13].

The above-mentioned branching reactions were two- or multistep processes.

Later on, Gnanou and coworkers developed a one-pot procedure for faster forma-

tion of branching sites using glycidol as the branching agent [14]. After completion

of EO polymerization initiated by 1, glycidol and propylene oxide (PO) were

introduced sequentially or as a mixture. Copolymerization occurred to produce

polyether chains with multiple alkoxides. The role of PO was to minimize the

aggregation of the generated alkoxides. The resulting multiple alkoxides were able

to initiate the polymerization of EO and subsequently glycidol and PO in a cascade

manner. The process did not require separation of the intermediates. Although the

number of branches was not precisely controllable for each branching segment

Scheme 2 Synthesis of dendrimer-like PEO reported by Gnanou. Adapted from Ref. [11] with

permission from Wiley
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(copolymer of glycidol and PO), the average number of hydroxyl groups depended

on the feed ratio of glycidol to PO. The overall synthesis was performed in a

semicontinuous way in one pot, affording third-generation dendrimer-like PEO

with an average molecular weight of up to 55,000 g/mol [14].

Functional dendrimer-like PEOs bearing vinylic groups at the branch points were

synthesized. For this purpose, a specific AB2C type branching agent, 2,2-dimethyl-5-

(2’-chloromethyl-propenyloxymethyl)-5-methyl-1,3-dioxane (18 in Table 1), was

designed and utilized to introduce vinylic group during chain branching process

(the vinylic group can also be introduced by copolymerization of allyl glycidyl

ether with glycidol and PO [14]). The vinyl group was subsequently transformed

into ATRP initiating sites via a two-step process: hydroboration–oxidation reaction to

yield two hydroxyl groups from one allylic group and then esterification of the

hydroxyl groups with 2-bromopropionyl bromide; finally, the bromopropionate ini-

tiate ATRP of tert-butyl acrylate, yielding pH sensitive dendrimer-like PEO carrying

interior poly(acrylic acid) (PAA) after hydrolysis [15].

Propionyl halide derivatives 26 and 27 possessing two bromopropionates were

used as branching agents capable of switching ROP to ATRP. The peripheral

groups of star-like or dendrimer-like PEO were converted from hydroxyl into

2-bromopropionate moieties through esterification with 26 or 27. Styrene and

tert-butyl acrylate were polymerized with the initiation of 2-bromopropionate

groups, leading to the formation of amphiphilic dendrimer-like block copolymer,

PEO-b-PtBA [16] or PEO-b-PS [12, 17], respectively.

A number of dendrimer-like PEO-based polymers with various structures, com-

positions, and functionalities were reported employing core-first divergent grow-

ing/branching strategy. In addition to PEO homopolymers, dendrimer-like

copolymers with layered-type, Janus-type, and bouquet-type chain arrangements

were synthesized. For instance, amphiphilic layered-type PEOn-b-PS2n [12, 17] and
PEOn-b-PtBA2n (precursor of water-soluble PEOn-b-PAA2n) [16] were obtained by

combining AROP of EO and ATRP of styrene or t-BA, as mentioned above. Janus-

type dendrimer-like PEOs consist of two dendrons of different branching units and

surface functionalities were prepared starting from an asymmetric core, 3-allyloxy-

1,2-propanediol (3), in which one dendron grew from diol with the branching agent

20 and the other dendron was formed from allyl moiety, after hydroxylation, with

the branching agent 21 [18, 19]. The growth of the two dendrons was performed in

an alternate way under different reaction conditions, resulting in Janus-type

dendrimer-like PEO bearing orthogonal functionalizations on the surface.

Bouquet-type dendrimer-like PEOs with an aldehyde focus and 16 peripheral

hydroxyls were prepared using a protected acetal compound, 3,3-diethoxyl-1,2-

propanediol, through a two-step branching reaction involving hydroxyl allylation

and then vinyl osmylation [20]. The two hydroxyl groups were initiating sites for

ROP of EO, while the protected acetal was converted into aldehyde after the

synthesis of the target products.

Combination of core-first and arm-first methods, using hexachlorocyclopho-

sphazene as the core, resulted in the synthesis of dendrimer-like PEO with a

phosphazene core [21]. After the peripheral hydroxyl moieties were functionalized
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with sulfated β-lactose, the dendrimer-like product exhibited anti-inflammatory

activity [22].

2.1.2 PS-Based Dendrimer-Like Polymers

Gnanou and coworkers also prepared dendrimer-like polystyrene (PS) and copol-

ymers in a similar way by combination of atom transfer radical polymerization

(ATRP) and chain-end transformation [3]. In these studies, calixarene derivatives

bearing 4, 6, or 8 bromoisobutyl groups, prepared from esterification with 2-bromo-

isobutyryl bromide, were used as cores to initiate ATRP of styrene to generate PS

stars as the first generation containing same number of terminal bromo functional-

ities. The bromo end groups were transformed into twofold terminal 2-bromo-

isobutyrate groups through a two-step process, for example, reaction with

2-amino-1,3-propanediol and subsequent with 2-bromo-isobutyryl bromide. The

resulting products served as multifunctional macroinitiators for the formation of the

second generation. Repeating ATRP and end-group modification yielded

dendrimer-like PSs of third generation comprising of 16, 24, or 32 arms in the

outmost layer, respectively [3].

The method can be readily applied to other vinyl monomers that are

polymerizable through ATRP. Dendrimer-like block copolymers of styrene and t-
butyl acrylate were prepared by direct sequential polymerization [23]. Dendrimer-

like block copolymers PS-b-PEOs with layered structure were synthesized by

combination of ATRP of styrene and ROP of EO. The ATRP steps resulted in

multiple bromo termini, which were transformed into hydroxyl groups and used to

initiate ROP of EO [24].

Scheme 3 Synthesis of dendrimer-like polymers by anionic polymerization using TERMINI

strategy reported by Gnanou. Adapted from Ref. [25] with permission from ACS
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Anionic polymerization was applied in the synthesis of dendrimer-like polysty-

rene through TERMINI technique (TERminating agent and Multifunctional INIti-

ator, a concept proposed by Percec, vide infra) [25]. As shown in Scheme 3, the

synthesis started from a multianion core prepared by bromine–lithium exchange

between sec-butyllithium (sec-BuLi) and multibromoaryl compound. The

multianion core initiated the polymerization styrene. After the polymerization the

living chain ends were transformed into oxygen anion through ring-opening reac-

tion of EO, followed by addition to 4,4’-dibromodiphenylethylene, the TERMINI

agent. The resulting multibromoaryl compound was activated again by bromine–

lithium exchange with sec-BuLi, followed by the initiation of styrene anionic

polymerization. Dendrimer-like PS and PB up to seventh and third generations,

respectively, were obtained in such a divergent way [25].

A notable double way of polymerization transformation, for example, from

ATRP to ROP and to ATRP again, was developed by Pan and coworkers in the

synthesis of dendrimer-like star copolymers of styrene and L-lactide or

carprolactone [26–28]. ATRP of styrene initiated by a tri(alkyl bromide) compound

9 resulted in the first-generation star-like polystyrene. The bromo end groups were

converted into six hydroxyl groups through reaction with a branching agent,

2,2-dimethyl-1,3-dioxolane-4-methanol (14), followed by ROP of L-lactide. The

hydroxyl end groups were then transformed into 12 alkylbromide groups via

reaction with 2,2-bis(methylene-α-bromoisobutyryl)propionyl chloride (25),

followed by ATRP of styrene to form the third generation. Dendrimer-like star

copolymer, PS3-b-PLLA6-b-PS12, was obtained as the final product. Similarly,

starting from pentaerythritol, dendrimer-like star block copolymer of styrene and

ε-CL was synthesized and labelled with fluorescent pyrene as the peripheral

functionality.

Copper catalyzed azide–alkyne cycloaddition is an efficient cross-coupling

reaction (the “click” reaction). The bromo terminal of ATRP products can be

readily transformed into azido group by the reaction with NaN3. Thus, a star-like

PS, made from ATRP of styrene initiated by a tri(alkyl bromide) core (9), was

functionalized with three azido groups and then underwent “click” reaction with

propargyl 2,2-bis(2’-bromo-2’methylpropinoyloxy)methyl propionate (28). The

resulting star polymer had six terminal bromides and was used to initiate ATRP

of styrene. Repeating the above process afforded dendrimer-like star polystyrene or

PS-b-PtBA up to third generation [29].

2.1.3 PCL-Based Dendrimer-Like Polymers

Hedrick is the first to give the name “dendrimer-like star polymers” to a series of

dendritic poly(ε-caprolactone)s (PCL)s and poly(L-lactide)s synthesized by a diver-
gent approach using repetitive living ROP and end-group functionalization [6, 30–

36]. As shown in Scheme 4, the synthesis started from a trimeric 2,2-bis

(hydroxymethyl)propionate (11) bearing six hydroxyl groups as the core initiator.

ROP of ε-CL or lactide in the presence of stannous-2-ethylhexanoate (Sn(Oct)2)
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proceeded in a living fashion and resulted in six-arm products (G-1) with six

hydroxyl termini. The branching reaction was achieved via esterification of

hydroxyls with 2,2-bis(hydroxymethyl)propionic acid in which the two hydroxyl

groups were protected by benzylidene in an acetal form(15). After hydrolysis under
appropriate conditions 12 hydroxyl groups were recovered and used to initiate the

polymerization of ε-CL to yield the second-generation dendrimer-like PCL (G-2).

Scheme 4 Synthesis of dendrimer-like PCL via ring-opening polymerization reported by Hedrick

et al. Reproduced from Ref. [30] with permission from ACS
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Repeating the above steps resulted in the third-generation (G-3) product possessing

24 arms at the periphery, with Mn¼ 96,000 g/mol and Mw/Mn¼ 1.14.

The above process involved the living ROP and quantitative organic transfor-

mation of branching groups, therefore allowing precise control on molecular weight

and the number of functional chain ends. The method was then extended to the

preparation of layered dendrimer-like star copolymers consisted of chain polymers

and dendrons for different generations. Thus, the hexahydroxyl compound 11 was

used to initiate the ROP of ε-CL to prepare a six-arm star PCL bearing six hydroxyl

end groups as the first generation, G1(6OH). The hydroxyl termini were then

coupled, via esterification, with Bis-HMPA-derived dendrons (1–3 generations,

Scheme 5) to build the second generation. The dendrons carried a benzylidene

protected carboxylic group and different number of potential hydroxyl groups

protected in the form of tert-butyldimethylsiloxy (t-BuMe2SiO-) groups. The

carboxylic and hydroxyl groups could be selectively recovered by hydrogenolysis

and BF3-Et2O treatment, respectively, in different steps. The obtained two-layered

dendrimer-like star copolymers contained a central six-arm star PCL (as the first

generation) and 12, 24, or 48 hydroxyl groups in the second generation. Further

initiation of ROP of ε-CL resulted in the formation of three-layered dendrimer-like

products [6].

The combination of ROP and coupling with dendron facilitated the synthesis of

constitutional isomers of PCL-based dendrimer-like star polymers [31]. In these

isomers, the molecular weights were very close and the molecular weight distribu-

tions were narrow. The number of branching points (45) and surface hydroxyl

groups (48) were identical among various isomers. The difference among these

isomers was the radial location of branch points tuned by controlling the molecular

weights in ROP and coupling with different generations of dendrons. In addition,

amphiphilic linear-dendritic block copolymers with orthogonal number of head

(dendron) and tail (PCL chain) were synthesized through ROP initiated by ratio-

nally designed functionalized dendrons with various functionalities based on the

protection and deprotection of Bis-HMPA derivatives [33].

The hydroxyl peripheral groups can be directly used to initiate the polymeriza-

tion of lactide, or easily transformed into alkyl bromide, the initiator for ATRP,

through esterification with 2-bromo-isobutyryl bromide. The former allowed the

synthesis of dendrimer-like star block copolymers containing a star-like core made

from polymerization of various substituted lactone (substitution in order to prevent

crystallization) and an outer layer of poly(lactide) [36], whereas the latter facilitated

the synthesis of dendrimer-like star block copolymers containing PCL, PMMA, and

poly(hydroxyethyl methacrylate) segments [37, 38].

2.1.4 PMMA-Based Dendrimer-Like Polymers

Percec and coworkers developed a new synthetic approach named TERMINI, in

which the chain branching was fulfilled by using irreversible TERminator

Multifunctional INItiator (TERMINI). TERMINI is a masked multifunctional
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compound possessing terminating moiety to living chain polymerization and initi-

ating moieties, after deprotection, for further polymerizations in two or more

directions [39–41]. Thus, TERMINI played the role of a branching agent. The

termination, deprotection reaction, and reinitiation were quantitative. A series of
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Scheme 5 Synthesis of Bis-HMPA-derived dendrons as the branching agent. Reproduced from

Ref. [6] with permission from Wiley
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dendrimer-like PMMAs with structural perfections were synthesized by suitable

combinations of living free radical polymerization and TERMINI technique. For

example, Cu2O catalyzed living radical polymerization of MMA, initiated with a tri

(sulfonyl chloride) core 7, was interrupted by (1,1-dimethylethyl)[[1-[3,5-bis(S-
phenyl 4-N,N’-diethylthio-carbamate) phenyl]ethenyl]oxy] dimethylsilane as the

TERMINI agent. After deprotection, two sulfonyl chloride groups were regenerated

and initiated the living radical polymerization of MMA. After four times of iterative

reactions, dendrimer-like PMMA of fourth generation was successfully synthesized

with Mn¼ 4.56� 105 g/mol and Mw/Mn¼ 1.23 (Scheme 6) [39].

2.1.5 Living Dendrimer-Like Polymers Made from a Continuous

Method

Synthesis of dendrimer-like polymers is intensively time-consuming due to a

number of polymerization, protection/deprotection, and purification steps. To over-

come this shortcoming, a continuous anionic living process for fast synthesis was

Scheme 6 Synthesis of 4G dendrimer-like PMMA via TERMINI strategy by Percec et al.

Adapted from Ref. [39] with permission from ACS
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developed (Scheme 7) [42]. The process used an anionic species, for example, the

monoadduct of sec-butyllithium (s-BuLi) and 1,3-bis(1-phenylethenyl)benzene

(MDDPE) as the branching agent. The monoadduct was prepared via a stoichio-

metric reaction of s-BuLi and MDDPE in THF and then stored in cyclohexane

solution. Thus, α,ω-bifunctional polystyryllithium (G1.0), initiated by a difunc-

tional anionic initiator, underwent addition reaction with the monoadduct to form a

tetra anionic species. Anionic polymerization of styrene initiated by the tetra

anionic species formed a four-arm star with four terminal anions (G2.0). Repeating
addition/polymerization in an alternating way led to the formation of a dendrimer-

like star polystyrene up to the fifth generation, G5.0. The process was performed

continuously without separation of the intermediate species. The synthesis of

dendritic polystyrene was greatly accelerated, for example, G5.0, with 32 terminal

groups being obtained within 12 h. Owing to the living property, the product was

used as a dendritic precursor to prepare dendrimer-like star block copolymers such

as PS-b-polyisoprene, PS-b-PMMA, and dendrimer-like star polymer with a graft-

on-graft periphery.

In general, the divergent growing/branching approach for the synthesis of

dendrimer-like star polymers involves two main reaction steps in the formation of

each generation: (a) the controlled/living polymerization of an appropriate mono-

mer initiated from either a multifunctional core or the peripheral moieties of the

preceding generation; (b) chain-end modification reaction to introduce two or more

initiation sites. Reiteration of these reaction steps results in the synthesis of the
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Scheme 7 Continuous synthesis of dendrimer-like star living polystyrene in a divergent process.

Reproduced from Ref. [42] with permission from ACS
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high-generation and high-molecular-weight dendrimer-like star polymer and block

copolymers. However, concerns have been paid to the imperfections caused in the

methodology. It was pointed out that the uniformity of chain growth and the number

of initiating sites that actually take part in the initiation are not exactly determined,

especially at higher generations [43]. Therefore, defects may exist in the final

product despite that the measured molecular weight distribution was narrow. This

is because the defects are random and can be averaged among molecules. Indeed, it

was found in the continuous process that the efficiency of chain initiation become

low along with the generation growth, partly due to the aggregation of anions in

nonpolar solvent that causes heterogeneity to the polymerization system [42].

2.2 Divergent Coupling/Branching Approach

The divergent polymerization/branching approach is a “core first” method in which

polymer chains originate from the initiating sites of the preceding generation. This

method allows efficient transformation of the branching functionality and well-

controlled polymerization due to the lack of steric hindrance, but suffers from the

unavailability of analytic information of well-defined arm structure. Another way

of making dendrimer-like star polymers, mainly developed by Hirao and

coworkers, is the divergent coupling/chain branching approach. This “arm first”

approach combines the precise control on molecular weight by anionic polymeri-

zation and the quantitative deprotection and transformation of the end groups for

chain branching reactions. The precursor of the arm is a polymer chain bearing a

living anion and two protected functional groups at the α- and ω-end, respectively.
In the synthesis, the living anionic end is attached to the core or preceding

generation, whereas the protected groups are positioned at the peripheral part in

the topological structure. Then the protecting groups are removed and active sites

for further linking reactions are released. Repeating the above two reactions leads to

the formation of dendrimer-like star-branched polymers with growing generations.

Notably, the chemistry used for linking and transformation must match the applied

monomers, such as MMA, styrene, and tert-butyl methacrylate, in anionic poly-

merizations [43–47].

2.2.1 Dendrimer-Like Star Polymethacrylates

The preparation of dendrimer-like PMMA was fulfilled by a typical iterative “arm

first” process. As shown in Scheme 8, living PMMA chains were prepared via

anionic polymerization of MMA initiated by the adduct of sec-BuLi and 1,1-bis

(3-tert-butyl- dimethylsilyloxymethylphenyl)ethylene (DPE-diSMP) in the pres-

ence of LiCl, thus affording two SMPs and an anion at the α- and ω-end, respec-
tively, hereafter coded diSMP-PMMAӨ. The living PMMA chains were linked to

benzyl bromide of para-dibromomethyl benzene. After the linking reaction, the
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SMP groups were subsequently transformed into benzyl bromide (BnBr) by treat-

ment with 1:1 mixture of LiBr and (CH3)3SiCl. The resulting star-branched PMMA

with peripheral BnBr moieties underwent further linking reaction with diSMP-

PMMAӨ [43–49]. Both the linking and the end-group modification reactions

were quantitative, resulting in dendrimer-like PMMA with high structural perfec-

tion [48]. In each step of the linking reaction, an excess amount of living PMMA

was used. Thus, the reaction mixture needed to be fractionated to get the pure

dendrimer-like product. After the purification, dendrimer-like products withMw/Mn

values less than 1.1 were obtained. The calculated molecular weights were in good

agreement with those determined by 1H NMR and SLS. Moreover, dendrimer-like

block copolymer was prepared in a similar manner by the use of the living anionic

polymer of the protected 2-hydroxyethyl methacrylate (HEMA) instead of living

anionic PMMA at the final reaction stage. After hydrolysis, an amphiphilic

dendrimer-like star block copolymer PMMA-b-PHEMA was obtained.

Using a similar strategy, dendrimer-like star PMMA of up to seven generations

was synthesized starting from a core with tetra BnBr moieties (Scheme 9) [50]. The

SEC peak of each generation was monomodal after removal of the “arm” species,

and moved to the higher molecular weight region as the generation growth (Fig. 1).

The observed and calculated molecular weight were in good agreement with each

other. A seventh-generation product was obtained with large molecular weight

(1.94� 106 g/mol) and narrow molecular weight distribution (Mw/Mn¼ 1.02),

comprised of 508 PMMA segments and 512 BnBr functionalities at the periphery.
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Scheme 8 Synthesis of dendrimer-like star PMMAs with two branches reported by Hirao.

Adapted from Ref. [48] with permission from ACS
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Scheme 9 Synthesis of 7G dendrimer-like star PMMA starting from a tetrafunctional core by

Hirao. Adapted from Ref. [50] with permission from ACS

Fig. 1 SEC profiles of dendrimer-like PMMAs from first to seventh generation. Reproduced from

Ref. [50] with permission from ACS
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In the divergent coupling/branching process, the branching functionality of the

dendrimer-like product can be controlled by changing the number of functionalities

in the branching agent or at the ω-end of the arm precursor. For example, using

difunctional DPE-diSMP or tetrafunctional DPE-tetraSMP (Scheme 10), branching

functionality of 1! 2 or 1! 4 was obtained, respectively, after the attachment of

the subsequent generation [51]. The tetrafunctional molecule was prepared by

coupling of 1,1-bis(3-bromomethylphenyl)ethylene and DPEӨ-diSMP anion, both

derived from DPE-diSMP. The use of tetrafunctional branching agent resulted in a

much faster increase in molecular weight of the dendrimer-like products

(Scheme 11).

Branching agents with different number of functionalities can also be fixed

simultaneously within the same dendrimer-like star molecule, therefore providing

a way of tuning the branching density along the radial direction. DPE-derived

branching agents with four SMP groups were synthesized using DPE-diSMP as

the starting material (Scheme 10). The application of these branching agents with

different number of SMPs resulted in the synthesis of a series of dendrimer-like

polymers with various constitutional branching junctures at different generations

(Fig. 2) [52, 53].

Other monomers, such as tert-butyl methacrylate, (2,2-dimethyl-1,3-dioxolan-4-

yl)methyl methacrylate, and 2-vinylpyridine, showed similar reactivity in the

iterative process. Therefore, it is easy to prepare dendrimer-like block copolymers

containing segments from these monomers (Scheme 12) [53]. The block copoly-

mers were further treated with (CH3)3SiCl/LiBr or 2 N HCl to convert the func-

tional segments into polar and water-soluble poly(methacrylic, acid), poly

(2,3-dihydroxypropyl methacrylate), or poly(2-vinylpyridinium hydrochloride),

respectively, therefore producing amphiphilic dendrimer-like star copolymers.

Scheme 10 Synthesis of DPE derivative with four SMP groups. Adapted from Ref. [52] with

permission from Wiley
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2.2.2 Dendrimer-Like Star Polystyrenes

In the preparation of dendrimer-like polymethacrylates, the polymer arm precursor

was living PMMA chain anion bearing bifunctional SMPs at the ω-end. The

precursor was synthesized by anionic polymerization of MMA initiated by the

adduct of sec-BuLi and DPE-diSMP. In the synthesis of the adduct, the feed amount

of DPE-diSMP was in excess, usually 1.5-fold of the lithium, in order to convert

sec-BuLi into DPE-derived organolithium in high yield. The residual DPE-diSMP

would not take part in the following-up anionic polymerization of MMA, since

PMMA enolate is not capable of adding to the double bond of DPE moiety. This

method is, however, not applicable for the preparation of styrenic dendrimer-like

polymers because of similar reactivity of styrene and DPE double bond. Otherwise,

Scheme 11 Synthesis of 3G dendrimer-like PMMA with four branches at each generation

reported by Hirao. Reproduced from Ref. [51] with permission from Wiley
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Fig. 2 A series of 3G, 4G dendrimer-like star PMMAs with different branched architectures

reported by Hirao. Adapted from Ref. [51, 53] with permission from Wiley and ACS

Scheme 12 Synthesis of amphiphilic dendrimer-like block copolymers reported by Hirao.

Reproduced from Ref. [53] with permission from ACS
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the random incorporation of residual DPE-diSMP into the polymer chain would

result in uncontrolled functionalization reaction. Therefore, an alternative strategy

was developed for the synthesis of the well-defined dendrimer-like star PS based on

the divergent coupling/branching approach [54].

In this new strategy, the chain precursor was a living polystyrene chain bearing

monofunctionality (instead of bifunctionality), 3-tert-butyldimethyl-silyloxy-1-

propyl (BudiMeSiOPr), at the ω-end. The precursor was synthesized from the

styrene polymerization initiated by a commercially available anionic initiator,

3-tert-butyldimethyl- silyloxy-1-propyllithium (BMSiOPrLi). The resulting precur-

sor, BMSiOPr-PSӨ, was end-capped with DPE and then coupled with either a core

or preceding generation possessing multi alkyl–bromide moieties. The branching

reaction was accomplished by two steps: first transformation of the terminal

BMSiOPr group into 3-bromopropyl; then nucleophilic attack of the adduct of

sec-BuLi and DPE-diSMP towards 3-bromopropyl. In this way, the monofunctional

end group became a bifunctional one. Repeating the reaction sequence four times

led to the formation of dendrimer-like polystyrene of fifth generation with

Mn¼ 1.8� 106 g/mol, 124 PS segments and 128 alkylbromide terminal groups

(Scheme 13).

Scheme 13 Synthesis of dendrimer-like star PSs reported by Hirao et al. Adapted from Ref. [54]

with permission from ACS
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Orthogonal linking reactions were performed using two different living chains,

BMSiOPr-PSӨ and diSMP-PMMAӨ, as the building blocks. Therefore, dendrimer-

like star block copolymers composed of PS and PMMA segments at different

generations were synthesized [54]. In principle, these segments can be introduced

at any generation in a dendrimer-like structure.

The iterative divergent/branching approach was also used in the synthesis

of dendrimer-like polymers with extremely high branch densities [4]. In this

particular process, chain branching took place on a short segment of poly

(4-bromomethylstyrene) as multifunctional BnBr branching site, instead of

two or xfour BnBr moieties at the chain end in previous studies. Poly

(4-bromomethylstyrene) segment was derived from poly(3-SMP styrene) block

(by treatment with (CH3)3SiCl/LiBr) incorporated through copolymerization

shown in Scheme 14. Thus, anionic sequential copolymerization of

SMP-substituted styrene and styrene produced a living block copolymer, P

(SMP-St)-b-PSӨ, which was linked to BnBr moieties of the core or poly

(4-bromomethylstyrene) segments of the preceding generations. The degree of

Scheme 14 Synthesis of densely branched dendrimer-like star PS of third generation reported by

Hirao. Adapted from Ref. [4] with permission from ACS
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polymerization of poly(4-bromomethylstyrene) was controlled to an average value

of 12, affording a branching functionality of 1! 12. After the linking reaction,

SMP moieties were converted into BnBrs which would subject to further linking

reaction. Repeating these steps yielded dendrimer-like PS of third generation with

very high Mn (1.43� 107 g/mol) and narrow molecular weight distribution (Mw/

Mn¼ 1.05). Although the number of branches could not be exactly controlled, the

calculated value was up to 608 bearing 7,600 BnBr termini at the periphery. The

high density of the branches was proved by AFM observation.

A more convenient strategy was developed using only one kind of block

copolymer as both the arm precursor and branching agent [55]. As shown in

Scheme 15, a block copolymer of isoprene and styrene, PI-b-PSӨ, consisting of a

short segment of PI with average degree of polymerization 8, was end-linked by a

multifunctional core to form a star-like copolymer (G1-star). The PI segment was

then epoxidized using HCOOOH, and attached by the same block copolymer PI-b-
PSӨ to form the second generation (G2-star). Iterative epoxidation and attachment

multiple times resulted in dendrimer-like polymers of up to generation 5, with

Mw¼ 4.0� 107 g/mol and about 7,000 branches. A feature of the process was the

easy accessible high chain density and high molecular weight of the final product,

although imperfections existed due to steric hindrance in the reactions of high

generations.

2.2.3 Dendrimer-Like Star Poly(tert-butyl methacrylates)s (PtBMAs)

The above-mentioned method for the syntheses of dendrimer-like star PMMAs and

polystyrene required the transformation of SMP to BnBr functions be performed in

highly acidic conditions. This method could not be applied to a variety of polymers

bearing either acid-labile or base groups. An alternative method was developed in

which diSMPs were transformed into bifunctional α-phenylacrylate (diPhA) in

neutral media. The resulting multiple diPhAs served as linking sites for the living

anionic polymer chains such as poly(tert-butyl acrylate), polymethacrylates with

protected hydroxyl groups or oligomeric ethylene oxide side groups, and poly

(2-vinylpyridine), etc. Thus, living polymer chains such as diSMP-PtBMAӨ were

prepared and linked to a core with four BnBr moieties. The conversion of diSMP

Scheme 15 Synthesis of dendrimer-like PS from star-like core using PI-b-PSLi as the building

block. Adapted from Ref. [55] with permission from RSC
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into diPhA esters was accomplished by sequential hydrolysis of SMP into hydroxyl

(using Bu4NF) and then esterification with α-phenylacrylic acid. The resulting

diPhA moieties undergo further addition reaction by diSMP-PtBMAӨ. Well-

defined fifth-generation with high molecular weight (~107 g/mol) dendrimer-like

PtBMA was synthesized (Scheme 16) [56]. Furthermore, dendrimer-like block

O Si

O Si
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O-C(O)-C=CH2

O-C(O)-C=CH2
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Scheme 16 Synthesis of the fifth-generation dendrimer-like star PtBMA reported by Hirao.

Reproduced from Ref. [56] with permission from ACS
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copolymers composed of PtBMA and PS segments were also reported [23, 29,

57]. These block copolymers could be converted to amphiphilic block copolymers

by the selective hydrolysis of PtBMA to poly(methacrylic acid) (PAA) (Fig. 3).

2.3 Convergent Approach

The synthesis of dendrimer-like star polymers through convergent approach

involves coupling of polymer chains and in situ polymerization in some cases.

This was accomplished through two strategies, for example, alternate coupling of

polymer chains by an asymmetric coupling agent and further in situ polymerization,

and alternate coupling by symmetric coupling agent and chain-end transformation.

The first strategy was developed by Hadjichristidis using anionic living poly-

mers as the arm precursor [58]. As shown in Scheme 17, polyisoprenyllithium

(PILi) was coupled via two steps by 4-(chlorodimethylsilyl)styrene (CDMSS), an

asymmetric coupling agent in which the chlorosilane group was much more

reactive than the vinyl group towards anionic species. The second step of the

reaction was the addition of PILi to the double bond, forming a styrenic anion

that in situ initiated polymerization of isoprene. The resulting PI “living star”

Fig. 3 Dendrimer-like star copolymers consisting of PtBMA and PS segments at different radical

locations, in which PtBMA can be hydrolyzed into segment bearing carboxylic groups.

Reproduced from Ref. [56] with permission from ACS
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possessing an off-center anion was coupled with either MeSiCl3 or SiCl4 to obtain

second generation of dendrimer-like PIs with 6 or 8 chain ends, respectively. In

addition, dendrimer-like block copolymers composed of PS and PI segments were

also synthesized through a similar sequential polymerization and coupling

process [58].

The styrenic unit in CDMSS may undergo polymerization in the second step of

coupling and therefore cause complexity in the structural control. To overcome this

disadvantage, a novel coupling agent, 1-(4-dichloromethylsilylphenyl)-1-

phenylethylene (DCMSDPE), was designed for the synthesis of dendrimer-like

star polybutadienes (PBs) (Scheme 18) [59]. DCMSDPE interlinked two living

PB chains by its –MeSiCl2 group, and then was activated at its vinyl group by sec-
BuLi addition. The resulting in-chain anion was used to initiate the polymerization

of butadiene to generate a “living star” of PB. The “living star” was either

end-linked with MeSiCl3 to form second-generation dendrimer-like star PB, or

coupled by DCMSDPE again followed by activation, polymerization of butadiene,

and end-linked with MeSiCl3, finally affording third generation of dendrimer-like

star PB.

A faster and continuously performable one-pot process was developed by

Knauss and coworkers using CDMSS as the coupling agent (Scheme 19) [60–

63]. In this process, CDMSS was slowly added to a solution of anionic living PS

chains (PSLi). The amount of CDMSS was kept slightly below the stoichiometric

Scheme 17 Synthesis of 2G dendrimer-like star PIs reported by Hadjichristidis. Adapted from

Ref. [58] with permission from Wiley
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amount relative to the initial PSLi in order to maintain a living site at the focal

point. The central living anion was used to initiate the polymerization of styrene to

form a multiarm “living star,” which was coupled by slow addition of CDMSS up to

a stoichiometric amount. After termination, second-generation dendrimer-like star

polymer was obtained. This straightforward process was very efficient yet the

number of arms was variable.

The second strategy was developed by Hutchings and coworkers in the synthesis

of DendriMarcs, for example, dendrimer-like polymers formed by convergent

coupling of end-functionalized chain precursors using symmetric linking agent.

For example, a living polystyrene initiated with 3-tert-butyldimethylsiloxy-1-

propyllithium (BudiMeSiOPrLi) was transformed separately into both polystyrene

with alkylchloride terminus (PS-Cl) and polystyrene with α-hydroxyl and

ω-biphenol termini, an AB2-type macromonomer (HO-PS-PhOH2) (Scheme 20)

[64]. Then, PS-Cl was coupled with the phenol moieties of HO-PS-PhOH2 through

−Li+ −Li+ −Li+

(3)

−Li+

−Li+

−Li+

−Li+

−Li+

−Li+

−Li+

−Li+

Si

+ 3 LiCl

+ 5 LiCl

(x)

1. slow addition
2. 1 more hour for
     completion

Cl

(5)
Si
Cl

0.50 M in
cyclohexane;
1.0 mL/hr
for ~ 4 hours

0.50 M in
cyclohexane;
~ 0.2-0.4 mL/hr

= polystyrene

Reacted at room temperature in cyclohexane with 3% v/v THF

Scheme 19 Synthesis of second-generation dendrimer-like star PS in one-pot approach reported

by Knauss. Reproduced from Ref. [60] with permission from ACS
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Williamson reaction, forming a star-like PS with one terminal hydroxyl group

which was subsequently converted into alkylchloride in reaction with SOCl2. The

resulting star-like PS with chloro end groups was coupled by HO-PS-PhOH2 again,

and the remaining hydroxyl was subsequently converted into terminal chloride,

affording a second-generation PS dendron. Finally, dendrimer-like star PS of third

generation was obtained by coupling PS dendron to a triphenyl core, 1,1,1-tris

(4-hydroxyphenyl) ethane. The characterization results of all purified polymers

showed that the observed molecular weights were in good agreement with theoret-

ical values and narrow molecular-weight distributions were obtained (Mw/

Mn� 1.06).

The convergent method obviously suffered from steric hindrance in the coupling

reactions and thus was limited to the synthesis of relatively low generation dendritic

products. Finding high efficient reaction is a long-standing goal for this strategy.

Along this line, the “click” chemistry between alkyne and azide groups was applied

as a coupling reaction in the synthesis of dendrimer-like star polymers. As shown in

Scheme 21, combination of copper wire catalyzed “click” chemistry, ATRP of

styrene or acrylates, and the transformation of alkylbromide terminus into azido end

group led to the formation of miktoarm dendrimer-like star polymers [65–

67]. Three-arm star polymer bearing three azido termini derived from

alkylbromides was coupled with AB-type diblock copolymers with alkyne groups

at the junction to yield dendrimer-like miktoarm star terpolymers [68]. In the latter,

the diblock copolymer was prepared through simultaneous controlled radical poly-

merization of styrene and ring-opening polymerization of ε-CL with a dual head

initiator possessing an alkoxyamine and a hydroxyl moieties as well as an alkyne

group. In addition, ABC-type miktoarm star copolymer of styrene, EO and

ethoxyethyl glycidyl ether (EEGE) bearing one alkyne group at the end of

PEEGE segment was coupled to diazidobutane or a tetra azido core to form

amphiphilic dendrimer-like miktoarm star polymers [69].

Scheme 20 Synthesis of 3G dendrimer-like PS reported by Hutchings and Roberts-Bleming.

Adapted from Ref. [64] with permission from ACS
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3 Concluding Remarks

This chapter highlights the synthesis of dendrimer-like star polymers based on

iterative methodologies of either divergent or convergent approach in combination

with living or controlled polymerizations. The divergent approach can be

performed either through in situ initiation/polymerization and chain branching

process or through coupling and chain branching process, whereas the convergent

approach can be performed either through in situ coupling and polymerization or

through coupling of AB2-type macromonomers. The molecular parameters, such as

chemical structure, branching density in one branch point or along the radial

direction, layered structure through block copolymerization, molecular weight,

and polydispersity, were able to be controlled at different levels through the design

of branching agents and the synthetic route. Although for a specific dendrimer-like

polymer there is a most suitable approach: it seems that the divergent coupling and

chain branching approach combines the advantages of less steric hindrance and

availability of well-defined polymer precursor.

Scheme 21 Synthesis of dendrimer-like miktoarm star copolymer via adizo-alkyne click reaction.

Adapted from Ref. [65–69] with permission from ACS and Wiley
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Molecular engineering of dendrimer-like star polymers was achieved in the past

decade. This includes the synthesis of dendrimer-like star polymers with specific

functionalities on the surface, at the core, and at the branch points, dendrimer-like

star polymers with layered chemical or architectural heterogeneity, and the synthe-

sis of linear-dendritic block copolymers with various arrangements of linear and

dendritic segments. For example, Janus-type dendrimer-like PEOs served as scaf-

folds for bioconjugation with multiple folic acid and camptothecin moieties in the

same molecule. The resulting prodrugs combined the biocompatibility of PEO, the

targeting ability of folic acid, as well as the therapy of the camptothecin, and was

expected to exhibit better therapeutic effects than the linear PEO counterparts [19].

One unique feature of dendrimer-like star polymers is the accessibility to

extremely high molecular weight. This means that the size of dendrimer-like star

polymers can range from nanometer to hundreds of nanometers. These nano- or

mesosized molecules can be used as sacrificial macromolecular template to make

nanoporous or mesoporous silicate materials that are useful in microelectronics and

nanotechnology [19, 70, 71].
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Complex Branched Polymers

Georgios Theodosopoulos and Marinos Pitsikalis

Abstract The synthesis of complex macromolecular architectures, such as ω-,
α,ω-branched, block-graft, complex comb-like and dendritic-like polymers can be

achieved either by a divergent or by a convergent method. The synthesis of new

anionic initiators, the use of linking agents and transformation reactions along the

polymer chain are some of the means to achieve these complex architectures.

Linear chains with a number of polymer chains covalently attached at one of

their ends, also referred to as ω-branched polymers, depict a variety of products

such as palm-tree and umbrella type polymers. α,ω-Branched polymers consist of

linear macromolecules with a number of covalently attached chains at both chain

ends. Super-H and pom-pom like polymers are an example of this type of forma-

tion. The former are possible through the employment of a variety of linking,

terminating or multifunctional-initiating agents. Block-grafted copolymers are

prepared via backbone modification reactions (e.g., hydrosilylation, epoxidation)

and post-polymerization reactions. Well-defined comb-like polymers are obtained

through the use of macromonomers selectively bonded to complex linking agents.

Dendritic-like and dendritic-graft architectures are possible through the convergent

as well as the divergent approach; with main methods of preparation being the use

of linking agents, multifunctional initiators, epoxidation reactions and self-

condensing vinyl polymerization.

Keywords ω-Branched polymers • α,ω-Branched polymers • Block-graft

copolymers • Complex comb-like polymers • Dendritic-like polymers

1 Complex Macromolecular Architectures

Recent developments in anionic polymerization have allowed the synthesis of novel

macromolecular structures with excellent control over the topology, microstructure

and composition [1]. The application of organic chemistry reactions for the trans-

formation of the macromolecular chains along with the synthesis of new anionic
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initiators and linking agents are the main tools for the synthesis of complex

macromolecular architectures. Since there are specific chapters of this book cover-

ing the synthesis of star, graft, dendritic and hyperbranched polymers by anionic

polymerization, the synthesis of more complex macromolecular architectures, such

as the ω-, the α,ω-branched, the block-graft, the complex comb-like and dendritic-

like polymers, will be the subject of this chapter.

2 ω-Branched Polymers

These polymers can be considered as linear chains having a number of covalently

attached chains at one of their ends. Such products are called palm-tree or even

umbrella polymers, and their synthesis can be achieved either by a divergent or a

convergent method. According to the divergent method, the linear polymer has a

number of anionic initiating sites located at the chain end. Through these sites new

polymer chains can grow, leading to the formation of a ω-branched structure.

The convergent method involves the linking of preformed chains to suitable

linking sites located at the main chain end. This approach was applied for the

synthesis of the umbrella-type copolymers. PS-b-PBd block copolymers with a

short PBd block of the 1,2 microstructure were prepared by anionic polymerization.

The polydiene block was hydrosilylated for the introduction of Si–Cl groups.

Subsequent linking of these groups with living PBd chains afforded the desired

PS(PBd)x structures [2] (Scheme 1).

Living polymer chains may react with the double bonds of fullerene C60, and a

maximum of six chains may be grafted onto the C60 molecules, leading to the

formation of well-defined stars with a C60 core bearing up to six arms and an equal

number of negative charges. It was found that only one of these six carbanions of

the living six-arm stars was able to initiate the polymerization of another monomer,

thus allowing for the synthesis of a ω-branched structure (Scheme 2) [3]. Size

exclusion chromatography (SEC) analysis revealed that the products had moderate

molecular weight distributions (I¼ 1.2–1.3), indicating a slow initiation process for

the growth of the PS arm from the living star. Moreover, unreacted stars were

always detected showing that actually less than one sixth of the theoretically

available anions are able to lead to efficient polymerization. Preparative SEC was

employed to obtain the pure palm-tree structure. Using this methodology (PS)6PI

and (PI)6PS structures were synthesized.

(PSA)nPSB homopolymers and (PS)nPI copolymers were prepared by a synthetic

scheme involving anionic polymerization of styrene followed by slow addition of a

dual functional coupling agent 4-(chlorodimethylsilyl)styrene (CDMSS) in the first

step [4]. CDMSS is functionalized with one group that can quantitatively couple

with the living chain end and a vinyl functionality that allows quantitative addition

and the preservation of the living chain end. The slow addition of the coupling agent

leads to the formation of a star polymer bearing a hyperbranched core. By control-

ling the amount of CDMSS added to the solution of the living PS�Li+, relative to
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the amount of the initial chain ends, the extent of coupling (number of arms, n) can
be controlled. When less than the stoichiometric quantity of the CDMSS over the

living PS�Li+ chains is added, the star polymer contains a single living chain end at

the core. This living chain end can be used for the polymerization of additional

styrene or isoprene in the second step, leading to the formation of the desired palm-

tree polymers (Scheme 3) [5].

The same convergent approach was adopted for the synthesis of (PCHD)nPS

copolymers, where CHD is 1,3-cyclohexadiene. Slow addition of CDMSS into

living PCHD�Li+ chains afforded the living PCHD star polymer with a

hyperbranched core bearing a living chain end, which was subsequently used for

the polymerization of styrene. It was found that the average number of PCHD arms

was equal to four [6].

butadiene s-BuLi
dipip

Bu CH2 CH CH2

CH

CH CH

CH2

CH29

Li

1. styrene

2. t-BuOH 10
CH2

Bu CH2 CH

CH

CH2 CH H
260

HSi(CH3)Cl2

260
HCH2 CHBu CH2 CH

CH2

10

CH2

Si(CH3)Cl2

(I)

s-BuLibutadiene PBd Li (II)

(II)(I)

umbrella copolymer

Pt

Scheme 1 Synthesis of

umbrella copolymers
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3 α,ω-Branched Polymers

These polymers can be considered linear macromolecules having a number of

covalently attached chains at both chain ends. Their synthesis can be achieved

employing similar methods used for the ω-branched polymers, except that the

reactions are performed at both chain ends. Copolymers of the type B3AB3 are

termed super-H-shaped copolymers and, more generally, copolymers of the type

BnABn are characterized in the literature as pom-pom or dumbbell copolymers.

By the use of anionic polymerization and controlled chlorosilane chemistry, the

exact placement of the side chains along the backbone is possible.

Using this combination, H- and super-H-shaped copolymers were synthesized.

In the case of H-shaped copolymers [7], living PS�Li+ and MeSiCl3 were reacted in

a ratio SiCl:Li¼ 3:2.1. Due to the sterically hindered PSLi anion only two Cl atoms

were substituted, resulting in a PS dimer with an active Si–Cl bond at the center.

The macromolecular linking agent was reacted with a difunctional PI chain (the

connector), synthesized using the difunctional initiator derived from 1,3-bis

(1-phenylethenyl)benzene (MDDPE) and sec-BuLi in benzene solution and in the

presence of lithium-tert-butoxide, giving the H-copolymer as shown in Scheme 4.

This synthetic scheme is an extension of the one used for the preparation of

H-shaped polystyrene homopolymers [8].

Using a convergent approach and anionic polymerization techniques associated

with suitable chlorosilane chemistry, (PI)3PS(PI)3 super-H-shaped copolymers

were prepared [9]. A difunctional PS chain, derived from the polymerization of

styrene in THF using sodium naphthalene as initiator, was reacted with a large

excess of SiCl4, leading to the synthesis of a PS chain, end-functionalized at both

ends with –SiCl3 groups. After elimination of the excess SiCl4 and addition of

living PI arms, the desired super-H structure was achieved (Scheme 5).

6 PS-Li + C60

Toluene

25 �C
(PS)6C60

6–(Li+)6   (A):

PS

5–(Li+)5
C–Li+

PS or PI
(A) + Monomer

Toluene

25 °C
(PS)6 C60

5–(Li+)5(PM–)(Li+)

PS

6–(Li+)6

Scheme 2 Synthesis of 6-arm star PS polymers and (PS)6PI palm-tree type copolymers bearing

C60 cores

756 G. Theodosopoulos and M. Pitsikalis



Si

Cl

Li

Ratio 1/10

PS PS

Li

PS

Cl (Ratio 1/10)

Si

PS

PS

PS

Si

Si

PS
PS

PS

Si

PS
PS

PS

Si

PS

PS

Li

Si

PS PS

Si

PS

OR

OR

Si

Si

Scheme 3 The use of CDMSS in the preparation of palm-tree architectures
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PS Li + MeSiCl3 PS2MeSiCl I

II

Li PI Li
Benzene

tert-BuOLi
+

LiLi

I (excess) + II PS2PIPS2

Scheme 4 Synthesis of H-shaped copolymers with the chlorosilane methodology

PS

PS

Si

PS Li

Si

Cl (Ratio 1/10)

1) n

n
or

2) MeOH

PS

PS

Si

PS
PS or PI

Scheme 3 (continued)
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Employing a similar method, (PI)5PS(PI)5 copolymers (pom-pom shaped) were

synthesized [10]. Living PI�Li+ chains were reacted with the hexafunctional

chlorosilane Cl3SiCH2CH2SiCl3 in a SiCl:Li ratio ¼ 6:5, giving the five-arm star

with a remaining SiCl group at the central point. Subsequent reaction with a

difunctional PS led to the synthesis of the pom-pom copolymer (Scheme 6).

The aforementioned divergent and convergent approaches based on chlorosilane

chemistry were utilized for the synthesis of well-defined H-, super-H- and pom-

pom-shaped PBds, as shown in the general synthetic Scheme 7 [11]. The samples

were subsequently subjected to catalytic hydrogenation, using either Pd supported

onto CaCO3 or Wilkinson’s catalyst, to obtain the corresponding polyethylene

structures.

α,ω-Branched polymers were prepared through the linking of the corresponding

living ω-branched structures using a suitable linking agent. According to this

methodology, living (PS)6PS
�Li+ or (PS)6PI

�Li+ stars bearing a C60 core were

efficiently linked employing dibromo-p-xylene as linking agent leading to the

synthesis of pom-pom structures, as shown in Scheme 8 [3].

(PSA)nPSB(PSA)n homopolymers and (PSA)nPI(PSA)n copolymers were prepared

by a synthetic scheme involving anionic polymerization of styrene followed by the

addition of 4-(chlorodimethylsilyl)styrene (CDMSS) in the first step [12]. The star

PS thus formed contained one living chain end which was further used for the

polymerization of additional styrene or isoprene in the second step. Coupling of the

living stars with (CH3)2SiCl2 in the third step resulted in the formation of the

pom-pom polymers (Scheme 9) [4, 5, 13]. Due to the statistical nature of the first

step, there is a distribution in the number of arms connected to the ends of the main

PS or PI chain. The average number of arms, n, was kept low, varying between three
and nine.

Na PS Na + SiCl4 (excess) Cl3SiPSSiCl3  +  SiCl4

Cl3SiPSSiCl3 + PI Li (excess) (PI)3PS(PI)3

Scheme 5 Synthesis of super H-shaped copolymers with the chlorosilane methodology

PI Li (~20% excess) + Cl3Si SiCl3 (PI)5–SiCl

Li PS Li + (PI)5–SiCl (excess)
THF 3%

(PI)5PS(PI)5

Scheme 6 Chlorosilane chemistry for the synthesis of pom-pom structures
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n

Li

Li Li

Li
PBd–Li+

LiLi
+Li–PBd–Li+

Divergent Method

Li + excess SiClx+1Li
+Li–PBd–Li+

SiClx + 2LiClClxSi
ClxSiPBdClxSi

SiClx + excess PBd–Li+ClxSi
ClxSiPBdClxSi

(PBd)x-SiPBdSi-(PBd)x + 2xLiCl

Convergent Method

Li  +  SiClx+1
PBd–Li+

x Si-(PBd)xCl  +  xLiCl

excess Si-(PBd)x Cl + LiLi
+Li–PBd–Li+

(PBd)x-SiPBdSi-(PBd)x + 2LiCl

Scheme 7 Synthesis of well-defined H-, super H- and pom-pom PBd structures through the

divergent and convergent manipulations of chlorosilane chemistry

PS

PS or PI

PS

Scheme 8 Fullerenes employed for the synthesis of pom-pom structures
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A similar macromonomer-based methodology was adopted for the synthesis of

(PS)nPI(PS)n α,ω-branched copolymers. Living PS�Li+ chains were reacted with

p-chloromethylene styrene to afford the corresponding vinyl-terminated

macromonomer. These macromonomers were then polymerized with n-BuLi, lead-
ing to the formation of a living star bearing an active anionic center, which was able

to subsequently polymerize isoprene to result in (PS)nPI
�Li+ living structures.

Coupling with 1,2-dibromoethane resulted in the synthesis of the desired branched

copolymer (Scheme 10) [14]. Molecular characterization studies revealed that

products with n values equal to 4 and 6 were obtained.

Pom-pom or dumbbell copolymers with a high functionality of the end-grafted

chains were synthesized according to the divergent methodology by first preparing

a PBd-1,2-PS-PBd-1,2 triblock copolymer having short PBd blocks by anionic

polymerization, using naphthalene potassium as difunctional initiator [15]. The

pendant double bonds in the PBd blocks were subjected to hydroboration–oxida-

tion, producing OH groups. These groups were transformed to alkoxides, by

PS Li +

Si

Cl

Li

Li

(CH3)2SiCl2

Scheme 9 Synthesis of PS pom-pom homopolymers
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reacting with cumylpotassium in the presence of cryptand (Kryptofix [2.2.2]). This

way, precipitation of the polyfunctional initiator was avoided. The alkoxide groups

were subsequently used as initiating sites for the polymerization of ethylene oxide.

The dumbbell-shaped (PEO)nPS(PEO)n copolymer was prepared this way

(Scheme 11). Characterization of the obtained polymers indicated low degree of

polymerization and compositional heterogeneity.

The convergent approaches offer a better structural control, provided that the

linking reactions are efficient and free of steric hindrance effects. On the other hand,

the divergent methods usually lack the precise control over the structure, since they

require the generation of initiation centers at both ends of a polymer chain. The

growth of polymer chains through these initiation sites may not be uniform, due to

steric hindrance, association phenomena, kinetic differentiations, etc., leading to

products with structural defects and chemical inhomogeneities.

n Bu CH2 CH CH2 CH CH2

n
n-BuLi

Li

Li
Isoprene

Li

Li

Br-CH2-CH2-Br

Scheme 10 α,ω-branched copolymers through the coupling of living miktoarm stars
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Macromonomers can also be used for the synthesis of α,ω-branched polymers. A

bifunctional living polymer chain, acting as a macroinitiator, can polymerize

macromonomers thus producing a pom-pom (or dumbbell) copolymer, under the

condition that a small number (Scheme 12) [16].

In an extension of the methodology involving diphenylethylenes, DPEs, the

preparation of chain-end-functionalized polymers with a definite number of

bromomethylphenyl (BnBr) end groups and their utilization in the synthesis of

dumbbell polymers has been reported [17]. The synthesis of linear PS chain capped

at each end with 2, 4, 8 or 16 bromomethylphenyl (BnBr) groups is illustrated in

Scheme 13. A living difunctional PS chain was reacted with a DPE derivative

n m n

1. 9-BBN,THF,-10 �C

nmn

OH OH

2. NaOH, H2O2
-20to20 �C

K

N

O O

N
O O

O O O O

n m n

K K

O

THF, 50 �C

O O
O O

n m n

k k

9-BBN=9-boracyclo[3.3.1]nonane

Scheme 11 Synthetic route for (PEO)nPS(PEO)n dumbell-shaped copolymers

pom-pom

Scheme 12 Schematic

representation of pom-pom

structures
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bearing one tert-butyldimethylsilyloxymethylene group. Subsequent reaction with

LiBr/(CH3)3SiCl transformed the end groups to bromomethylphenyl moieties. DPE

carrying two tert-butyldimethylsilyloxymethylene groups was activated with sec-
BuLi and reacted with the bromomethyl units of the telechelic PS chains. Subse-

quent transformation to bromomethylphenyl functions afforded a linear PS

Li styrene
Li Li

PS

Br

Ph

1. 2. MeOH

b

b

b

b

b

a

a

a

a

a: s-BuLi+ s-Bu Li b: LiBr/(CH3)3SiCl

OSiMe2But
Br

=
=

(BnBr)PS(BnBr)

(BnBr)2PS(BnBr)2

(BnBr)4PS(BnBr)4

(BnBr)8PS(BnBr)8

(BnBr)16PS(BnBr)16

4

Scheme 13 Dumbbell formations through the introduction of a definite number of bromomethyl-

phenyl groups
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macromolecule with two end groups at each chain end. The procedure can be

repeated for the incorporation of up to 16 BnBr groups at each chain end. Linking

of living PS polymers end-capped with a DPE unit has resulted in the formation of

well-defined dumbbell polymers with a predetermined number of branches.

4 Block-Graft Copolymers

Block-graft copolymers, having a PS-PBd diblock as a backbone and PS, PI, PBd

and PS-b-PI branches were prepared by anionic polymerization and hydrosilylation

reactions [18]. The diblock copolymer backbone was prepared by sequential addi-

tion of styrene and butadiene. The polymerization of butadiene took place in the

presence of dipiperidinoethane resulting in high 1,2 content. The backbone was

then subjected to hydrosilylation in order to incorporate the desired amount of SiCl

groups on the PBd block. These groups were then used as branching sites where

+ s-BuLi
DiPiP

Benzene

CH3OH
n m

hydrosilylation
mn

Si

Cl

PI Li

Si

n m

PI

n

Scheme 14 Block-graft copolymers through the hydrosilytation of PS-b-PI copolymers
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PS�Li+, PI�Li+, PBd�Li+, and PSPI�Li+ living chains were linked (Scheme 14).

The use of MeSiHCl2 instead of Me2SiHCl in the hydrosilylation step produced

difunctional branching sites along the PBd part of the backbone, leading to the

formation of block-graft copolymers with two chains grafted on each branching

point.

The synthesis of poly[(VS-g-I)-b-S] block-graft copolymers, where VS is

4-(vinyldimethylsilyl)styrene, has been presented [19]. The backbone, a diblock

copolymer of VS and styrene, was prepared first by anionic polymerization. The VS

monomer was selectively polymerized through the styryl double bond at low

temperature in THF using cumylcesium as initiator followed by the addition of

styrene. Living PI�Li+ was then allowed to react with the vinylsilyl groups of the

VS block giving the final graft copolymer (Scheme 15). Detailed characterization of

the polymers obtained by SEC, membrane osmometry and ultracentrifugation

Si

+ Cs
THF

-78 �C

Si

n m

Li mn

Si

i PI

ii MeOH

PI

Scheme 15 Synthesis of P[(VS-g-I)-b-S] block graft copolymers
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techniques proved their high molecular weight and compositional homogeneity and

also confirmed the desired architecture.

The synthesis of block-graft copolymer containing styrene, hydroxystyrene and

ethylene oxide of the types PS-b-(PHS-g-PEO) and PS-b-(PHS-g-PEO)-b-PS,
where PHS is poly( p-hydroxystyrene), has been reported [20]. The ABA triblock

copolymer comprising the backbone was synthesized through a three-step sequen-

tial addition of monomers, which are styrene and p-tert-butoxystyrene, BS, (the
precursor to hydroxystyrene). The PBS blocks were converted to poly( p-
hydroxystyrene) by reaction with hydrogen bromide. The OH groups, thus formed,

were transformed to potassium alkoxide groups by reaction with cumyl potassium

or 1,1-diphenylethylene potassium. The resulting macromolecular initiators were

used for the polymerization of EO, forming the branches of the block-graft-block

copolymers (Scheme 16). Molecular characterization of the products by SEC and

osmometry indicated that they possessed narrow molecular weight distributions and

predictable molecular weights and compositions. Alternatively, the PEO side

chains were synthesized by metal-free anionic ring opening polymerization of EO

using the phenolic hydroxyl groups of the backbone and the phosphazene base

t-BuP4 as the complex multifunctional-initiating system [21]. It is well known [22]

that the phosphazene base t-BuP4 generates effective counterions with protons

(t-BuP4H)
+, which are suitable for the anionic polymerization of EO. In this case,

the crude block-graft copolymers were contaminated with linear PEO homopoly-

mer. Most probably, part of the phosphazene base was not protonated by the

phenolic groups of the backbone but generated initiating sites after reaction with

low molecular weight impurities, which are present in the system. Fractionation

was necessary to obtain the pure block-graft amphiphilic copolymers.

The preparation of PMMA-b-(PGMA-g-PS) and PMMA-b-(PGMA-g-PI) block-
graft copolymers, where PMMA is poly(methyl methacrylate) and PGMA is poly

(glycidyl methacrylate), has been reported [23]. The PMMA-b-PGMA diblock was

obtained first by anionic polymerization through sequential addition of monomers.

Then living PS�Li+ and PI�Li+ chains were linked to the diblock backbone by

reaction with the glycidyl groups of the GMA block. Molecular characterization of

the final products confirmed the formation of the intended architecture having

relatively narrow molecular weight distributions.

5 Comb-Like Complex Macromolecular Architectures

Macromonomers have been widely and successfully used as building blocks for the

synthesis of an enormous number of branched macromolecular architectures

[24]. This is a consequence of (a) the vast range of macromonomers that have

been prepared and (b) the different processes employed for their homo- and

copolymerization (conventional free radical, group transfer, anionic, cationic, con-

trolled free radical, ring opening metathesis, metallocene and late transition metal

catalyzed polymerizations) with either low molecular weight monomers or other
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macromonomers. These branched structures are well-defined, since (a) the length of

the branches is fixed by the molecular weight of the macromonomer, which is

known and can be predetermined using a living polymerization method for the

synthesis of the macromonomer; (b) the size of the main chain of the branched

structure can be controlled using a living polymerization method; and (c) the

PS Cs

O

CH3OH

O

n m n
HBr

nmn

OH

K

O K

n m n

O

CH3OH
nmn

O
O k

cumylCs

Scheme 16 Synthesis of PS-b-(PHS-g-PEO)-b-PS block-graft copolymers
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distribution of the branches can be controlled by the composition of the copoly-

merization mixture and the reactivity ratio of the macromonomers.

Using 4-(chlorodimethylsilyl)styrene, CDMSS, and 4-(dichloromethylsilyl)

styrene, DCMSS, a rich variety of single- and double-tailed macromonomers

were prepared by anionic polymerization procedures and were further employed,

in situ, for the synthesis of a wide range of polymer brushes, block-graft and star-

graft copolymers [25], as shown in Scheme 17.

Styrenic-tipped macromonomers of PI were obtained from the reaction of living

PI�Li+ with CDMSS. The reaction of the living chain ends with the chlorosilane

group is much faster than with the styrenic double bond. The appearance of the

orange color of the styrenic anion, obtained from the reaction of the slight excess of

the PI�Li+ chains with the double bond of CDMSS, allows the visual monitoring of

the end point of the linking reaction. These PI macromonomers were then

copolymerized with isoprene using living PS�Li+ chains as initiators leading to

the synthesis of PS-b-(PI-g-PI) diblock-comb copolymers (Scheme 18). In order to

achieve the random placement of the PI branches along the backbone, the copoly-

merization was performed in the presence of potassium alkoxide of 2,3-dimethyl-3-

pentanol, DMPOK, which equalizes the reactivity ratios of the styrenic

macromonomers and isoprene. The linking reaction of the living PS-b-(PI-g-
PI)�Li+ diblock-comb copolymers with (CH3)2SiCl2 afforded the symmetric

PS-b-(PI-g-PI)-b-PS triblock-comb copolymers (Scheme 19). This methodology

was also adopted for the synthesis of PS-b-[PI-g-(PI-b-PS)] and PS-b-[PI-g-(PI-b-
PS)]-b-PS copolymers. In this case, styrenic-tipped macromonomers of PS-b-PI
were obtained by the reaction of living PS-b-PI�Li+ with CDMSS (Scheme 20).

This approach was further developed for the synthesis of diblock and triblock

copolymers where each block is a comb polymer (Scheme 21). In this case, a living

PS comb was employed as macroinitiator instead of linear PS�Li+ chains. For the

PS PI

PI

PS PI

PI

PS

PS

PS

PI

PI

Scheme 17 Employment

of single- and double-tailed

macromonomers in the

synthesis of model branched

copolymers
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synthesis of these living combs, styrenic-tipped macromonomers of PS were

copolymerized with styrene using sec-BuLi as initiator. For the successful synthesis
of the PS macromonomers, the living PS�Li+ chains were end-capped with a few

isoprene units to avoid the steric hindrance of the linking reaction between the

styryl lithium end group and CDMSS [26].

Living PBd�Li+ chains were added dropwise to a dilute solution of CDMSS, to

afford the styrenic PB macromonomer. The efficiency of this approach relies on the

much higher reactivity of the living polymer toward the chlorosilane group com-

pared to the styrenic double bond. Subsequent copolymerization of the

macromonomers with butadiene led to the synthesis of living PBd combs,

PBC�Li+. The copolymerization was performed in the presence of DMPOK for

s-BuLi + St

s-BuLi + Is

Benzene

Benzene

PS–Li+

PI–Li+

Li

Li

PI–Li+

Cl

H3C CH3

titration

H3C CH3

PS–Li+

macromonomer

H3C CH3

Is
R O–K+

Li
PS PI

PI

+ MeOH

PS PI

PIR O–K+ : H3C C

H

CH3

C

O

CH3

C

H

CH3

H

K

Si

SiSi

++

Scheme 18 Styrenic-tipped PS and PI macromonomers for the synthesis of model branched

copolymers
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the random placement of the branches along the backbone, as previously mentioned

(Scheme 22). PBC�Li+ was employed as initiator for the polymerization of 2VP at

�78 �C in THF solution, leading to the formation of P2VP-b-(PBd-g-PBd) block-
graft copolymers (Scheme 23). Living PS�Li+ was added to a solution of the PBd

macromonomer, butadiene and DMPOK to give a living block-graft copolymer.

Subsequent reaction with dichlorodimethylsilane afforded the PS-b-(PBd-g-PBd)-
b-PS block-graft copolymer (Scheme 24). In addition, living PS�Li+ was reacted

with CH3SiCl3 in a molar ratio 2.5/1 to give the macromolecular linking agent

CH3Si(PS)2Cl. The third PS arm cannot be incorporated into the star structure due

to the increased steric hindrance of the living polymer chain end. Reaction of CH3Si

(PS)2Cl with the living PBd comb, PBC�Li+, led to the preparation of a miktoarm

star-comb copolymer (Scheme 25). More complex structures were also synthesized

using this methodology. Specifically, diblock, triblock and pentablock terpolymers,

where each block was a graft copolymer, were obtained in a multistep reaction

series. The PBd macromonomer was copolymerized with styrene to give the living

graft copolymer (PS-g-PBd)�Li+. This living structure was employed as initiator

for the copolymerization of isoprene and PS macromonomer in the presence of the

randomizer DMPOK and thus forming the diblock terpolymer (PS-g-PBd)-b-(PI-g-
PS)�Li+. Subsequent addition of Bd and PI macromonomer resulted in the synthe-

sis of the triblock terpolymer (PS-g-PBd)-b-(PI-g-PS)-b-(PBd-g-PI)�Li+. Finally,
linking of these living branched structures with (CH3)2SiCl2 led to the formation of

the corresponding pentablock terpolymer (PS-g-PBd)-b-(PI-g-PS)-b-(PBd-g-PI)-b-
(PI-g-PS)-b-(PS-g-PBd) (Scheme 26). The synthesis of all these complex structures

Li
PS PI

PI

Si ClCl

CH3

CH3

30
D

ays
PS PI

PI

PS

Scheme 19 Synthesis of symmetric PS-b-(PI-g-PI)-b-PS triblock comb copolymer
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was monitored by SEC and, when necessary, the crude products were purified by

fractionation, resulting to well-defined branched polymers [27].

The living PBd combs, PBC�Li+, were further reacted with CH3SiCl3 and SiCl4
to afford the corresponding three- and four-arm stars bearing PBd comb branches

(Scheme 27). In addition, reaction of the living PBd combs, PBC�Li+, with

CDMSS resulted in the formation of the corresponding comb-like styrenic

s-BuLi  +  St

PS–Li+  +  Is

Benzene

Benzene

PS–Li+

PS-PI–Li+

Li

Li

PS-PI–Li+
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SiH3C CH3
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PS
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CH3
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H
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Scheme 20 Synthesis of PS-b-[PI-g-(PI-b-PS)]-b-PS
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s-BuLi + St
Benzene

PS–Li+

LiPS–Li+ + Is
Benzene

PS-(Is)3–Li+ or

PS-(Is)3–Li+

Si

Cl

H3C CH3

titration

SiH3C CH3

macromonomer

s-BuLi + St +

SiH3C CH3

Li

s-BuLi + Is
Benzene

PI–Li+ Li
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Si
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titration

SiH3C CH3
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Scheme 21 Synthesis of triblock copolymers, where each block is a comb polymer
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macromonomer. Copolymerization of these macromonomers with Bd using sec-
BuLi as initiator led to the synthesis of comb-on-comb PBds, as revealed in

Scheme 28 [28].

4-(Dichloromethylsilyl)styrene, DCMSS, was also employed for the synthesis of

double-tailed styrenic-tipped macromonomers of PBd (Scheme 29). The

macromonomers were either homopolymerized employing sec-BuLi as initiator,

to afford double macromolecular brushes or copolymerized with Bd, in the pres-

ence of the randomizer DMPOK to provide double-comb PBds. The single- or

double-tailed macromonomers were prepared and polymerized in situ, without

isolation and purification, thus avoiding the introduction of impurities and leading

to well-defined products. The living double-comb PBds were further reacted with

CH3SiCl3 to provide the corresponding three-arm star double-comb PBd

(Scheme 30) [29].

Further implementation of the macromonomer methodology as a tool for the

synthesis of complex branched structures was reported with the use of

2-(dichloromethylsilyl)ethylchloro methylsilyl-4-styrene, TCDSS, for the prepara-

tion of styrenic triple-tailed PBd macromonomers. Living PB�Li+ chains were

selectively reacted (titration) with the Si–Cl groups of TCDSS and were polymer-

ized in situ, without isolation to avoid the introduction of impurities. Homopoly-

merization of these macromonomers led to the synthesis of triple molecular brushes

of PBd or triple PBd polymacromonomers (Scheme 31). Copolymerization of the

macromonomers with Bd in the presence of the randomizer DMPOK yielded triple-

comb PBds, whereas copolymerization with styrene afforded triple-graft PS-g-
(PBd)3. Reaction of the living triple-tailed PBd combs with CH3SiCl3 gave the

three-arm triple-comb PBd stars (Scheme 32). Extensive molecular

(A)
R O–K+

SiH3C CH3

Is
PS

PS

PI

PI

Li

(B)

Si ClCl

CH3

CH3

PS

PS

PI

PI

PS

PS
PI

Scheme 21 (continued)
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characterization by a wide variety of techniques revealed that well-defined struc-

tures were obtained [30].

An even better control for the synthesis of dendritic PBd polymers was adopted

using the non-homopolymerizable dual functional linking agent,

4-(dichloromethylsilyl) diphenylethylene (DCMSDPE). Living PBd�Li+ chains

PBd

PBd

Li

PBC–Li+

N
THF

–78 �C

PBd

PBd

P2VP

+

Scheme 23 Synthesis of P2VP-b-(PBd-g-PBd) block-graft copolymers
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were linked selectively with the two chlorosilyl groups, leading to the synthesis of

PBds bearing in-chain double bonds. The steric hindrance of the two phenyl groups

of DCMSDPE prevented the reaction of the double bond with the living polymers.

The remaining double bond was subsequently activated by sec-BuLi to afford the

in-chain living polymer. Addition of a new quantity of Bd resulted in the formation

of a living three-arm star polymer (Scheme 33) [31]. These living stars were

subsequently linked with CDMSS and DCMSS for the synthesis of single and

s-BuLi + St Benzene
PS– Li+ Li

24 h

PS–Li+ + Bd +
R O–K+

24 h

H3C CH3

Bd

PBd

PBd

PS

PS-b-PBC–Li+

excess  PS-b-PBC–Li+ + (CH3)2SiCl2
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Scheme 24 Synthesis of PS-b-(PBd-g-PBd)-b-PS block-graft copolymers

s-BuLi + St
Benzene

PS– Li+ Li
24 h

2 PS–Li+ + Bd +
titration

Si

Cl

Cl Cl

CH3

(PS)2Si Cl

CH3

(PS)2Si Cl

CH3
PBC– Li+

PBd

PBd PS

PS

Si
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double star-tailed macromonomers (Scheme 34). These macromonomers were in

situ homopolymerized yielding PBd single and double homostar-tailed brushes

(Scheme 35). Copolymerization with Bd in the presence of the randomizer

DMPOK gave the PBd single and double homostar-tailed combs (Scheme 36).

DCMSDPE was also employed for the synthesis of living miktoarm star polymers

(PS)2PBd
�Li+. Living PS�Li+ chains were linked selectively with the two

chlorosilyl groups, leading to the synthesis of PS bearing in-chain double bond.

This double bond was subsequently activated by sec-BuLi to afford the in-chain

living polymer. Addition of Bd resulted in the formation of the desired living three-
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miktoarm star polymer. These living stars were then reacted with DCMSS for the

synthesis of double miktoarm star-tailed macromonomers. Copolymerization of

these macromonomers with S gave the miktoarm star-tailed graft copolymers

(Scheme 37). Finally, living PS�Li+ chains were employed as macroinitiators for

the polymerization of the double miktoarm star-tailed macromonomers, leading to

the synthesis of structures having a PS block and a PBd-PS polymacromonomer

block (Scheme 38). Well-defined architectures of controlled molecular character-

istics were obtained through this approach [32].

6 Dendritic-Like Complex Macromolecular Architectures

Macromonomers have also been used as intermediate structures for the synthesis of

highly branched or dentritic macromolecules by means of the convergent approach.

When a bifunctional compound carrying a polymerizable vinyl group and a group

capable of linking a living polymer chain is slowly added into a living polymer

solution, consecutive macromonomer formation and macromonomer addition reac-

tions can take place. Bifunctional compounds that have been used are CDMSS and
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Li
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CH3
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Li
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Scheme 27 Synthesis of three- and four-arm stars bearing PBd comb branches
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vinylbenzyl chloride (VBC) [33]. Depending on the degree of branching and the

molecular weight of the living polymers, the final product may be a dendrigraft

structure. Possible reactions, involving the reaction of polystyryllithium with VBC,

are given in Scheme 39.

The characteristic of this procedure is that the complex architectures are formed

in a one-pot reaction. However, there is no absolute control during the progress of

the synthesis and the products are rather polydisperse with high molecular weight

heterogeneity. Especially in the case of VBC, several side reactions may take place

imposing extra difficulties in obtaining well-defined polymers. Monomeric or

dimeric terminations of the living PS�Li+ chains, α-proton abstraction from VBC

Double-Combs
(dcPBd)

3-Arm-Double-Comb Star
(3-Arm Star dc PBd)

Double Molecular Brushes
(dmbPBd)

Scheme 30 Schematic

representation of PBd

double-combs, 3-arm-
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Scheme 31 Synthesis of triple molecular brushes of PBd
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and lithium-halogen exchange are possible side reactions. By choosing the suitable

reaction conditions (solvent, temperature, reaction time, etc.) these side reactions

can be minimized but not eliminated. The dendritic structures prepared were

characterized from the existence of a functional styryl group at the focal point or

the core, respectively. It was therefore possible to copolymerize these complex

macromonomers with styrene or MMA for the synthesis of graft copolymers

imposing star polymers or dendrimers as side chains [34]. The products, shown in

Scheme 40, had very broad molecular weight distributions and were characterized

by increased compositional and molecular heterogeneity.

The DPE methodology and anionic polymerization techniques were adopted for

the synthesis of linear-star-linear polystyrenes of the types PS-(PS)n-PS

(n¼ 2,4,8,16) and PS-(PS)n-PS-(PS)n-PS (n¼ 2,4,8) [17]. The synthesis involved

the preparation of the corresponding in-chain functionalized polymers with a

definite number of BnBr groups, as shown in Schemes 41 and 42.

Living PS�Li+ macroanion was reacted with a PS chain end-functionalized with

a DPE unit resulting in the synthesis of a linear PS macromolecule with an in-chain
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anionic center, which was deactivated in situ with 1-(4-bromobutyl)-4-(tert-
butyldimethylsilyloxymethyl)benzene. The silyl ether groups were further

transformed to BnBr moieties by treatment with LiBr/(CH3)3SiCl. Using the

PS-(BnBr)-PS intermediate, the coupling and transformation reactions in the iter-

ative reaction sequence were repeated four more times to synthesize the

PS-(BnBr)n-PS (n¼ 2,4,8,16) in-chain functionalized polymers. Subsequent cou-

pling with living PS chains end-capped with a DPE unit produced the desired

PS-(PS)n-PS (n¼ 2,4,8,16) structures.

A similar method was adopted for the synthesis of the PS-(PS)n-PS-(PS)n-PS

(n¼ 2,4,8) polymers. Living PS�Li+ was reacted with an α,ω-chain
end-functionalized PS with DPE moieties followed by reaction with

1-(4-bromobutyl)-4-(tert-butyldimethylsilyloxymethyl)benzene to deactivate the

generated two anionic sites. The same procedure, as previously reported, was

employed for the introduction of BnBr functions and by employing the iterative

reaction sequence, the synthesis of the PS-(BnBr)n-PS-(BnBr)n-PS (n¼ 2,4,8)

functionalized polymers was achieved. Coupling with PS�Li+ end-capped with

DPE afforded the PS-(PS)n-PS-(PS)n-PS (n¼ 2,4,8) structures.

Four-arm star-block copolymers, where each arm had a dendritic structure, were

prepared by sequential anionic ring opening polymerization of ethylene oxide and

PBd

+  s-BuLi

MeOH
PS Backbone
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Scheme 35 Synthesis of single and double homostar-tailed brushes
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glycidol. Pentaerythritol was employed as multifunctional initiator after conversion

of the hydroxyl groups to alcoholates using potassium tert-butoxide. Only 20 % of

the hydroxyl groups were ionized to avoid the precipitation of the alcoholates. The

produced tert-butyl alcohol was removed by distillation followed by the polymer-

ization of ethylene oxide at 45 �C for 24 h leading to the formation of the four-arm

+ Bd + s-BuLi + RO–K+

MeO H

R O–K+ : H3C C

H

CH3

C

O

CH3
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Scheme 36 Synthesis of single and double homostar-tailed combs
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PS or PMMA PMMAScheme 40 Graft

copolymers with star

polymers or dendrimers as

side chains
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Scheme 41 Synthesis of PS(BnBr)xPS structures (x¼ 1, 2, 4, 8, 16)



PEO stars. Protected glycidol was subsequently added and polymerization was

allowed at 45 �C for 24 h. The four-arm star-block copolymer was treated with

oxalic acid to recover the hydroxyl groups of the polyglycidol blocks. Careful

characterization revealed that 22–28 hydroxyl groups per molecule were available

in the products. These hydroxyl groups served as multifunctional macroinitiators

for the polymerization of ethylene oxide and glycidol leading to the synthesis of

dendritic, highly functional copolymers (Scheme 43) [35].

A series of well-defined star-branched polystyrenes of different architectures

were synthesized by anionic polymerization. Three-arm PS stars end-branched with

6, 9 and 13 PS branches were obtained using a trifunctional initiator. This initiator

was prepared by the gradual addition of sec-BuLi to 1,3,5-tris(1-phenylethenyl)

benzene in a molar ratio 3:1 in benzene solution and was further employed for the

polymerization of styrene at 0 �C in the presence of a small amount of THF, to

eliminate chain association effects and increase the initiation rate. The produced

Br
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living three-arm PS star was subsequently reacted with an excess of different

chlorosilane linking agents: CH3SiCl3, SiCl4 and Cl3SiCH2CH2SiCl3, in order to

provide three-arm PS stars bearing 6, 9 and 15 Si–Cl groups at the end of each arm.

The excess of CH3SiCl3 and SiCl4 was removed by evaporation on the vacuum line.

However, Cl3SiCH2CH2SiCl3 is not volatile and therefore the excess of this silane

cannot be removed effectively by distillation. In this case, the excess silane was

removed by a different methodology. The chlorosilyl-functionalized three-arm star

along with the excess silane was treated with anhydrous methanol. The reaction

took place in the presence of triethylamine to scavenge the produced hydrochloric

acid. In another reactor, linear low molecular weight living PS�Li+ chains were

synthesized and end-capped with a few units of Bd to reduce the steric hindrance of

the chain ends. These living polymers were finally linked to the end-functionalized

three-arm PS stars leading to the desired structures (Scheme 44). The linking

reactions were conducted for 1 week at 40 �C in the presence of triethylamine.

The methoxysilyl end-functionalized star was allowed to react for 3 weeks, since

the methoxy groups are not as reactive as the chlorosilyl groups. Characterization

results revealed that in this case the steric hindrance limited the arm functionality to

13, instead of the targeted 15, during the synthesis [36].

3 s-BuLi +
Benzene

Li

LiLi

3n

THF/Benzene

PS PS

PS

Li

Li

Li

(A)

Scheme 44 Synthesis of PS dendritic-like structures through the use of a trifunctional

organolithium initiator
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Umbrella star copolymers of PS and PBd or P2VP were prepared as well. The

structure of these copolymers can be described as a multiarm star in which each

arm, instead of a free end, is linked to another star molecule. The core of the

umbrella polymers was PS chains while the shell was either PBd or P2VP. The

synthesis of these copolymers involved the preparation of 1,2-PBd-b-PS polymeric

chains in which the 1,2-PBd block is short, followed by coupling with an appro-

priate chlorosilane linking agent, depending on the desired number of arms. After

isolation of the star by fractional precipitation, the double bonds of the 1,2-PBd

were hydrosilylated in order to incorporate –Si(CH3)Cl2 or –Si(CH3)Cl, and finally

reacted with living PBd or P2VP chains (Scheme 45).
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Using a monoadduct (inimer), as core material, the synthesis of dendritic and

dendrimer-like star polymers has been achieved [37, 38]. This monoadduct was a

monoactivated 1,3- bis (1-phenyl vinyl) benzene (MDDPE) compound;

monoactivation is possible, in nearly quantitative yields, in THF solvent through

the stoichiometric addition of sec-BuLi to MDDPE at low temperature. The success

of the reaction was based on the polarity of the solvent, since THF creates an

environment in which the ion pairs of the MDDPE anion and the approaching sec-
BuLi pose a repulsion strong enough so as to prevent the addition of a second one.

The inimer was consequently polymerized with styrene; as the PS�Li+ chain grew,

SCVP was possible (Scheme 46). The product of this step exhibited a broad,

however, monomondal distribution and was proved to be linear. Better results
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were obtained when SCVP was conducted in cyclohexane. For solvent alteration,

from THF to cyclohexane, THF was removed by distillation at low temperature

(<5 �C), in order to avoid the decomposition of the anionic species [39].

In another report [40], dendritic block and dendritic brush copolymers were

prepared through equimolar selective monoaddition of polyisoprenyllithium

(PI�Li+) to MDDPE (Scheme 47). The addition was performed in a

THF/cyclohexane solvent mixture (3/1 v/v) at �80 �C for 5 h. This solvent mixture

provides an environment in which carbanions are generally more [41].

After preparation, the monoadduct was copolymerized with styrene and

underwent SCVCP [42] resulting in the synthesis of dendritic block copolymers

MDDPE

sec-BuLi

THF, –78 �C

Inimer

Cyclohexane

Styrene, 40�C

Chain Branching

CH3OH
Dendritic Polystyrene

Scheme 46 Synthesis of dendritic-like PS via the employment of an anionic inimer
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of styrene and isoprene. Before copolymerization, the solvent mixture was altered

(from THF/cyclohexane) to cyclohexane. The resulting polymer presented a mul-

timodal distribution, due to intermolar coupling reactions. It was also shown [40]

that higher ratios of monomer to living monoadduct (macroinimer) led to much

larger molecular weights due to the more effective branching that occurs, as a result

of less steric hindrance present (larger spacer between branches).

The previous dendritic block copolymer was also employed in the synthesis of

dendritic polymer brushes (Scheme 48). This was realized through the epoxidation

of the PI chains and the sequential ring opening addition of living polymer chains

(PI�Li+ or PS�Li+). The PI segments, located at each branch, acted as backbones of

the later-developed polymer brushes. The epoxidized PI chains were subjected to

nucleophilic attack by an excess of living PS�Li+ or PI� Li+, in the presence of

LiCl. The branching efficiency was calculated to be ~45 %, which was attributed to

the incomplete epoxidation of the PI chain [43] and to steric hindrance.

In a similar way, ABC-type dendritic terpolymers were also synthesized [44],

containing PI, PS and poly(tert-butylmethacrylate) (PtBMA) segments

(Scheme 49). The macroinimer, being a MDDPE PI monoadduct, has been

copolymerized with styrene in cyclohexane, allowing it to undergo SCVCP, thus

forming a dendritic copolymer. Since this technique follows the core-first method,

the dendritic copolymer was living, and therefore could act as a precursor

reinitiating a new monomer, thus forming a dendritic terpolymer a dendritic

terpolymer. To avoid side reactions during the addition of tBuMA, the living

PILi

Cyclohexane/THF
–80 �C

Macroinimer
(Monoadduct)

Cyclohexane, 40°C

: PS
: PI

St

Chain Branching Dendritic block Copolymer

Scheme 47 Synthesis of dendritic-like block copolymer via the employment of an inimer

undergoing SCVCP
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PS�Li+ chains were first end-capped with DPE, and for better polymerization

results, tBMA was polymerized in the presence of LiCl salt.

More controlled dendrimer-like star polymers structures have also been synthe-

sized, however, using a different approach. The reaction philosophy of the approach

was based on the combined use of an inimer and α,ω-bifunctional polystyr-

yllithium. The product of the reaction formed the dendrimer-like star core. In

particular, MDDPE was activated with sec-BuLi, creating both a monoadduct

(inimer) and a diadduct (bifunctional initiator). The selective synthesis of either

was ensured by controlling the stoichiometry of the addition reaction [38]. After-

ward the inimer (MDDPE monoadduct) was introduced to the diadduct, yielding a

α,α’,ω,ω’-tetrafunctional polystyryllithiium. Further polymerization with styrene

resulted in an H-shaped star polymer (Scheme 50). The sequential and repeated

addition of stoichiometric amounts of inimer and monomer lead to the growth of

further generations on the dendrimer-like structure, up to five generations.

Due to the aggregation of the polymeric anions, the formation of a pseudogel

was observed. This resulted in an increase of the system’s heterogeneity, thus

hindering or even halting further reaction. A dependence of the gel formation on

the arm length (Mn) and the structure of the periphery anions was observed. Longer

arm lengths lead to earlier gelation. Also, pseudogel formed with peripheral

polystyryl anions presented a decrease in viscosity upon addition of the inimer.

This was attributed to the different aggregation numbers of the terminal groups.
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Polystyryl anions aggregate into dimers [45], whereas MDDPE derived dianions

exhibit an aggregation number less than two. Pseudogelation was prevented upon

the addition of a polar additive such as THF or TMEDA. The ability of the additives

to dissociate has been shown to increase with the following line of order

TMEDA>THF> ethyl ethere. In the presence of ethyl ether gelation was formed

in the second generation, THF was able to break aggregation up to the fourth

generation, and TMEDA proved to be the most effective, keeping the solution

homogeneous throughout the whole reaction (five generations). However, THF was

preferred for the synthesis of lower generations and TMEDA for higher genera-

tions, since the latter when used as an additive tends to give broader molecular

weight distributions. In general, the increase of generations was followed by an

increase in PDIs of the resulting polymers, possibly due to the increase of hetero-

geneity in the system.

A great advantage of these dendrimer-like stars is the living end; a living

dendritic polystyrene, end-capped with the inimer (to avoid cross-linking), can

either be further functionalized with an electrophilic linking agent or

PILi

THF

Macroinimer
(Monoadduct)

Chain Branching

Styrene

Cyclohexane

SCVCP
1) DPE/LiCl
2) t-BMA
3) CH3OH

Scheme 49 Synthesis of dendritic block terpolymer through SCVCP
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copolymerized with other monomer compounds like isoprene or methyl methacry-

late (Scheme 52). The multiple hydroxyl end-functionalization of these species was

achieved [46] through allyl bromide termination followed by a thiol-ene reaction

with 1-thioglycerol (Scheme 51).

Copolymerization of dendritic polystyrenes (end-capped with the inimer) with

isoprene has been realized in cyclohexane, in the presence of THF and TMEDA

polar additives. Applying the same formula copolymerization with MMA was

performed in a mixture of THF/cyclohexane (3/1) at low temperature (Scheme 52).

The PI copolymerized PS dendrimer stars were further modified, through epoxida-

tion treated with H2O2/formic acid in toluene, to create grafted-dendrimer stars. By

grafting the epoxidized PI segments with a PI-b-PS�Li+ living diblock copolymers,

graft-on-graft dendrimer-like star polymers were prepared, by further epoxidation

MDDPE

1eq. sec-BuLi

THF, –78 �C

Monoadduct
(Inimer)

1eq. sec-BuLi

THF, –78 �C

Diadduct

Bifunctional
Initiator

Inimer

St
Inimer

.....
.....

Scheme 50 Synthesis of dendritic-like living PS star through a divergent process
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of the newly added PI chains followed by grafting with living polystyrene

(Scheme 53).

Following a similar synthetic pattern, a different approach for the synthesis of

dendrimer-like polymers was accomplished [47], by grafting reactions of living PI-
b-PS�Li+ copolymers on multiple oxirane groups. Through this method two types

of dendrimer-like polymers were synthesized using two different types of cores.

The first being a star-like core, resulting from the epoxidation of a linear PI cain and

the consequential grafting of a diblock PI-b-PS�Li+ copolymer, forming a total

grafting of eight or nine arms. The second core derived from a linear ABA triblock

copolymer, consisting of PI-b-PS-b-PI, like the previous type, was created through

epoxidation of the PI side chains and the consequential grafting of a diblock PI-b-
PS�Li+ copolymer. All the diblocks and triblocks used in this procedure contained

1)

Inimer

2)

Br

1)
2)

3)

3) HS

OH

OH AIBN

S
HO

OH

S
HO

OH

Scheme 51 Functionalization of living PS dendritic-like star with allyl and hydroxyl peripheral

groups

1)

2) Is or MMA

Dendrimer-Like Star block copolymerDendrimer-Like PS Star

Scheme 52 Synthesis of dendritic-like star-block copolymers
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no more than 8 mer units on each PI block. However, the PS chain was different; the

core ABA center consisted of a much larger PS chain than the one used for grafting

additions. All epoxidations of the double bonds were conducted using HCOOH/

H2O2. This reaction was only efficient for double bonds in the 1,4 structure. The

epoxidation reaction and the sequential ring opening addition of the living PI-b-
PS�Li+ copolymer was repeated, resulting each time to the growth of a new

generation. However, the grafting reaction was only highly efficient at lower

generations, and grafting reactions were found to be inefficient at higher genera-

tions due to steric hindrance.

Abbreviations

BnBr Bromomethylphenyl

BS p-tert-Butoxystyrene
CDMSS 4-(Chlorodimethylsilyl)styrene

Dendrimer-Like Star PS-b-PI block copolymer

1)

2)

Dendrimer-Like Star graft copolymer

3)

Dendrimer-Like Star graft-on-garft copolymer

1) H2O2/HCOOH

2) PI-b-PS– +Li
3) PS– +Li

1)

Scheme 53 Synthesis of dendritic-like star polymer with a graft-on-graft periphery
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DCMSDPE 4-(Dichloromethylsilyl)diphenylethylene

DCMSS 4-(Dichloromethylsilyl)styrene

DMPOK Potassium salt of 2,3-dimethyl-3-pentanol

DPE Diphenylethylene

EO Ethylene oxide

GMA Glycidyl methacrylate

MDDPE 1,3-Bis(1-phenylethenyl)benzene

MMA Methyl methacrylate

n-BuLi n-Butyllithium
P2VP Poly(2-vinyl pyridine)

PBd Polybutadiene

PBS Poly(p-tert-butoxy)styrene
Pd Palladium

PEO poly(ethylene oxide)

PGMA Poly(glycidyl methacrylate)

PHS Poly(p-hydroxystyrene)
PI polyisoprene

PMMA Poly(methyl methacrylate)

PS Polystyrene

PtBMA Poly(tert-butyl methacrylate)

SCVCP Self-condensing vinyl copolymerization

SCVP Self-condensing vinyl polymerization

SEC Size exclusion chromatography

sec-BuLi sec-Butyllithium
tBMA tert-Butyl methacrylate

t-BuP4 Phosphazene base

TCDSS 2-(Dichloromethylsilyl)ethylchloromethylsilyl-4-styrene

THF Tetrahydrofurane

TMEDA Tetramethylethylenediamine

VBC Vinylbenzyl chloride

VS 4-(Vinyldimethylsilyl)styrene
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Block Copolymers Containing Polythiophene
Segments

Tomoya Higashihara, Eisuke Goto, and Mitsuru Ueda

Abstract Much attention has recently been paid to block copolymers (BCPs)

containing π-conjugated stiff-rod segments, because of their many potential optical

and electronic applications, including batteries, capacitors, light-emitting diodes,

transistors, photovoltaics, and so on, by exploiting their semiconductivity. Based on

the discoveries of living/controlled polymerization systems, including anionic,

cationic, radical, and, recently, condensative chain-growth polymerization, a huge

number of BCPs and related heterophase copolymers have been synthesized and

well characterized so far. The chemically bonded structure between dissimilar

polymer segments in BCPs induces self-organization, resulting in the formation

of microphase separated domains at the molecular level. Recently, a wide variety of

novel BCPs containing stiff rod polythiophene segments have been competitively

synthesized by many researchers and their unique self-assembly behavior has been

studied in detail. Due to the rigidity/crystallinity of polythiophene segments in

addition to the heterophase structure, the self-assembly behavior of such BCPs

becomes rather more complicated than that of conventional coil-based BCPs.

Nevertheless, there are numerous merits for developing these BCPs, taking into

consideration that the functions of rod and opto/electronically active segments

would be useful resources for high-performance materials in actual device appli-

cation. Therefore, this area is still attractive at the present time. In this chapter,

recent progresses in the synthesis of well-defined BCPs containing polythiophenes,

their morphology, and representative application to organic solar cells are

reviewed.
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Keywords Living polymerization • Block copolymer • π-Conjugated polymers •

Polythiophene • Self-assembly • Microphase separation

1 Introduction

Block copolymers (BCPs) have been of great interest for more than 40 years in

many areas, including morphological studies, micelles, processing, material sci-

ences, and functional device applications [1–9]. Many researchers have pursued

well-defined shapes and useful functions derived from such BCPs, making fasci-

nating supramolecular architectures accessible in advanced nanotechnology.

Indeed, well-defined BCPs with predictable molecular weights and low dispersities

(Ðs) have been synthesized based on the feasibility of the established living/

controlled polymerization systems such as living anionic [10–12], living cationic

[13–19], and living radical polymerization [20–27]. Other new living/controlled

systems have recently been developed, including ring-opening polymerization

(ROP) [28], coordination polymerization [29], metathesis polymerization [30–

33], group transfer polymerization [34, 35], and condensative chain-growth poly-

merization [36–42], all of which allow for the creation of novel types of BCPs. To

typically synthesize well-defined BCPs, the second monomer is in situ charged after

the polymerization of the first monomer, leading an efficient crossover reaction,

followed by the polymerization of the second monomer in a living manner. Under

the current situation whereby the requirements for polymer properties and perfor-

mances have become stricter and more versatile, not only monomer varieties but

also combinations of polymer segments must be broadened.

BCPs containing π-conjugated polymers have emerged as intriguing and unique

materials due to their stiff rod-like structure in solution, melt, and/or solid states,

heterophase structures, as well as optoelectronic performance. Typical

π-conjugated polymers include polyacetylenes, polyphenylenes, polyfluorenes,

poly(phenylene vinylene)s, and polythiophenes. The breakthrough for condensative

chain-growth polymerization technique permits synthesizing well-defined

π-conjugated polymers and BCPs containing low polydisperse π-conjugated poly-

mer segments via living/controlled systems [37–42]. These efforts may contribute

to the accelerated evolution of potential application areas such as polymer photon-

ics materials, optoelectronic devices, and so on.

Herein, recent progresses in the synthesis of well-defined BCPs containing

polythiophene segments, especially those based on living/controlled polymeriza-

tion systems are reviewed. Especially, the recent advances have been focused on in

the synthesis of not only polythiophene-based BCPs but also homo polythiophene

with low Ð, chain-end-functionalized polythiophenes, and nanoporous membranes.

In the final section, recent contributions of polythiophene-based BCPs and related

materials to organic solar cell application are also introduced.
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2 Precise Synthesis of Polythiophenes

Regioregular P3HT is a capable candidate in the field of polymer electronic

devices, such as organic field-effect transistors [43] and organic photovoltaic

cells [44–49], because of the balanced high-performance materials as p-type semi-

conductors in terms of solubility, chemical stability, charge mobility, and commer-

cial availability. The synthetic method for regioregular P3HT, first discovered by

McCullough et al. [50, 51], followed by Rieke [52], affords the formation of head-

to-tail P3HT with >98 % regioregularity, based on the nickel-catalyzed cross-

coupling reactions using Grignard thiophene monomers or Rieke zinc, respectively

(Scheme 1a, b). The development of Kumada Catalyst-Transfer Polymerization

(KCTP) system starting from 2,5-dihalo-substituted thiophene monomers then

allowed the media to be at room or reflux temperature, which was preferable for

the low-cost and large scale synthesis of P3HT (Scheme 1c) [53, 54]. Alternatively,

the more simple and straightforward dehydrogenative polycondensation afforded

P3HT with a 92 % regioregularity by carefully controlling the monomer concen-

tration and polymerization temperature (Scheme 1d) [55].

A further breakthrough of KCTP system came from its living nature, as inde-

pendently reported by Yokozawa et al. [56, 57] and McCullough et al. [58, 59]. The

mechanism proposed by Yokozawa [57] is as follows (see Scheme 2): two equiv-

alents of the thiophene monomer, 2-bromo-5-chloromagnesio-3-hexylthiophene

(1), are coupled by adding the catalytic Ni(dppp)Cl2 (dppp¼ 1,3-diphenylphosphi-

nopropane) to afford the tail-to-tail dimer. The Ni species then transfers to the next

C-Br bonding walking through the π-conjugation without diffusion of the Ni(0) spe-
cies to afford the dimer (2). 2 acts as the virtual initiator to start the polymerization

of 1 by transmetalation. The polymerization proceeds in a chain-growth manner

without diffusion of the Ni(0) species, in which only the transmetallation reaction

takes place between the activated polymer chain end and the incoming monomer of

1. When the initiation rate is faster or similar to the propagation rate, the resulting

P3HT possesses a controlled molecular weight with the feed ratio of 1 to Ni(dppp)

Cl2 as well as the low Ð< 1.2. McCullough et al. proposed in a different way that

the associate pair between generating polymer and Ni(0) species prevents the

diffusion of Ni(0) species into the polymerization media to achieve the chain-

growth mechanism [59].

However, thorough purification steps of the monomers and solvents are often

necessary for KCTP system, because highly reactive and moisture-sensitive Gri-

gnard agents are employed. In addition, many functional groups, such as hydroxy,

aldehyde, ketone, ester, amide, etc., cannot generally be tolerated in the presence of

the Grignard reagents. Uchiyama et al. reported the anionic polymerization of

N-isopropylacrylamide in aqueous media using the newly designed bulky zincate

complex of tBu4ZnLi2 with a low basicity as a highly selective anionic initiator

[60]. These results indicated that tBu4ZnLi2 is tolerable toward hydroxyl functional

Block Copolymers Containing Polythiophene Segments 807



groups. Indeed, regioregular P3HT could be synthesized based on Negishi-type

catalyst-transfer polymerization (NCTP) by replacing the Grignard type monomer

1 with the zincate complex, as shown in Scheme 3a [61].

The average number molecular weight (Mn) value proportionally increased from

2,500 to 30,700 by increasing the feed ratio of the monomer to Ni catalyst, while

maintaining the relatively low Ð< 1.2. The quasi-livingness of NCTP has been
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shown by a monomer addition experiment in which the molecular weight increased

after the second addition of the same monomer as the first. The regioregularity of

P3HT was over 97 % when the Mn exceeds 10,000. In addition, this new system

could be used in as-received THF as well as in THF containing artificially added

protic impurities, such as isopropanol, methanol, and even 1,000 ppm water (equal

molar ratio to the monomer). Based on these successful results, the direct synthesis

of poly[3-(6-hydroxyhexyl)thiophene] (P3HHT) could also be performed without

protection (Scheme 3b). Very recently, the Ni catalyst with the optimized phos-

phine ligand of 1,2-bis(cyclohexyl)ethane successfully provided P3HTs with

extremely low Ð values (1.03–1.17) [62]. The controlled synthesis of P3HT

based on NCTP was well reviewed elsewhere [63].

Quite recently, the “atom-economical” methods involving the dehydrogenative

polycondensation of 2-bromo-3-hexylthiophene [64, 65] or 2-chloro-3-

hexylthiophene [66] were reported to synthesize regioregular P3HT (r.r. >98 %).

All the conditions and results for the synthesis of regioregular P3HT introduced in

this chapter are briefly summarized in Table 1 with corresponding references.
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Scheme 3 Synthesis of regioregular P3HT and P3HHT using a zincate complex, tBu4ZnLi2

Table 1 Conditions and results for synthesis of regioregular P3HT

Reagent Catalyst Temperature Mn Ð RR Reference

LDA/MgBr2 Ni(dppp)Cl2 �40 �C 10,000 1.6 98 [50]

Rieke Zinc Ni(dppe)Cl2 �78 �C 5,500 1.48 >98.5 [51]

RMgX Ni(dppp)Cl2 rt ~ reflux 12,000 1.2 98 [59]

FeCl3 �45 �C, 0.02 M 68,000 1.9 91 [55]
tBu4ZnLi2 Ni(dppe)Cl2 0 �C 30,700 1.19 99 [61]

Cs2CO3 Pd cat. 120–125 �C 30,600 2.42 98 [64]

TMPMgCl-LiCl Ni(dppe)Cl2 rt 44,900 1.32 98 [65]

Block Copolymers Containing Polythiophene Segments 809



3 Rod-Rod Type Block Copolymer

Based on the quasi-living catalyst-transfer chain-growth polycondensation, an array

of block copolythiophenes has been synthesized by the simple sequential monomer

addition technique. All-conjugated block copolythiophenes, in which the

π-conjugated structures are totally constructed along themain chains, are categorized

as rod-rod type BCPs. McCullough and coworkers first reported the sequential

polymerization of 2-bromo-5-chloromagnesio-3-dodecylthiophene (3) just after the

completion of the first block obtained by the polymerization of 1 to afford P3HT-

block-poly(3-dodecylthiophene) (4) (Scheme 4) [59]. Yokozawa and coworkers

reported the synthesis of P3HT-block-poly(3-(2-(2-methoxyethoxy)ethoxy)thio-

phene) (5) based on a similar approach [67]. Ueda and Tajima groups independently

synthesized crystalline-amorphous block copolythiophenes, that is, P3HT-block-
poly(3-phenoxymethylthiophene) (6) [68] and P3HT-block-poly(3-(2-ethylhexyl)
thiophene) (7) [69], respectively. Many other all-conjugated block copolythiophenes

have also been reported, including P3HT-block-poly(2,5-dihexyloxy-1,4-phenylene)
(8) [70], poly(3-butylthiophene)-block-poly(3-octylthiophene) (9) [71], P3HT-block-
poly(3-hexylselenophene) (10) [72], P3HT-block-poly(3-(2-(2-(2-methoxyethoxy)

ethoxy)ethoxy)thiophene)(P3TEGT) (11) [73], P3HT-block-poly(3-(3-
aminopropyloxy)methylthiophene) (12) [74], P3HT-block-poly(3-thiophene
hexylacetate) (13) [75]. Higashihara and coworkers also reported the synthesis of

P3HT-block-poly(3-(4-(3,7-dimethyloctyloxy)-3-pyridyl)thiophene) (14) [76] and a

soluble BCP having P3HT and a graphene-like nanoribbon (15) [77].

Interestingly, Scherf, Greenham, and coworkers reported the synthesis of donor-

acceptor fully conjugated diblock copolymer (16), by the polycondensation of AB

type monomer together with Br-terminated P3HT based on the Stille coupling

reaction as illustrated in Scheme 5a [78]. Hawker and coworkers reported a

donor-acceptor BCP (17) comprising P3HT and a diketopyrrolopyrrole (DPP)-

based narrow bandgap block segments (Scheme 5b) [79].

Nakabayashi et al. reported a donor-acceptor BCP (18) having P3HT and n-type

π-conjugated polymer based on naphthalene diimide (NDI)-based block segments

(Scheme 6a) by Yamamoto Coupling between dibrominated NDI monomer and

Br-terminated P3HT [80]. Soon after, Wang, Higashihara, and coworkers synthe-

sized the similar BCP (19) (Scheme 6b) [81]. Br-terminated NDI-based polymer

was first prepared by the Stille coupling polymerization of bis(trimethylstannyl)

thiophene and a small excess of dibrominated NDI monomer. It was then utilized as

a macroinitiator for KCTP of the thiophene monomer 1 after insertion of Ni catalyst

with Ni(COD)2/PPh3, followed by the ligand exchange with dppp. The BCP 19

showed the phase separation of two distinct crystalline domains corresponding to

P3HT (edge-on rich) and NDI-based polymer segments (face-on rich) by glazing

incidence small angle X-ray scattering (GIWAXS) [82]. Bielawski and coworkers

reported the successful one-pot synthesis of donor-acceptor BCP (20) by sequential
monomer addition of 1 and a perylene diimide-functionalized arylisocyanide

monomer (Scheme 7) [83].
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During the course of our morphological studies on block copolythiophenes, it

was found that the thin film of BCP 11, carrying an amphiphilic structure, displayed

a periodic perpendicular lamellar morphology at the nano level, as observed by

atomic force microscopy (AFM) and transition electron microscopy (TEM)

[73]. These results suggested that a microphase separation took place between

hydrophobic P3HT and hydrophilic P3TEGT domains. A further detailed investi-

gation has been done by Ree and coworkers by GIWAXS and glazing incidence

small angle X-ray scattering (GISAXS) experiments [73]. As a result, the thin film

BCP 11 consists of a hierarchical morphology of perpendicularly aligned lamellae

with the d-spacing of 25.9 nm, in which crystalline P3HT domains construct the

edge-on structure to the substrate excluded by amorphous P3TEGT domains. Such

a perpendicularly oriented morphology should be very important in the field of

organic photovoltaic (OPV) application due to the high speed charge transportation

before the recombination of the separated charges occurs. However, a detailed

relationship between the morphology and OPV performance has never been

reported; therefore, it should be one of the top priority issues to be addressed in

the OPV field.
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4 Precise Synthesis of Chain-End-Functionalized
Polythiophenes

The chain-end functionalization of polythiophenes is a very important step for

obtaining BCPs, because the terminal functional groups are responsible for the

introduction of the second block in the subsequent reactions or polymerizations.

McCullough reported the chain-end functionalization of P3HT by terminating the

quasi-living P3HT-Ni(dppp)Br with the Grignard reagent (R-MgX) (see Scheme 8)

[84, 85]. The functionality widely includes vinyl, allyl, acetyl, phenyl, tolyl, formyl

(protected by acetal), phenol (protected by tetrahydropyran), and p-aminophenyl

(protected by trimethylsilane).

However, the type of R-MgX significantly affected the final product structures as

to whether the monofunctionalization at the ω-terminal or difunctionalization at the

α,ω-termini takes place. In Scheme 8, the difunctionalized P3HT can possibly be

obtained by the following mechanisms: (1) reductive elimination of Ni catalyst

after the monofunctionalization, (2) the generated Ni(0) oxidatively inserts into

α-terminal, and (3) the transmetalation reaction with excess R-MgX, eliminating

again Ni(0). This mechanism suggested the difficulty in selectively synthesizing

either mono- or difunctionalized P3HT derivatives.

Luscombe and coworkers reported the efficient initiation from an o-halotoluene
based on a ligand exchange approach, aimed at the synthesis of a defect-free

regioregular P3HT [86]. On the other hand, Higashihara et al. succeeded in syn-

thesizing the α,ω-chain-end-functionalized P3HTs with tolyl and bromobutyl

groups by the combination of initiation and termination methods in a one-pot

process (see Scheme 9) [87]. Fortunately, when using Ni(dppp)Cl2 as an initiator,

difunctionalized P3HTs with 4-bromobutyl groups at both ends could be formed. In

Fig. 1, mono-series of peaks were obtained from MALDI-TOF mass spectra for

monobromo- and dibromo-functionalized P3HTs, indicating nearly quantitative

end functionality.

The selective synthesis of monobromo- and dibromo-functionalized P3HTs is

for the first time. It should be mentioned that bromoalkyl group can be transformed
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into a wide variety of other useful functionalities, such as amine, cyano, ether,

alcohol, aldehyde, etc. This system is also quite important for BCP synthesis using

chain-end-functionalized P3HT as a precursor, because the end functionality of

P3HT is predominant for the sequence control of AB diblock or ABA triblock

copolymers.

5 Precise Synthesis of Rod-Coil and Coil-Rod-Coil Block
Copolymers Containing Polythiophene Segments

5.1 Combination of KCTP and Living/Controlled Radical
Polymerization

To synthesize rod-coil BCPs containing P3HT and poly(acrylate) (PMA) segments,

McCullough combined KCTP with an ATRP system involving several site-

transformation steps, as shown in Scheme 10 [88]. First, ω-chain-end-vinyl-
functionalized P3HT was synthesized by terminating quasi-living P3HT having

an ω-Ni-Br chain end with an excess of vinylmagnesium bromide. Then, the

introduced vinyl group was transformed into a hydroxyl one by a hydroboration/

oxidation process. After transforming the hydroxyl group into a 2-bromopropionate

one by an esterfication reaction, ATRP of the acrylates was performed to afford

P3HT-b-poly(methyl acrylate)(PMA) and P3HT-b-poly(tbutyl acrylate)(PtBMA).

They also succeeded in synthesizing P3HT-b-polyisoprene(PI) (21) and P3HT-b-
polystyrene(PS) (22) (see Fig. 2) using NMP and reversible addition fragmentation

chain-transfer (RAFT) polymerization, respectively, and found that the nanofibril

surface structures of those polymer films could be observed by atomic force

microscopy (AFM) [89]. Furthermore, new conducting amphiphilic BCPs of

P3HT-b-poly(acrylic acid) (PAA) (23) were synthesized by hydrolysis of P3HT-

b-PtBMA, which was prepared by a similar method [90]. Zou et al. synthesized a
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series of P3HT containing BCPs with PAA, poly(PEG acrylate) (24), and PMMA

(25) and used it as an efficient dispersant for carbon nanotubes [91]. Urien and

coworkers reported an alternative synthetic approach via a copper (I)-catalyzed

Huisgen [3 + 2] dipolar cycloaddition reaction based on “Click” chemistry, com-

bined with KCTP and ATRP, to afford AB and ABA BCPs containing P3HT and PS

segments [92]. Very recently, a series of interesting donor-acceptor BCPs was

synthesized based on living/controlled radical polymerization co-systems. Richard

et al. synthesized P3HT-based rod-coil BCPs with fullerene-grafted PS segments

(26) using the NMP system [93]. Soon thereafter, Lee et al. synthesized P3HT-

based rod-coil BCPs with fullerene-grafted PMMA segments (27) [94]. Although

many examples have been developed based on KCTP in conjunction with the

living/controlled radical polymerization system, tedious site-transformation reac-

tions as well as the limited control nature of radical polymerization frequently cause
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a large Ð value (>1.3). Furthermore, a thorough purification process to remove the

residual copper catalyst from the products is sometimes essential for optoelectronic

application.

5.2 Combination of KCTP and Living Anionic
Polymerization

Besides radical polymerization co-systems, Jannssen and coworkers reported the

synthesis of crystalline-crystalline BCPs comprised of P3HT and polyethylene

segments (28) by a combination of KCTP and ROP [95]. Chi-An Dai synthesized

new P3HT-b-P2VP by a combination of KCTP and living anionic polymerization

[96]. As shown in Scheme 11, ω-chain-end-vinyl-functionalized P3HT was synthe-

sized by the established method. Then, the α-Br chain end was converted into a

phenyl group so that the unwanted side reactions such as Li-Br exchange or single-

electron transfer reactions could be eliminated. After lithiation of the terminal vinyl

groups with sBuLi, living anionic polymerization of 2VP was carried out to

synthesize the desired BCPs. Simply by changing the block compositional ratio,

spherical, cylindrical, lamellar, and nanofibril structures could clearly be observed

by TEM and SAXS. The molecular weight distributions of all BCP samples were

relatively narrow due to the use of the living anionic polymerization system

(Ð¼ 1.18� 1.28). However, there are still multistep reactions, especially for the

modification reaction of the α-Br chain end of P3HT. Furthermore, in the lithiation

reaction, a possible homopolymerization of the terminal thiophenylvinyl units

might generate higher coupling by-products.
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A facile synthesis of PS-b-P3HT-b-PS has been reported by Higashihara

et al. based on a novel approach involving only two steps, an in situ introduction

of non-homopolymerizable 1,1-diphenylethylene (DPE) moieties at the α,ω-ends of
P3HT, and a linking reaction with a living anionic polymer of styrene [97]. The

synthetic routes are shown in Scheme 12. The key step is an in situ introduction of

DPE moieties simultaneously at the α,ω-ends of P3HT, which readily and quanti-

tatively link with living PS without homopolymerization of the DPE units due to its

steric hindrance and resonance effect. The di-substitution feature was experimen-

tally supported by MALDI-TOF mass spectroscopy (>90 %) and a previous paper

describing the end functionalization of P3HT with an alkyl-type terminating Gri-

gnard reagent [84, 85]. This spontaneous di-substitution permits skipping the extra

steps of the transformation reactions at the chain end. In addition, the developed

polymer-polymer linking method provides more reliable molecular weights and

compositions of BCPs than by conventional macroinitiator methods because both

segments can be pre-made and separately characterized. The purified PS-b-P3HT-
b-PS possesses a molecular weight of 18,900 and a Ð value of 1.15, as determined

by GPC. The surface morphology of the BCP thin films was observed by AFM and

continuous nanofibril and nanowire structures were observed. The formation of the

nanowire structures may be dictated by the immiscibility of PS and P3HT seg-

ments, as reported in the literature describing the nanowire structures of the P3HT-

b-PS diblock copolymer [89]. The precursor α,ω-end-DPE-functionalized P3HT

was also used for synthesizing well-defined PMMA-b-P3HT-b-PMMA with low Ð

value (1.10) according to Scheme 13 [98]. J. K. Kim et al. synthesized well-defined

P3HT-b-PMMA based on the polymer-polymer linking approach which involves

the utility of chain-end-phenylacrylate-functionalized P3HT [99] (Scheme 14). The

advantage of using phenylacrylate unit is the quantitative linking efficiency with

living anionic PMMA without homopolymerization as first demonstrated by

A. Hirao’s group [100].
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Unfortunately these BCPs contain insulating segments, so their electronic per-

formance is probably limited. Therefore, the introduction of optoelectronically

active coil segments into P3HT-based BCPs is highly desired. We further synthe-

sized novel BCPs containing P3HT and optoelectronically active poly

(4-vinyltriphenylamine) (PVTPA) by the similar approach [101]. PVTPA-b-
P3HT-b-PVTPA (29) may be one of the candidates for better hole-transporting

material than PS-b-P3HT-b-PS or PMMA-b-P3HT-b-PMMA. The surface mor-

phology of cast film 29 was observed by AFM. When the cast film was treated by

solvent annealing under exposure of a toluene vapor, a neat, uniform, and periodic

morphology emerged over a large area, in which each phase-separated domain with

12–15-nm widths was well connected with some micrometer length (see Fig. 3).

These periodic self-assemble structures may possibly be derived from the well-

defined structure of PVTPA-b-P3HT-b-PVTPA with low Ð value (1.15). A TEM

image of the sample film also supported such microphase separation.

A rod-rod-rod triblock copolymer comprised of outer PA block and inner P3HT

block by the combination of KCTP and living anionic polymerization through a

precursory block for thermal conversion by Higashihara et al. [102]. As shown in

Scheme 15, the exactly same macroinitiator was utilized derived from α,-
ω-end-DPE-functionalized P3HT for the synthesis of PMMA-b-P3HT-b-PMMA.

4-methylphenyl vinyl sulfoxide was then anionically polymerized with the

macroinitiator in a living manner to prepare poly(4-methylphenyl vinyl sulfoxide)

(PMPVS)-b-P3HT-b-PMPVS. Finally, the outer PMPVS segments could
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completely be transformed into PA segments to afford the objective rod-rod-rod

BCP, PA-b-P3HT-b-PA.
As already mentioned in Sect. 4, KCTP allowed for the synthesis of monobromo-

and dibromo-functionalized P3HTs, respectively, by selecting the appropriate initi-

ators as reported by T. Higashihara and T. Michinobu [87]. On the other hand, the

living anionic polymerization of 4-(4’-N,N-dihexylaminophenylethynyl)styrene
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Fig. 3 Tapping mode AFM phase images of PVTPA-b-P3HT-b-PVTPA after solvent annealing
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(DHPS) with the initiator of sBuLi was demonstrated. By the coupling reaction of

PDHPS-Li with monobromo- and dibromo-functionalized P3HTs, novel rod-coil

diblock and coil-rod-coil triblock copolymers composed of the P3HT and PDHPS

segments were synthesized. The obtained BCPs were then quantitatively

functionalized by the click chemistry-type tetracyanoethylene (TCNE) addition,

producing the corresponding BCPs with donor-acceptor moieties in the flexible

polystyrene segments. The representative synthetic scheme for AB diblock copol-

ymer is shown in Scheme 16. This click postfunctionalization approach could

become a general route to the P3HT-based rod-coil BCPs with electron-accepting

units in the coil segments. The TCNE addition significantly affected both the

absorption spectra and redox activities. Moreover, the AFM images demonstrated

the microphase separation of these BCPs. All these results reasonably suggest that

they are an interesting class of new P3HT-based BCPs for advanced studies of

various organic devices. In particular, the application to organic solar cells is

promising because of the expanded absorption, tunable energy levels for fast energy

transfer between both segments, and well-defined microphase separation.

6 Preparation of Nanoporous P3HT Films

The thin films of BCPs can self-assemble into many types of highly ordered

nanostructures on a wide variety of substrates after being cast from a number of

solvents. Selective etching of one of the domains can lead to nanoporous materials

that are useful for separations and templates of nanotechnology [5, 6, 103,

104]. Nanoporous P3HT films derived from BCP templates are quite interesting

and are expected to be used for such applications as voltaic chemical sensors and,

especially, BHJ organic photovoltaic cells, after a back-fill of n-type semiconduc-

tors into the porous films. Due to the large interface areas and well-connected

charge transporting channels having widths comparable to exciton diffusion lengths

(~10 nm), it is expected that efficient charge separation with less recombination and

fast charge transport will be realized, resulting in improved PCE.

Hillmyer and coworkers reported nanoporous P3HT films for the first time by

using a template of P3HT-b-poly(D,L-lactide) (30) [105]. Starting from ω-chain-
end-vinyl-functionalized P3HT, the chain end is transformed into a hydroxy group,

followed by controlled ROP of D,L-lactide from an aluminum alkoxide

macroinitiator to synthesize 30. The back-fill of water-soluble fullerene derivatives

into a similar nanoporous P3HT, derived from 30, was recently performed to create

an ideal p/n BHJ active layer, however, the characterization of photovoltaic cells

was not shown [106]. Hawker and coworkers recently reported the creation of

nanoporous P3HT films by the selective solvent etching of PS segments after being

cleaved off from the template of P3HT grafted with PS segments via the trityl ether

linkage (31) [107].

Higashihara et al. developed an alternative approach for nanoporous P3HT by

employing P3HT-based BCPs with ionic interaction [108, 109]. Although
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covalently bonded P3HT-based BCPs are presently very competitive, a blend

system of well-defined chain-end-functionalized polymers to achieve similar

nanostructures has scarcely been focused on yet. The advantageous points of

using such a blend system are as follows: (1) more facile synthetic approaches

are available for chain-end-functionalized polymers than for BCPs, thereby being

preferred for industry, (2) the combination of block segments is versatile, (3) the

facile preparation of nanoporous films by the removal of one of the segments with a

selective solvent after cleaving the ionic bonds under acidic or alkaline conditions.

The first example of P3HT-based BCPs via ionic interaction was prepared by

blending ω-chain-end-aniline-functionalized P3HT (P3HT-NH2) and ω-chain-
end-carboxy-functionalized PS (PS-COOH) [108] or sulfonic-acid-chain-end-

functionalized PS (PS-SO3H) [109]. The representative synthetic routes for the

BCPs of (P3HT-NH3
+)-b-(PS-SO3

�) are depicted in Scheme 17.

The termination of P3HT with an ω-Ni-Br chain end with an excess of a

Grignard reagent carrying a protected aniline moiety, followed by quenching the

system with 5 N-HCl aq. afforded an HCl salt of P3HT-NH2. After washing with an

alkaline solution, P3HT-NH2 could be regenerated. The Ð values were very low, in

the range of from 1.08 to 1.12, and NH2-end functionalities were in the range of 85–

92 %. On the other hand, PS-SO3H with 100 % end functionality was synthesized

based on living anionic polymerization according to Scheme 17.

AFM images of the surface morphology of a (P3HT-NH3
+)-b-(PS-SO3

�) thin
film showed nanofibril structures having 15 to 20-nm widths and a few hundred

nanometer lengths are observed (see Fig. 4a). In order to create the desired

nanoporous P3HT films, selective etching of PS domains with ethyl acetate/
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triethylamine (100/1, v/v) was performed by exploiting the pH stimulating ionic

interaction between the P3HT and PS segments. Ethyl acetate and triethylamine

play important roles in the selective solvent for PS and the cleavage of aniline-

sulfonic acid interaction, respectively. Nanoporous textures are indeed observed in

some areas in AFM (Fig. 4b) and SEM images (Fig. 4c), but P3HT domains tend to

collapse, probably due to the wet process and high aspect ratio of more than 5.

7 Polymer Solar Cell Application

Since the Japanese government has decided to enforce buying electricity produced

by solar cells on electric power companies at 42 JPY/kWh in 2012, which is about

four times than the conventional price, many companies related to solar cells, their

modules and panels, have been encouraged to participate in this society. New

low-cost solar cells produced by a facile process have been highly demanded in

order to replace with current silicon-based solar cells, taking into consideration the

strict competition of production costs in the world. OPVs have recently received

much attention due to their lightweight, flexible, and low-cost large area produc-

tivity based on a roll-to-roll printing process [110]. However, the low power

conversion efficiencies (PCEs< 10 %) of OPVs are serious problems, being infe-

rior to silicon-based solar cells (PCEs> 20 %) and preventing commercialization.

In addition, the long-term stability of the OPVs has to be improved. The mechanism

of solar cell involves four steps: (1) light absorption within the active layers to

generate an exiton, (2) exiton diffusion to the interface between the donor and

acceptor domains, (3) charge separation at the interface, and (4) charge transporta-

tion to both the cathode and anode. The PCE value is determined by the following

equation:

Fig. 4 (a) Tapping mode AFM phase image of (P3HT-NH3
+)-b-(PS-SO3

�) thin film, (b) tapping
mode AFM height image of nanoporous P3HT thin film, and (c) SEM image of nanoporous P3HT

thin film
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PCE ηeffð Þ ¼ Voc � Jsc � FF

where Voc is the open circuit voltage, Jsc is the short circuit current density, and FF

is the fill factor. In order to improve the PCE, each factor must be improved by

careful design of the active layers as well as the optimization of the device

fabrication process. Voc is generally related to the difference between the highest

occupied molecular orbital (HOMO) energy level of a donor and lowest unoccupied

molecular orbital (LUMO) energy level of an acceptor, so that the donor molecules,

especially, a donor polymer with a low HOMO energy level and/or an acceptor

molecule with a high LUMO energy level, are required for achieving high Voc

values. Jsc is related to the light harvesting, charge separation, and recombination of

the separated charges; therefore, a low bandgap polymer harvesting light over wide

wavelengths covering the visible to near-infrared (IR) regions should be a strong

candidate for improving the Jsc values. In addition, the morphological control in the

donor and acceptor domains is quite important for efficient charge separation and

reduced recombination of the separated charges also improve the Jsc values. A well-

connected morphology with a 10–20 nm mean distance between the donor and

acceptor is ideal, because the exciton diffusion length is normally 10–20 nm for

organic molecules. FF is concerned with the output resistance and shunt resistance,

which are generally improved by a high charge mobility and ultrahigh purity of the

semiconductors. The connectivity and arrangement of the donor-acceptor morphol-

ogy is also important for efficient charge transportation to both electrodes, thus

resulting in high FF values.

7.1 Use of Block Copolymers

A BHJ-type OPV device using regioregular P3HT and [6,6]-phenyl-C61-butyric

acid methyl ester (PCBM) is one of the most basic and successful systems as well as

a platform for other efficient BHJ OPVs until now, normally giving power conver-

sion efficiencies (PCEs) in the range of 4–5 % after optimization [48, 111,

112]. Much attention has been paid to the influence of P3HT:PCBM binary phase

morphology on device performance. A serious problem in the morphological

control involves the reduction of the interface area between the P3HT and PCBM

domains by large aggregation causes an inefficient charge separation, especially

after long-term operation. The morphology can temporally be optimized by a

thermal and/or solvent annealing treatment, but it is thermodynamically unstable

and changeable due to significant difference in the surface energies of P3HT and

PCBM in the absence of anchoring structures between them. To remedy this

problem, the ideal morphology has to be pursued by increasing the donor/acceptor

interface on a 10–20 nm scale and be fixed even after a long operating time. The

arrangement and direction of the morphology is also very important for the smooth

and fast charge transportation to reduce recombination of the separated charges. In
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order to meet the above requirements, the self-assemble behavior of BCPs may be

utilized; however, the relationship between the polymer structure, morphology, and

OPV performance of the BCP containing crystalline segments, such as P3HT, is not

fully understood.

Recently, a series of interesting donor-acceptor BCPs was synthesized based on

the living/controlled radical polymerization co-systems as already mentioned in

Sect. 5.1. Yang et al. reported a photovoltaic device application using similar

donor-acceptor BCPs as the processing surfactant in the BHJ system (P3HT/

PCBM) [113]. They achieved a higher PCE¼ 3.5 % than that in the BHJ system

of P3HT/PCBM without the surfactant (PCE¼ 2.6 %), probably due to the con-

struction of stable p/n phase domains. Thelakkat and coworkers synthesized another

type of donor-acceptor BCP containing P3HT and perylene-bisimide-grafted

polyacrylate segments based on NMP [114]. Subsequently, Ruseell, Emrick, and

coworkers synthesized similar BCPs and used them in photovoltaic cells and

achieved a PCE¼ 0.49 % which was higher than the blend system of P3HT and a

perylene-bisimide-based compound (PCE¼ 0.4 %) [115]. Segalman et al. also

reported the synthesis of similar BCPs by the combination of KCTP and ATRP

polymerization together with click chemistry. Unfortunately, their photovoltaic cell

performance was not high (PCE< 0.1 %) [116].

During the course of the study using BCPs in OPV applications, none of the

devices have exceeded 4 % PCE by the time of our report in 2010 [117], probably

due to the incorporation of unwanted insulating chains such as non-conjugated

polymer segments or a long alkyl spacer for improved solubility. In addition, the

synthetic strategies for rod-coil BCP s were quite complex, sometimes affording the

sample with a high Ð value (>1.3). As introduced in the preceding section, the BCP

containing P3HT and PVTPA segments (29) could be easily synthesized by the

combination of the quasi-living KCTP and living anionic polymerization [101]. 29
was first investigated as surfactants for the P3HT:PCBM based BHJ OPVs, in

which amorphous PVTPA segments can interact with PCBM domains to fix the

P3HT:PCBM phase segregated structures without losing the charge mobility due to

the triphenylamine electronically active moieties [117]. Indeed, the OPV device

was fabricated with a sandwich structure of ITO/PEDOT:PSS/P3HT:PCBM:29/Ca/

Al. The weight ratio of P3HT:PCBM was 1:1 with a variable wt% of 29. The OPV

characteristics during the illumination of AM1.5 results are summarized in Table 2.

The PCE increased from 3.9 to 4.4 % by increasing the wt% (0–1.5 %) of 29,
whereas it decreased to 3.0 % after adding 20 wt% of 29. The Voc and FF values are

almost unchanged, instead the Jsc values were improved from 9.7 to 11.2 (mA/cm2)

for the highest PCE. The PCE¼ 4.4 % based on a device using a BCP is the highest

of those already reported.

The long-term stability of the devices was then elucidated by the PCE decay

compared to the initial device performance after a specific time, because it is well

known that the P3HT:PCBM BHJ OPV devices generally lose their performance

after aging due to large aggregation of PCBM crystallites. Without 29, the PCE

decay was 28 % after 70 days of storage at room temperature and 80 % relative

humidity in air. On the other hand, the PCE decay was only 11 % after 70 days of
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storage under the same conditions when 0.25 wt% of 29 was added to the P3HT:

PCBM system (Fig. 5).

In addition, thermal stability was also tested by the PCE decay of the devices

after long annealing time of 10 h at 140 �C, compared to the ones treated under

normal annealing condition at 140 �C for 20 min. The similar results were obtained

as long-term stability, showing that the PCE decay is only 10 % in the case of

adding 10 wt% with 29, whereas it was 41 % without 29 (Table 3).

Figure 6 shows the optical microscope images of devices with and without 29.

After the long annealing time of 10 h at 140 �C, large aggregated domains of

PCBM, corresponding to a few hundred micrometers, can be seen over the whole

regions. In contrast, the aggregation can significantly be suppressed by adding 29,

indicating the efficient surfactant performance of 29 in P3HT:PCBM BHJ OPV

devices. This observation plus differential scanning calorimetry results [117] sup-

port the fact that the triphenylamine segments of 29 are selectively miscible in the

PCBM domains to fix the phase segregated P3HT:PCBM nanostructures. Similar

surfactant effects have been seen using the all-conjugated BCP, 14 [76], as well as

Table 2 OPV characteristics

of ITO/PEDOT:PSS/P3HT:

PCBM:29/Ca/Al devices

wt% of 29 Jsc (mA/m2) Voc (V) FF PCE (%)

0 9.7 0.62 0.65 3.9

0.5 10.4 0.62 0.62 4.0

1.0 10.8 0.61 0.63 4.2

1.5 11.2 0.62 0.63 4.4

2.5 10.6 0.63 0.64 4.2

5 10.9 0.62 0.62 4.2

10 10.0 0.61 0.60 3.6

20 8.4 0.63 0.60 3.0

Fig. 5 Long-term stability test of ITO/PEDOT:PSS/P3HT:PCBM:29/Ca/Al devices
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binary low molecular weight fullerene derivatives having oligothiophene units

[118]. In 2012, Hadziioannou and coworkers also reported the surfactant effects

of P3HT-b-poly(4-vinylpyridine) in the P3HT:PCBM OPV system, showing a high

PCE of 4.3 % in case of 8 wt% addition. They investigated the detailed morpho-

logical properties using GIXRD experiments and concluded that the enhancement

of PCE was related to the formation of a well-optimized nanoscale structure after

adding the surfactant that allows for a more efficient exciton dissociation and

charge transport, by lowering the charge recombination and/or trapping [119].

Table 3 Thermal stability test of ITO/PEDOT:PSS/P3HT:PCBM:29/Ca/Al devices

wt% of 29 Jsc (mA/m2) Voc (V) FF PCE (%) PCE decay (%)

0 6.4 0.65 0.55 2.3 41

5 8.1 0.62 0.62 3.1 25

10 7.5 0.63 0.60 2.8 10

Fig. 6 Optical microscope images of ITO/PEDOT:PSS/P3HT:PCBM:29/Ca/Al devices
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7.2 New Polythiophene Derivatives

In order to improve the PCE of OPV devices, the Voc values should also be

increased as mentioned in the preceding section. However, the HOMO energy

level of P3HT is relatively high (ca �4.76 eV [120]) that limits the Voc values of

the OPVs to ca 0.6 V. It is well known that the modulation of the HOMO/LUMO

energy levels for the polymers is essential to realize a high Voc value without

sacrificing the broad light harvesting and efficient charge separation, which corre-

spond to a Jsc value [121]. Donor-acceptor alternating copolymers are attractive as

p-type materials for OPVs due to the facile tunability of the HOMO/LUMO energy

levels by properly choosing the donor and acceptor moieties. Indeed, much effort

has been made to achieve very high PCEs over 7 % for the OPV devices [122–

127]. 1,3,4-Oxadiazole (OXD) and 1,3,4-thiadiazole (TD) are electron-deficient

units containing two electron-withdrawing imine groups (C¼N) and can be used as

A units. For instance, a structure similar to the benzothiadiazole units has frequently

been utilized as an acceptor unit in donor-acceptor alternating copolymers to

achieve high PCEs [128–133]. However, a few reports have described the OPVs

using donor-acceptor alternating copolymers bearing OXD and TD units [134,

135], regardless of their electron-withdrawing nature as well as more compact

structures compared to the benzothiadiazole units, which would be preferable for

more densely packed structures for the polymer films to induce a high charge

mobility.

Therefore, the synthesis of new donor-acceptor alternating copolymers carrying

OXD or TD units, that is, 32 and 33 (see Scheme 18), was first demonstrated based

on the Stille coupling reaction of 2,5-bis(trimethylstannyl)thiophene and the

corresponding monomers of 2,5-bis(5’-bromo-3’,4’-dihexylthien-2’-yl)-1,3,4-
oxadiazole or 2,5-bis(5’-bromo-3’,4’-dihexylthien-2’-yl)-1,3,4-thiadiazole, respec-
tively [136]. Indeed, the OPV devices of 32 and 33 showed high Voc values in the

range of 0.80–0.90 V. The highest field-effect (FET) mobilities of 32 and 33 with

the OXD and TD moieties were 1.41� 10�3 and 8.81� 10�2 cm2V�1 s�1, respec-

tively. The higher mobility of 33 was related to its orderly nanofibrillar structure as

evidenced from the TEM images. Moreover, the higher absorption coefficient and

smaller band gap of 33 provided more efficient light harvest ability. The PCE of the

OPV based on 33:PCBM¼ 1:1 (w/w) reached 3.04 %with the Jsc value of 6.60 mA/

cm2, the Voc value of 0.80 V, and the FF value of 0.576 under illumination of AM

1.5 (100 mW/cm2). In comparison, the parent PDHBT (Scheme 18) [137] without

the electron-accepting moiety exhibited an inferior device performance (FET

mobility¼ 2.10� 10�4 cm2V�1 s�1 and PCE¼ 1.91 %). The experimental results

demonstrated that incorporating the small electron-acceptor moiety, such as the TD

unit, into the polythiophene backbone could enhance the device performance due to

the low-lying HOMO levels, compact packing structure, and high charge carrier

mobility. This is the first report for the achievement of a PCE> 3 % using OPVs

based on polythiophenes having TD units in the main chain.
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8 Concluding Remarks

In this chapter, recent progresses in the synthesis of BCPs containing polythiophene

segments, their morphology, and representative application to organic solar cells

are reviewed. In order to design and synthesize such BCPs with predictable

molecular weights and low Ð values, the controlled synthesis of P3HT segment

itself and the related materials (e.g., well-defined chain-end functionalized P3HT),

as well as the combination with well established methodology of living anionic

polymerization. Based on many efforts on controlled polymerization systems, a

wide variety of BCPs containing P3HT segments have emerged. Their highly

ordered nanostructures related to the primary chemical structures have become

major subjects in these areas. However, the relationship between the morphology

and optoelectronic properties is still not fully understood and it should be system-

atically clarified using a library of “well-defined” polymer samples for providing

reliable and reproducible conclusions. As introduced in the latter sections, one of the

most significant advantages of using a BCP in the OPV systems is its surfactant

effect, in which the nano-scaled morphology of the P3HT and PCBM domains could

be fixed even after long-term operation to maintain the device performance. Besides,

in order to achieve a high PCE of approx. 15 % in OPV in the next 3–5 years, a

breakthrough in material science and device fabrication technology must be realized.

It is undoubtedly important to keep finding new materials with an efficient light

harvesting property, high charge mobility, low HOMO energy level (for donors) and

high LUMO level (for acceptors), and well-defined p-type/n-type morphology. In

addition, tandem or more multilayer solar cells should be the candidates for achieving

the very high PCE> 10 %, taking into consideration that Heeger and coworkers

estimated the maximum PCE of 10 % from a single-component solar cell [138].
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Abbreviations

AFM Atomic force microscopy

BCP Block copolymer

Ð Dispersity

DHPS 4-(4’-N,N-dihexylaminophenylethynyl)styrene

DPE 1,1-Diphenylethylene

DPP Diketopyrrolopyrrole

dppp 1,3-Diphenylphosphinopropane
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FET Field-effect transistor

GISAXS Glazing incidence small angle X-ray scattering

GIWAXS Glazing incidence wide angle X-ray scattering

HOMO Highest occupied molecular orbital

KCTP Kumada catalyst-transfer polymerization

LUMO Lowest unoccupied molecular orbital

Mn Number average molecular weight

NCTP Negishi catalyst-transfer polymerization

NDI Naphthalene diimide

NIR Near-infrared

NMP Nitroxy-mediated radical polymerization

OPV Organic photovoltaics

OXD 1,3,4-Oxadiazole

P3HHT Poly[3-(6-hydroxyhexyl)thiophene]

P3HT Poly(3-hexylthiphene)

P3HT-NH2 ω-Chain-end-aniline-functionalized poly(3-hexylthiphene)

P3TEGT Poly(3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene)

PAA Poly(acrylic acid)

PCBM [6,6]-Phenyl-C61-butyric acid methyl ester

PCE Power conversion efficiency

PEG Poly(ethylene glycol)

PI Polyisoprene

PMA Poly(methyl acrylate)

PMMA Poly(methyl methacrylate)

PMPVS Poly(4-methylphenyl vinyl sulfoxide)

PS Polystyrene

PS-COOH ω-Chain-end-carboxy-functionalized polystyrene

PS-SO3H Sulfonic-acid-chain-end-functionalized polystyrene

PtBMA Poly(tert-butyl acrylate)
PVTPA Poly(4-vinyltriphenylamine)

r.r. Regioregularity

RAFT Addition fragmentation chain-transfer polymerization

ROP Ring-opening polymerization

TCNE Tetracyanoethylene

TD 1,3,4-Thiadiazole

TEM Transition electron microscopy
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Part III

Consequences: Morphologies and Self-
Assembled Hierarchical Structures



Block Copolymers and Miktoarm
Star-Branched Polymers

Hirokazu Hasegawa

Abstract Block copolymers self-assemble to form extremely regular nanoscale

microdomain structures with a variety of morphologies. The microdomain mor-

phology depends on the chain architectures, number of components, copolymer

compositions, segregation power between the components as well as the ordering

processes. In this chapter how these factors affect the microdomain morphology is

mentioned.

Keywords Microdomain morphology • Self-assembly • Phase diagram • Strong

segregation • Diblock copolymer • Triblock terpolymer • Miktoarm star-branched

polymer

Block copolymers and miktoarm star-branched polymers are composed of more

than two kinds of polymer chains connected by covalent bonds linearly and

radially, respectively. For example, if A and B polymer chains are linked together,

AB diblock copolymer is formed. Further addition of A polymer chain at the end of

B block chain results in ABA triblock copolymer. Or addition of C polymer chain at

the end of B block chain results in ABC linear triblock terpolymer and further

addition of D polymer chain in ABCD linear tetrablock quaterpolymer and so on

(Fig. 1a). On the other hand, a variety of polymer architectures can be produced by

connecting the chain ends of three or more polymer chains for miktoarm star-

branched polymers (Fig. 1b).

When the segregation power between the block chains of different kinds is

strong enough for block copolymers and miktoarm star-branched polymers, they

segregate from each other to form a phase-separated structure. However, because of

the connectivity between the block chains, large domain structures typically of the

order of micron sizes observed in polymer blends cannot grow into block copoly-

mers and miktoarm star-branched polymers. Instead, they form regular periodic

domain structures of 10–100 nm size with various morphologies via self-assembly.

The morphologies depend on the connectivity and relative volume of the
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constituent block chains as well as the strength of the repulsive interactions between

the block chains. On the other hand, the sizes of the self-assembled structures

depend on the degree of polymerizations of the constituent block chains. This

chapter gives the overview of the phase behavior of block copolymers and the

morphologies of block copolymers and miktoarm star-branched polymers.

1 Phase Behavior of Diblock Copolymers

Block copolymers and miktoarm star-branched polymers consisting of immiscible

combination of polymers self-assemble to form periodic ordered structures with

sub-micron-scale (typically 10–100 nm) phases referred to as “microdomains.” Let

us consider the most simple case, AB diblock copolymer, where A and B block

chains are linked together by a covalent bond, and overlook their phase behavior.

As the segregation power between the two components of the diblock copolymer

decreases, segmental mixing of them occurs and the phase transition from the

ordered phase to the disordered phase (DIS) takes place as schematically illustrated

in Fig. 2. This is known as “order-disorder transition (ODT)” and is observed by

temperature change (usually by heating) for relatively low molecular weight block

copolymer or by adding common solvent for the two components. In the disordered

state (Fig. 2b), only the thermally induced concentration fluctuation exists. The

segregation power can be scaled by the product of two parameters, χN, where χ is

the Flory-Huggins segmental interaction parameter between the two components

and N is the total degree of polymerization of the diblock copolymer. In the case of

AB diblock copolymer consisting of A and B block chains having the degrees of

polymerization, NA and NB, respectively, N¼NA +NB. The reason why the segre-

gation power is proportional to N is that an increase in entropy caused by mixing is

A B

A B

A B

A B C D

A

B

C

D

AB

C

A

BA AB

C

(a) (b)

A

Fig. 1 Molecular architectures: (a) from the top, AB diblock copolymer, ABA linear triblock

copolymer, ABC linear triblock terpolymer, and ABCD linear tetrablock quaterpolymer and (b)
clockwise from the top left, (AB)3 miktoarm star copolymer, A2Bmiktoarm star copolymer, ABCD
miktoarm star quaterpolymer, and ABC miktoarm star terpolymer
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proportional to 1/N as can be seen in the Flory-Huggins theory. Usually, χ is

proportional to the inverse temperature and obeys the relationship χ¼A +BT�1,

where T is absolute temperature and A and B are constants. ODT takes place when

χN reaches its critical value, (χN)c. Using random phase approximation based on

the mean-field model, Leibler [1] has shown that the diblock copolymer with a

symmetric composition f¼ 0.5 has the critical point at (χN)c¼ 10.5 and first-order

phase transition takes place for other compositions.

When χN> (χN)c, A and B block chains segregate into A and B rich phases,

respectively. However, due to the connectivity between A and B block chains, they

cannot separate from each other to accomplish macroscopic phase separation unlike

the case of the blends of A and B homopolymers. Instead, the block copolymer

forms a periodic alternating A and B microdomains with a long-range order as

shown for strong segregation of the ordered state in Fig. 2a. The domain size is

limited by the coil size of the block chains and the domain spacing,D, is of the order
of the radius of gyration of the block copolymer, which is 10–100 nm depending

primarily on N or the molecular weight. The equilibrium domain spacing is attained

when the enthalpic and entropic effects are balanced. The enthalpic effect origi-

nated by the repulsive interaction between A and B block chains drives D to expand

by reducing the interfacial area or the area per junction between A and B block

chains. Stronger the repulsive interaction, less interfacial area per block chain,

resulting in stretching the block chains in the direction normal to the interface.

On the other hand, the stretching of the block chains decreases the conformational

entropy of the block chains. Therefore, the entropic force tends to shrink and relax

(a) (b)

strong segregation

weak segregation

Disordered state

Ordered state

ODT

A

BA

BA

Fig. 2 Molecular packing models for (a) ordered state and (b) disordered state for diblock

copolymer. Order-disorder transition (ODT) occurs between the disordered state and the ordered

state at χN¼ (χN)c
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the block chains by decreasingD. Thus, the equilibrium domain spacing depends on

χ and N. When the thermal noise becomes significant, especially for a block

copolymer of small molecular weight at high temperatures, the ODT occurs at a

stronger segregation power than the critical point predicted by the mean field

theory, that is, (χN)c¼ 10.495 + 41.022N�1/3 [2]. Also, this effect has been found

even at the critical point and the phase transition becomes first-order. Since the

ODT temperature is very high for a block copolymer of relatively high molecular

weight, it is not possible to observe the ODT by heating. However, we can reduce

the segregation power by adding common good solvent for A and B components to

observe the ODT in the solution system.

In the strong segregation limit of χN> 100, the fraction of each component in A

and B microdomains is very close to either 1 or 0 as illustrated in the upper part of

Fig. 2a. The thickness of the microdomain interface, the region where A and B

block chains are partially mixed, is as small as aχ1/2 (a: statistical segment length)

and much smaller than the domain spacing D. Theoretical predictions [3–5] of the
phase diagrams for the strong segregation limit of AB diblock copolymer based on

the three classical microdomain morphologies, alternating layers of A and B

microdomains (lamellae, LAM), hexagonally packed cylinders (HEX), and spheres

packed in body-centered cubic (BCC) lattice (schematically illustrated in Fig. 3a, d

and e, respectively), showed that the morphology depends only on the copolymer

composition and changes in this order as the composition deviates from the

symmetrical composition (50/50) but does not depend on temperature (or χ).
Hasegawa et al. [6] reported the experimental phase diagram for polystyrene-

block-polyisoprene (SI) diblock copolymers with various compositions and molec-

ular weights. They found that the morphology did not depend on molecular weight

(or N ) but changed in this order with composition and showed the composition

window for each microdomain structure. In addition, they first reported the exis-

tence of composition window (the volume fraction of polystyrene component

between 63 and 67 %) for the regular network morphology between the windows

for lamellae and cylinders. The network morphology was first assigned to ordered

bicontinuous double diamond (OBDD) but later corrected to double gyroid (or Ia3d)

(Fig. 3c).

(a) (b) (d) (e)(c)

Fig. 3 Models of five equilibrium microdomain morphologies for diblock copolymers.

(a) Lamellae (LAM), (b) Fddd network, (c) double gyroid network (Ia3d), (d) hexagonally packed
cylinders (HEX), (e) body-centered cubic (BCC) spheres
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The equilibrium domain spacing D in the strong segregation limit of AB diblock

copolymer is determined to balance the two conflicting effects, enthalpic and

entropic, under the condition of incompressibility. By minimizing the total free

energy, one can get the scaling law for the equilibrium domain spacing:D ~ aN2/3χ1/
6. The exponent 2/3 of N dependence was experimentally confirmed by the small-

angle X-ray scattering (SAXS) studies of SI diblock copolymers [6–8]. There is no

experimental study on the dependence of D on χ in the strong segregation limit in

bulk, but there are some studies of the dependence of D on the polymer concentra-

tion ϕP of SI diblock copolymer solutions in neutral solvents. Hashimoto et al. [9]

obtained D ~ (ϕP/T)
1/3 for SI diblock copolymers in toluene, while Hanley and

Lodge [10] reported D ~ϕP
0.32χ0.25~0.33 for SI diblock copolymer in dioctyl phthal-

ate (DOP).

The microdomain morphology illustrated in Fig. 3a for the ordered state in the

strong segregation limit is known as lamellae (LAM), where the volumes of A and

B block chains are nearly symmetric. As the asymmetry in copolymer composition

f (ex. fA¼NA/N ) is introduced and increased, the flat interfaces of lamellae become

unstable because the homogeneous packing of the chain segments is no longer

possible (Fig. 4a). Thus, curvature is introduced into the interfaces to fulfill the

requirements of the uniform segmental distribution while keeping the balance of

enthalpic and entropic effects (Fig. 4b). Consequently, the morphology changes

from LAM to Fddd, Ia 3 d, HEX and BCC with increasing the asymmetry in

composition as illustrated in Fig. 3. The mean curvature of the interface increases

from 0 for LAM to the maximum at BCC in this order.

In the ordered state near χN¼ 10, which is called the weak segregation limit, the

segregation power is weak resulting in the broad concentration gradient across the

microdomain interfaces due to the partial mixing of the block chains as illustrated in

the lower part of Fig. 2a. It should be noted that the thermal motion of the polymer

chains in the weak segregation limit is very active and the interfaces fluctuate

dynamically in contrast to the strong segregation limit where the junctions of the

block chains are fixed on the narrow interfaces. Therefore, the local concentration

in the weak segregation limit changes from time to time. Pulling out a block chain

from the related microdomain, as denoted by A in the center of the lower part of

Fig. 2a, may also happen, which is not possible in the strong segregation limit.

Leibler [1] predicted the microdomain morphology and the phase diagram in f vs.
χN space in the weak segregation limit by comparing the free energy of Landau-

Ginzburg type for the three possible morphologies: LAM, HEX, and BCC. The

phase diagram first suggested the possibility of morphological transition (or order-

Fig. 4 Packing of block

chains with asymmetric

composition along (a) a flat
interface and (b) curved
interface
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order transition, OOT) from LAM to HEX and then to BCC before reaching ODT

with decreasing χN.
Matsen et al. [11, 12] employed self-consistent field theory (SCFT) with a mean-

field model to obtain the phase diagram of diblock copolymer covering the space

from weak to strong segregation limits. SCFT calculates the behavior of polymer

chains assuming a single chain in the mean field obtained as the self-consisting field

of many chains interacting with each other. It can predict the phase diagram, spatial

concentration distribution as well as the chain conformation. A phase diagram

similar to that reported by Leibler [1] was obtained. In addition, they found Ia3d

phase on both sides of LAM in the composition ranges between LAM and HEX for

weak to medium segregation (χN< 40), but not for strong segregation. They also

found close-packed spheres (CPS) phase, spherical microdomains forming a face-

centered cubic lattice, in a very narrow region outside of BCC. In the strong

segregation limit, the microdomain morphology depends only on composition.

Khandpur et al. [13] experimentally determined a phase diagram (Fig. 5a) of

relatively low molecular weight SI diblock copolymers (χN< 40). Their result

qualitatively agreed with the SCFT prediction except for some discrepancies

between the theory and the experiment. SCFT predicts the morphological change

from DIS to BCC, HEX, Ia 3 d, and LAM with increasing χN for the slightly

asymmetric composition near f¼ 0.5. On the other hand, the experiment showed

the ODT at ca. χN ~ 20 and the transition occurred directly from the disordered state

to Ia3d or HEX. Moreover, CPS phase was not observed. This discrepancy was due

to the fact that the SCFT calculation was performed with a mean-field model and

did not take the effect of thermal noise into consideration. The asymmetry of the

experimental phase diagram with respect to f¼ 0.5 is due to the difference in shape

(a) (b)

0
0

1.00.5

10

20

30

40

LAM
HEX

HEX

BCC

HPL

Ia3d

DIS

fPI

ODTMF

χN

Fig. 5 Experimental phase diagrams of SI diblock copolymers in the weak segregation limit after

Khandpur et al. (a) and Kim et al. (b). Phases are labeled by LAM (lamellae), HEX (hexagonally

packed cylinders), HPL (hexagonally perforated layer), Ia3d (double gyroid network), BCC (bcc

spheres), Fddd (Fddd network), DIS (disordered state). fPI is the volume fraction of polyisoprene

component. Phase diagram (b) was obtained by minute examination of the enclosed rectangular

area in phase diagram (a)
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and size of the two monomer units used for the experiment. Nevertheless, SCFT is a

useful tool to predict the phase diagrams of various architectures of block copoly-

mer, as shown in Fig. 1, for wide span of χN after the improvements such as the

correction for the asymmetry of the statistical segment length and the calculations

of the phase diagrams for ABA triblock copolymer and miktarm star polymer have

been reported [14–16]. Besides, the experimental phase diagram introduced a new

morphology, hexagonally perforated layer (HPL) phase, which has the structure of

stacked layers with hexagonally located holes, as well as the OOT between Ia3d and

HPL or HPL and LAM. However, later on the experiment was repeated and it was

found that HPL was the metastable phase [17].

Fddd (schematically illustrated in Fig. 3b) [18–20] is another equilibrium mor-

phology discovered recently in SI diblock copolymers with the polyisoprene-rich

composition around fPI¼ 0.65, where fPI is the volume fraction of polyisoprene

component. Fddd phase was found in the weak segregation region in the fPI range

between LAM and Ia3d. The thermoreversible OOTs between LAM and Fddd and

between Fddd and Ia3d were observed indicating Fddd is an equilibrium morphol-

ogy. The Fddd window is presented by superposing on a part of the experimental

phase diagram of Khandpur et al. [13] as shown in Fig. 5b. This composition

window qualitatively agrees with the SCFT prediction [21]. It should be noted

that the Fddd microdomain structure is stable only at elevated temperatures and

cannot be observed at room temperature unless it is quenched below the glass

transition temperature of the polystyrene component.

2 Analysis of Microdomain Structures

Transmission electron microscopy (TEM) has been regularly used to determine the

microdomain structures of 10–100 nm domain spacing of block copolymers

because the wavelength of accelerated electrons is much smaller than the wave-

length of light used in optical microscopy. Since electron beam is easily absorbed

by polymers even at the acceleration voltage of 100–200 kV used for commercial

TEM instruments, it is necessary to prepare ultrathin sections of 100 nm thick or

less, which are usually cut from bulk samples using an ultramicrotome. To obtain

the contrast against electrons between two different microdomains, it is usually

necessary to stain one component with a staining agent containing heavy elements

such as osmium tetraoxide (OsO4) and ruthenium tetraoxide (RuO4) or iodine.

Analyzing TEM images of microdomain structures and determining the morphol-

ogy were very simple when only three classical morphologies, that is, LAM, HEX,

and BCC, were known. Figure 6 shows typical TEM images for the three morphol-

ogies of SI diblock copolymers. Since polyisoprene (PI) microdomains are stained

with OsO4, which is covalently attached to the C¼C double bonds of PI, they

appear dark in the TEM images by absorbing electrons more than the polystyrene

(PS) microdomains. TEM images in a, b, and c of Fig. 6 exhibit dark dots only, a

mix of dots and lines and lines only, respectively. A simple consideration of the
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projections from single microdomain model units, such as a dot for a sphere, a dot

or line for a perpendicular or parallel cylinder, and a line for a perpendicular plate

(lamella), provides the guess of the morphology as BCC, HEX, and LAM, respec-

tively. However, if more than two morphologies coexist, the analysis is not so

simple and additional information such as the observation by tilting the specimens

is necessary. Discovery of network structures such as Ia3d [22] and Fddd [18] made

the TEM analysis more difficult due to their complexity of the TEM images. Some

examples of the network morphologies are shown in Fig. 7.

Small-angle X-ray scattering (SAXS) is a useful technique to investigate the

structures of 1 nm or larger sizes. Hashimoto et al. [23] first demonstrated how

useful SAXS technique is to analyze the microdomain structure of block copolymer

in detail. Not only the domain spacing and the symmetry (or morphology), but also

the volume fraction of each domain, size distribution, and interface thickness can be

estimated as the fitting parameters of the scattering models. Since X-ray beam used

in SAXS measurements observes much larger area of the sample than TEM,

quantitative and statistical information on the microdomain structure can be

obtained. In the analysis of the microdomain morphology by SAXS, scattering

intensity distribution curves plotted against the magnitude of scattering vector q are
useful. Here, q is defined as q¼ 4πsinθ/λ where 2θ is the scattering angle and λ is
the wavelength of the incident X-ray beam. Due to the crystallographic nature of

the microdomain structures, Bragg reflections can be observed as the scattering

intensity peaks in the SAXS intensity distribution curves. By applying Bragg’s law
to the q values at the scattering peaks qm, one can evaluate the spacing d of the

microdomain arrays as the crystallographic lattice spacing of the (hkl) mirror plane:

dhkl¼ 2π/qm. If multiple peaks are obtained in a scattering curve, the relative

q values of the peaks provide the key to estimate the microdomain morphologies

in block copolymer because different morphologies have different crystallographic

(a) (b) (c)

TEM
images

domain
shapes

projection
shapes

BCC HEX LAM

Fig. 6 From the top, TEM images of SI diblock copolymers, shapes of the microdomain units, and

shapes of the projection of the units for the classical microdomain morphologies: (a) BCC, (b)
HEX, and (c) LAM
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symmetry and, therefore, different ratios of q values at the peak positions. The

ratios of q values at the peak positions for the morphologies discussed above are

listed in Table 1.

The advantage of SAXS study is that one can use melt or solution samples if an

appropriate sample holder is used. Therefore, Ia3d and Fddd in the weak segrega-

tion regime as well as the OOT between them can be studied [18–20]. Here, it

should be noted that SAXS observes the structures averaged in space and time,

although the microdomain structures in the weak segregation regime are dynamic.

The SAXS curves for the Ia3d and Fddd exhibit many scattering peaks enough to

identify the morphologies. Large numbers of the scattering peaks usually suggest

highly regular structures. However, the specimens quenched from the equilibrium

melt at high temperatures for TEM observation exhibit poor short-range order (poor

regularity of local structures) although the long-range order is high (high symmetry

in large area) as shown in the TEM images in Fig. 7b, c. This is because the TEM

images represent the instantaneous shots of the dynamic structures. If the images

were averaged in time, much more regular images in short-range order also should

(a) (b) (c)
Double Gyroid FdddIa3d

Fig. 7 TEM images of SI diblock copolymers for the network microdomain morphologies: (a)

double gyroid network observed in a high molecular weight sample (Mn¼ 146 kD), (b) Ia3d in low
molecular weight sample (Mn¼ 24.6 kD) quenched from 170 �C, and (c) Fddd in the same sample

as (b) quenched from 150 �C

Table 1 Allowed SAXS peaks for various morphologies

Morphology Abbreviation

Peak position ratios

q1:q2:q3:q4:q5:. . .

Lamellae LAM 1 : 2 : 3 : 4 : 5 : 6 : 7 . . .

Fddd Fddd
ffiffiffi
4

p
:

ffiffiffi
6

p
:

ffiffiffiffiffi
10

p
:

ffiffiffiffiffi
12

p
:

ffiffiffiffiffi
13

p
:

ffiffiffiffiffi
15

p
. . .

Double gyroid, Ia3d Ia3d
ffiffiffi
3

p
:

ffiffiffi
4

p
:

ffiffiffi
7

p
:

ffiffiffi
8

p
:

ffiffiffiffiffi
10

p
:

ffiffiffiffiffi
11

p
. . .

Hexagonally packed cylinders HEX 1 :
ffiffiffi
3

p
:

ffiffiffi
4

p
:

ffiffiffi
7

p
:

ffiffiffi
9

p
:

ffiffiffiffiffi
12

p
. . .

Spheres on the body-centered cubic

lattice

BCC 1 :
ffiffiffi
2

p
:

ffiffiffi
3

p
:

ffiffiffi
4

p
:

ffiffiffi
5

p
:

ffiffiffi
6

p
:

ffiffiffi
7

p
. . .

Spheres on the face-centered cubic

lattice

CPS
ffiffiffi
3

p
:

ffiffiffi
4

p
:

ffiffiffi
8

p
:

ffiffiffiffiffi
11

p
:

ffiffiffiffiffi
12

p
:

ffiffiffiffiffi
16

p
. . .
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be obtained. Therefore, it is reasonable that the structure in the weak segregation

limit is called Ia3d instead of double gyroid because two networks are connected

dynamically. On the other hand, the double gyroid structure in the strong segrega-

tion limit obtained from the cast film of a high molecular weight SI diblock

copolymer shows clear interfaces and good short-range order as shown in Fig. 7a.

The feature of the two interwoven networks of double gyroid is clear. It is suggested

that the factor controlling the morphology in the weak segregation limit is the

wavelengths of the concentration fluctuations [18] while that in the strong segre-

gation limit is the spontaneous interfacial curvatures [24].

The narrow composition region in the phase diagram in Fig. 5, where Ia3d, Fddd,

and HPL are observed, is called “complex phase window” [10] because of the

geometrical complexity of the structures located between LAM and HEX. These

complex structures are difficult to analyze by the conventional TEM techniques due

to the overlapping of the structures through the thicknesses of the ultrathin speci-

mens. Recently, electron tomography [25], which combines the computed tomog-

raphy (CT) and TEM, has been developed to observe the 3D images of nano

structures. Three-dimensional observation of the microdomain structures is a pow-

erful tool for the analysis of not only the network structures [26] but also the

miktoarm star polymers [27].

Double gyroid network structure consists of two interwoven networks as illus-

trated in Fig. 3c. Each network is characterized by threefold connectors. The

primary element of the network is a planer tripod with three arms each forming

120� angle. Two tripods are jointed together by twisting. The network consists of

10-nord rings, that is, ten tripod elements form a ring. Each network has right- and

left-handed helices in itself, but since their size and number are different, the

network is chiral. However, the two networks have the shape of mirror images,

and hence double gyroid structure is achiral. Double gyroid has a cubic unit cell

with Ia3d space group. Usually, the minor component of double gyroid forms the

double network and the major component forms the matrix, which is also a

network. On the other hand, Fddd is a single-network structure, though it also

consists of tripod elements. The network consists of 6-nord rings. Fddd is named

after its crystallographic symmetry. It has a face-centered orthorhombic unit cell

with Fddd space group. The Fddd found in SI diblock copolymer [18] has the lattice

constants a:b:c¼ 2(3)1/2:1:2, which allows the superposition of (111), (220), and

(004) reflections at the first peak position stabilizing the concentration fluctuation of

the particular wavelength.

3 Linear ABC Triblock Terpolymers

Adding just one component C to the end of AB diblock copolymer gives tremen-

dous variety and complexity to the microdomain morphologies and the phase

behavior. For ABC triblock terpolymer, three different states can be possible:
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one-phase state (disordered state of mixed ABC), two-phase state (A/mixed BC,

B/mixed AC, and C/mixed AB) and three-phase state (A/B/C). Here, we deal with

only the three-phase state as the consequences of the phase behavior because the

microdomain morphologies of the two-phase state may be similar to those of

diblock copolymers. How many kinds of microdomain morphologies are possible

when A, B, and C components segregate to form independent microdomains?

Simple combination of three basic geometrical shapes such as planes (lamellae),

cylinders, and spheres comprising LAM, HEX, and BCC morphology of diblock

copolymers, respectively, can generate 12 different morphologies as illustrated in

Fig. 8. The morphological variation expands further when we take into account

combination with the network morphology such as Fddd and Ia 3 d. In reality,

extremely complex morphologies such as “knitting pattern” morphology [28] and

“barber pattern” morphology [29], which are hard to imagine from our knowledge

on the microdomain morphology of AB diblock copolymers, have been observed.

Because of such wide variety of morphologies, ABC triblock terpolymers should

have much better capability for applications than AB diblock copolymers if their

microdomain structures can be appropriately controlled and useful functions are

given to each microdomain. There are so many parameters to manipulate in case of

ABC triblock terpolymers compared to AB diblock copolymers. While AB diblock

copolymer is defined by three parameters, fA, χ and N, ABC triblock terpolymer

requires six parameters, fA, fB ( fC¼ 1�fA�fB), χAB, χBC, χAC, and N in addition to

the variation in block sequence (ABC, BAC, and ACB). Therefore, it is extremely

difficult to complete a systematic study by changing fA, fB and N even for a given

ABC triblock terpolymer system. Nevertheless, there are some excellent works

which have been reviewed [30–34].

Fig. 8 Microdomain

structure models of linear

ABC triblock terpolymers

by combination of two

different shapes with

lamellae, cylinders, and

spheres. Three

morphologies with asterisks

are possible for a frustrated

system
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Linear ABC triblock terpolymers are classified into two groups depending on the

relative strength of pair interaction parameters, χAB, χBC, and χAC. When

χAC> χAB� χBC, the system is “nonfrustrated” and AB and BC interfaces are

formed as illustrated in Fig. 9a. On the other hand, when χAC< χAB� χBC, the
system is “frustrated” and AC contact is preferred to BC contact possibly resulting

in coexistence of AB, BC, and AC interfaces depending on the composition as

illustrated in Fig. 9b despite the fact that there are no chemical junctions on the AC

interfaces. Three examples of frustrated morphologies are highlighted by asterisks

in Fig. 8. Obviously, the change of the sequence order switches the frustrated

system to the nonfrustrated system.

Network morphologies in linear ABC triblock terpolymers are also richer than in

AB diblock copolymers [33]. Three types of equilibrium network morphologies

have been known for linear ABC triblock terpolymers. They are double gyroid (Ia3

d), single gyroid (I4132) and Fddd. The I4132 morphology was first observed by

Mogi et al. [35, 36] in polyisoprene-block- polystyrene-block-poly(2-vinylpyridine)
triblock terpolymer, a nonfrustrated system, but they misinterpreted the structure as

OTDD, ordered tricontinuous double diamond as in the case of OBDD. The

networks in Ia 3 d and I4132 both consist of two interwoven gyroid networks

embedded in the matrix phase of the major component. The difference is that the

two end blocks, A and C, form individual networks separately in the matrix phase of

the middle (B) block in I4132 but two core-shell networks composed of A/B (cores

of A encased in shells of B) or B/C blocks are embedded in the matrix phase of C or

A component, respectively, in Ia3d. Because of the spatial connectivity of each

phase, the former is called “tricontinuous gyroid” or “alternating gyroid” and the

latter “pentacontinuous gyroid” or “core-shell gyroid,” On the other hand, Fddd has

only one core-shell network embedded in the matrix phase of the major terminal

block [37].

4 ABC Miktoarm Star Terpolymers

In ABC miktoarm star terpolymers as shown in Fig. 1b, three kinds of block chains

share a single junction that generate a quite unique microdomain morphology

completely different from that of linear ABC triblock terpolymer. In case of

(a) (b)

Fig. 9 Molecular packing

and microdomain interfaces

in linear ABC triblock

terpolymers for (a)
nonfrustrated system and

(b) frustrated system
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microphase separation into three phases, three different microphases of ABC

miktoarm star terpolymers must meet in space to share a single line as their

common intersection, as illustrated in Fig. 10, for a particular case of equal volume

fraction for the three components. Thus, each microdomain has the shape similar to

that of a hexagonal cylinder. The junctions are all confined on the lines where AB,

BC, and AC interfaces meet. Consequently, there will be no junctions on the

interfaces except for those lines at their intersections. This circumstance will not

change for the asymmetric compositions with different volume fractions for A, B,

and C components if the segregation power is strong enough to maintain

microphase separation into three phases. For the case of asymmetric compositions,

it is required for the parallel cylindrical microdomains with different volumes for A,

B, and C components must fill the space in a different but regular manner. In this

case, the vertical cross sections to the cylindrical axes must have the regular

geometrical patterns called Archimedean tiling patterns consisting of regular poly-

gons and there exist only eleven types as illustrated in Fig. 11 [38]. Every vertex in

one type of the tilings is under the same environment and a tiling type is denoted by

a set of integers standing for polygons, which meet consecutively on each vertex.

For example, the tiling type of the microdomain structure as shown in Fig. 10 is

(6, 6, 6) because there are three hexagons around each vertex.

Figure 12 shows the examples of the TEM images and the model patterns for two

types of Archimedean tilings, (4, 8, 8) and (6, 6, 6), observed for polystyrene-

polyisoprene-polydimethylsiloxane miktoarm star terpolymer. It should be noted

that the sides of the polygons of the Archimedean tiling patterns would not

necessarily match the microdomain interfaces. If the junctions are allocated on

curved or helical lines or branched lines, the expected microdomains are not

cylindrical anymore but must form an extremely complex geometry [39]. The

Fig. 10 Molecular packing

of an ABC miktoarm star

terpolymer with the

junctions (circles) on linear

lines forming cylindrical

microdomains of a

particular type (6,6,6)
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(3,3,3,3,3,3) (4,4,4,4) (6,6,6) (3,3,3,6)

(3,3,3,4,4) (3,4,6,4) (3,6,3,6) (3,12,12)

(4,6,12) (4,8,8) (3,3,4,3,4)

3
3

3
3

3

3

4
4

4
4

6
6

6 3 3
3

3

6

3
4

3
4

3

3
64
4

3 36
6 3

1
2

12

124
6

8
4 8

3
4 3

43

Fig. 11 Known 11 Archimedean tilings having the tessellation of regular polygons with every

vertex under the same environment. A tiling type is denoted by a set of integers standing for

polygons, which meet consecutively on each vertex. (3,3,4,3,4) is a quasicrystalline tiling

(a) (b)

(c) (d)

Fig. 12 TEM images and

microdomain models of

polystyrene-polyisoprene-

polydimethylsiloxane

miktoarm star terpolymer

with Archimedean tilings of

(a), (b) (4,8,8), and (c), (d)
(6,6,6) types
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systematic studies on the microdomain morphology of ABC miktoarm star terpoly-

mers were performed experimentally [40–42] and theoretically [43]. A variety of

patterns of cylindrical microdomain morphologies have been observed by TEM.

Yamauchi et al. [27] performed 3D observation of a cylindrical morphology

using electron tomography technique and pointed out that the cylinders are curved

along the cylindrical axes resulting in the small grain size. The tendency of the

cylinders to curve was attributed to the frustration of the block chains confined with

their junctions on the lines. They thought that the addition of a small amount of

homopolymer would release the frustration of the star-shaped molecules by filling

the space and reducing the stretching of the block chains. In fact, they found that the

grain size dramatically increased just by adding a small amount of low molecular

weight homopolymer without alternating the tiling pattern [44]. The asymmetric

interactions between three components such as χAC< χAB� χBC might cause par-

tial mixing of two components. Sioula et al. [45] investigated such a system and

observed core-shell cylinders, which suggests partial mixing of two components

across their interfaces.

Abbreviations

BCC Spheres packed in body-centered cubic lattice

CPS Close-packed spheres

CT Computed tomography

DIS Disordered phase

Fddd Fddd network

HEX Hexagonally packed cylinders

HPL Hexagonally perforated layer

Ia3d Double gyroid network

LAM Lamellae

OBDD Ordered bicontinuous double diamond network

ODT Order-disorder transition

OOT Order-order transition

OsO4 Osmium tetraoxide

OTDD Ordered tricontinuous double diamond network

PI Polyisoprene

PL Perforated layer

PS Polystyrene

RuO4 Ruthenium tetraoxide

SAXS Small-angle X-ray scattering

SCFT Self-consistent field theory

SI Polystyrene-block-polyisoprene
TEM Transmission electron microscopy
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Control of Surface Structure and Dynamics
of Polymers Based on Precision Synthesis

Tomoyasu Hirai, Yukari Oda, David P. Penaloza Jr., Daisuke Kawaguchi,

and Keiji Tanaka

Abstract Aggregation states and dynamics of polymers at the surface are generally

different from those in the corresponding bulk state. To what extent they differ from

that of the bulk strongly depends on the polymer primary structure. Therefore, fine-

tuning the surface properties of polymers can be achieved by exhibiting control over

their structure using precision polymer synthesis. We here show how the polymer

design effectively impacts the structure and dynamics at the surfaces.

Keywords Surface • Interface • Aggregation states • Molecular motion

1 Enhanced Surface Mobility

1.1 General Remarks

As polymer film gets thinner, its physical properties, especially the dynamics,

deviate from the corresponding bulk behaviors [1–10]. This fact is fundamentally

linked to the large ratio of the interfaces against the total volume, which becomes

larger with decreasing film thickness. In short, the chain mobility at the air
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interface, so called surface, is much more enhanced in comparison with that in the

bulk [11–22]. This has been confirmed in a wide range of measurements employing

different characterization techniques such as angular-dependent X-ray photoelec-

tron spectroscopy XPS [11, 12], various modes of scanning force microscopy

(SFM) [13, 14], near-edge X-ray absorption fine structure [15, 16], positron anni-

hilation lifetime spectroscopy [17, 18], optical birefringence measurement [19, 20],

melting of topographic structure [21, 22], to name a few. However, in the case of

the substrate interface, the chain mobility is confirmed to be opposite, where the

chain becomes less active [23–28]. These concepts of the mobility of polymer

chains in thin films are important in many technological applications [29–31]. Thus,

a thorough understanding of interfacial properties in polymer thin films can lead to

the improvement of the performance for these functional polymeric materials.

1.2 Effect of Synthetic Method

Samples of different number-average molecular weights (Mns) of monodisperse

proton-terminated polystyrenes (PSs) were synthesized by a living anionic poly-

merization using sec-butyl lithium and methanol as an initiator and a terminator,

respectively [32, 33]. From these various PS samples, films were prepared and the

surface mobility was examined by scanning viscoelasticity microscopy in conjunc-

tion with lateral force microscopy. The measured surface Tg (Tg
s) of each of the

films is generally much lower than the corresponding bulk Tg (Tg
b) evaluated by

differential scanning calorimetry (DSC). A possible explanation for the enhanced

surface dynamics is that the chain end portions were found to be segregated at the

air interface leading to an excess free volume in this region. This will be discussed

in the later section accompanied by experimental evidences.

The choice of different polymerization techniques also yielded an interesting

finding on the polymer surface properties. We have found that the surface mobility

of a PS sample synthesized by free radical polymerization is different compared to a

well-defined PS prepared by living anionic polymerization [34]. Figure 1 shows the

schematic illustration of the surface aggregation states for PSs by living anionic and

Fig. 1 Schematic illustration of the surface molecular aggregation states for PS prepared by living

anionic polymerization and free radical polymerization (Reprinted with permission from (Tanaka

K, Takahara A, Kajiyama T (1997) Effect of polydispersity on surface molecular motion of

polystyrene films. Macromolecules 30:6626–6632. doi:10.1021/ma970057e). Copyright (1997)

American Chemical Society)
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free radical polymerizations, respectively. In these samples, all parameters were

made equal except for the chain end structure and the polydispersity index (PDI)

[34]. In the case of the PS mentioned above, both ends contained a sec-butyl
fragment and a repeating unit terminated with a proton. In this case, since the

surface free energy for the chain ends is smaller than that of the main chain, they are

preferentially segregated at the film surface. On the other hand, when PS is

synthesized by free radical polymerization using azoisobutyronitrile, redox initia-

tor, or any other type of initiators, the hydrophilic fragments of the initiator used are

incorporated into the chain ends because most of the radical chain ends are

quenched during by recombination [35]. This leads to the surface depletion of the

chain ends because of a higher surface free energy due to these kinds of fragments.

In addition, the molecular weight distribution of PS is larger when prepared via

free radical polymerization than living anionic polymerization. Since smaller molec-

ular weight components are generally segregated at the film surface [36, 37], this

effect should be also taken into account for the observed surface dynamics [34].

1.3 Chain End Chemistry

The enhanced surface mobility can be explained in terms of the surface segregation

of chain ends resulting in an excess free volume in the surface region [32, 33,

38]. To give a better understanding of this concept, well-defined polymers with

polar chain ends were consequently studied.

Here, α,ω-diamino-terminated PS (α,ω-PS(NH2)2) and α,ω-dicarboxy-termi-

nated PS (α,ω-PS(COOH)2) in addition to proton-terminated PS (PS-H) synthesized

by living anionic polymerization were used [33, 39]. Figure 2 shows the chemical

structures of PS-H, α,ω-PS(NH2)2, and α,ω-PS(COOH)2.

Fig. 2 Chemical structures of PS-H, α,ω-PS(NH2)2, and α,ω-PS(COOH)2, respectively

(Reprinted with permission from (Satomi N, Tanaka K, Takahara A, Kajiyama T, Ishizone T,

Nakahama S (2001) Surface molecular motion of monodisperse α,ω-diamino-terminated and α,ω-
dicarboxy-terminated polystyrenes. Macromolecules 34:8761–8767. doi:10.1021/ma010126w).

Copyright (2001) American Chemical Society)
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Figure 3 shows the effect ofMn and chain end groups on Tg
s. As a general trend,

Tg
s is much lower than the corresponding Tg

b at a given molecular weight. Also, Tg
s

has a stronger Mn dependence than Tg
b. The Tg

s value depends on the chain end

chemistry at a given Mn, as will be later discussed. Further, the extent of the Tg
depression at the surface is more striking for PS terminated with hydrophobic

groups. Thus, it is no doubt that the chain end segregation is one of the factors

for the observed Tg depression at the surface. A possible explanation for the

enhanced surface dynamics is that chain end portions are segregated at the air

interface leading to an excess free volume. However, even at ultrahigh Mn being

larger than 1,000 k, where in this case the chain end effect is deemed negligible, the

Tg
s is still lower than the Tg

b. This only means to suggest that the chain end effect

alone cannot entirely account for the enhanced mobility at the surface [32]. It is

noteworthy that the film surface is already in a glass-rubber transition or rubbery

state at room temperature in the case of Mn smaller than approximately 40 k.

The surface free energy of the end-amino groups is larger than that of the main

chain part. This implies that the chain ends should be depleted in the surface region.

Actually, this was what was observed by XPS, a surface sensitive technique at a depth

range of down to 10 nm. If this is the case, the excess free volume induced by chain

ends would not contribute significantly to the mobility in the surface region probed by

SFM. Thus, the extent of the Tg
s depression is milder for PS with higher surface

energy ends than for PS with hydrophobic end groups at a givenMn, as seen in Fig. 3.

In contrast to the PS-H and α,ω-PS(NH2)2, the Mn dependence of Tg
s as well as

Tg
b for α,ω-PS(COOH)2 is not so clear. Since the α,ω-PS(COOH)2 chains are

intermolecularly associated between carboxyl groups at the chain ends via hydro-

gen bonding, the apparentMn of the α,ω-PS(COOH)2 increases in comparison with

the original Mn. The intermolecular association between carboxyl groups was

confirmed by Fourier-transform infrared spectroscopy. Hence, it is difficult to

Fig. 3 Mn dependence of Tg
s and Tg

b for the PS with various chain end groups. The filled and open
symbols denote Tg

s and Tg
b, respectively (Reprinted with permission from (Satomi N, Tanaka K,

Takahara A, Kajiyama T, Ishizone T, Nakahama S (2001) Surface molecular motion of monodis-

perse α,ω-diamino-terminated and α,ω-dicarboxy-terminated polystyrenes. Macromolecules
34:8761–8767. doi:10.1021/ma010126w). Copyright (2001) American Chemical Society)
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discuss about the Mn dependence of Tg
s and Tg

b for the α,ω-PS(COOH)2. In any

event, chain end chemistry is one of the responsible factors influencing the magni-

tude of Tg
s. Thus, it can be concluded that the precision synthesis can control the

surface mobility of polymers in films without changing Mn.

2 Surface Segregation in Polymer Blends

2.1 General Remarks

The aggregation states of polymers at the air interface are often different from those

in its interior bulk region. For example, in the case of symmetric miscible mixtures

of two polymers, studies revealed that the lower surface energy component is

enriched at the surface [40–42]. Also, the concentration profile near the surface

can be well expressed by mean-field and self-consistent mean-field models [43–

45]. This can be simply understood by taking into account the thermodynamics at

the air interface; that is, the lower surface energy component energetically prefers

to come in contact with the zero surface energy medium such as air. However,

depending on the intended technological applications of polymeric materials,

sometimes the surface segregation of a higher surface energy component in the

blends might be desired [46, 47]. Hence, to design and construct highly

functionalized polymer surfaces, it is crucially important to explore how the surface

properties can be controlled without changing the bulk structure and properties.

This can be also made on the basis of the precision synthesis of polymers, especially

chain end chemistry, as will be discussed below.

2.2 Surface Segregation

A pair of PS and poly(vinyl methyl ether) (PVME) has been widely studied as a

complete miscible mixture at room temperature [48]. PVME having a much lower

surface energy than PS by 7 mJ m�2 was preferentially segregated at the surface [40,

42]. Here, we focused our study on the surface region of the PS/PVME blend system

[48]. At first, the surface segregation in blend films composed of monodisperse PS

and fractionated PVME is shown on the basis of XPS. Then, we present how the

chemical composition at the surface in the PS/PVME blend films can be controlled.

Figure 4 shows the average volume fraction of PVME within a given analytical

depth, ϕave, in symmetric dPS/PVME blend films with various Mn pairs as a

function of sin θ. Here, θ is the take-off-angle of photoelectrons for the XPS

measurement. Since the analytical depth of XPS is given by 3λ/sin θ, where λ is

the mean-free path of photoelectrons in the film, the abscissa corresponds to the

depth. The term symmetricmeans that the degrees of polymerization, N, for both the
components are almost the same. Also, dPS was used instead of PS so that the

surface composition in the blend films obtained by XPS can be directly compared
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with the results obtained by other methods such as secondary ion mass spectrometry

and neutron reflectivity (not shown in this review). For all films studied, ϕave

increased with decreasing sin θ, meaning that the PVME component was gradually

enriched toward the surface. However, such increase is not sensitive to change in

Mn namely, the degree of polymerization, N, as long as symmetric blends (sameMn

for the components) were prepared. The ϕave vs. sin θ relation can somehow be

converted to the composition profile in the real space after some calculations

[48]. Each inset depicts the corrected composition profile in the surface region

down to 10 nm. Here, the outermost surface of the dPS/PVME blend films is

ensured to be completely covered with the lower surface energy component of

PVME being independent of N.

Fig. 4 Sin θ dependence of average PVME volume fraction for symmetric dPS/PVME blend

films with different Mn pairs. (a) dPS-128k/PVME-58.2k, (b) dPS-107k/PVME-61.2k, (c) dPS-
49k/PVME-25.7k, and (d) dPS-27k/PVME-15.0k, respectively. The abscissa of sin θ corresponds
to the analytical depth. Open circles are the experimental data, and solid curves in the main panels

denote the best-fit ones. The insets show real composition profile in the surface region deduced by

a mean-field approximation using the XPS data (Reprinted with permission from (Kawaguchi D,

Tanaka K, Kajiyama T, Takahara A, Tasaki S (2003) Surface composition control via chain end

segregation in blend films of polystyrene and poly(vinyl methyl ether).Macromolecules 36:6824–
6830. doi:10.1021/ma034117u). Copyright (2003) American Chemical Society)
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2.3 Chain End Chemistry

In studying the effect of chain end chemistry, we introduced lower surface energy

fluoroalkyl groups (Rf) into both ends of PS by living anionic polymerization,

hereafter, designated as α,ω-PS(Rf)2. The surface properties of the α,ω-PS(Rf)2/

PVME blends were then investigated. Figure 5 shows the analytical depth depen-

dence of surface PVME fraction for the symmetric α,ω-PS(Rf)2/PVME blend films

as a function of N. The dotted line denotes the PVME volume fraction in the bulk.

Two blend systems were considered: α,ω-PS(Rf)2 having an Mn of 157 k/PVME

(Mn of 87.7 k); and α,ω-PS(Rf)2 (Mn of 47.8 k)/PVME (Mn of 28.9 k). The surface

PVME fraction was higher than the bulk value and was invariant with respect to sin

θ, implying that there exists a uniform PVME-rich layer in the measured depth

region. Also, the surface composition is almost equivalent to the bulk one for the

α,ω-PS(Rf)2 with Mn of 25.2 k/PVME with Mn of 12.5 k film. That is, no surface

enrichment took place for this blend film. These results were, however, inconsistent

with the prediction of the mean-field theory. Since the surface PVME fraction

decreased with decreasing N, or increasing number density of Rf chain ends, it is

conceivable that the surface enrichment of PVME was suppressed by the presence

of Rf chain end groups.

XPS results revealed that even in the α,ω-PS(Rf)2/PVME blend films, the Rf end

groups are almost perfectly localized at the surface due to the lowest surface energy

in the system. Since the PS segments are directly connected to the Rf groups, they

are inevitably pulled out from the surface. This is as though the chain ends behave

like floating buoys for the PS segments [49]. Assuming that this is valid, the extent

by which the PVME component is enriched at the surface should be inversely

Fig. 5 Sin θ dependence of surface PVME fraction for symmetric α,ω-PS(Rf)2/PVME blend films

with different Mn pairs (Reprinted with permission from (Kawaguchi D, Tanaka K, Kajiyama T,

Takahara A, Tasaki S (2003) Surface composition control via chain end segregation in blend films

of polystyrene and poly(vinyl methyl ether). Macromolecules 36:6824–6830. doi:10.1021/

ma034117u). Copyright (2003) American Chemical Society)
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proportional to the number density of the Rf chains ends, namely N. This is strongly
supported by the data in Fig. 5. Hence, it seems reasonable to conclude that the

suppression of the PVME fraction at the surface in the α,ω-PS(Rf)2/PVME films is

connected to the surface localization of the Rf chain ends. The results presented

here satisfactorily support our claim that the surface chemical composition in

polymer blends can be somehow controlled by structurally modifying one of the

components by chain end chemistry.

Although the chemical modification of the chain ends of PS is quite effective to

control the surface composition in the blends, using such approach to achieve the

surface segregation of the PS component is not satisfactory enough. Hence, a study of

the effect of molecular weight disparity between components combined with chain

end chemistry was also conducted. A low molecular weight component is generally

enriched at the surface [36, 37], which can be attributed to conformational entropy

loss and localization of chain ends at the surface. Figure 6 shows the relation of sin θ
versus surface composition for asymmetric α,ω-PS(Rf)2 with Mn of 10.2 k/PVME

with Mn of 77 k (NPS¼ 90, NPVME¼ 1,330) blend film. Interestingly, the PVME

fraction decreased with decreasing sin θ, meaning that the PS segments were enriched

at the surface and that the concentration asymptotically reached the bulk value with

increasing depth. On the other hand, in the case of asymmetric PS withMn of 10.2 k/

PVME with Mn of 77 k film, the surface PVME fraction is still higher than the bulk

value, although the extent is also suppressed (not shown). Hence, the surface segre-

gation of the PS component could only be attained through the combination of chain

end chemistry and molecular weight disparity. The results clearly support our claim

that the surface composition in miscible binary polymer mixtures can be effectively

regulated by chain end chemistry.

Fig. 6 Sin θ dependence of surface PVME fraction for asymmetric α,ω-PS(Rf)2-10.2 k/ PVME-

77.0 k blend film (Reprinted with permission from (Kawaguchi D, Tanaka K, Kajiyama T,

Takahara A, Tasaki S (2003) Surface composition control via chain end segregation in blend

films of polystyrene and poly(vinyl methyl ether). Macromolecules 36:6824–6830. doi:10.1021/
ma034117u). Copyright (2003) American Chemical Society)
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3 Interfacial Chain Conformation

3.1 General Remarks

Today, there are numerous technological applications where polymers are

interfaced with water such as in the case of polymers used in filtration membranes,

biomedical devices, fuel cells, implants, etc. [50, 51]. In such applications, the

performance of these devices is strongly related to the aggregation states and

dynamics of the polymers at the interfaces. Crucially important as well is the

structure of water surrounding the polymer chains. Obviously, these interactions

between the components, both from the perspective of the polymer and the water

environment at the interface are essential in the design and construction of such

devices [52, 53]. However, our knowledge of polymer interfaces with liquids,

including water, is still lacking in as far as the general level of understanding of

the aggregation states and dynamics of polymers.

Poly(methyl methacrylate) (PMMA), a glassy polymer at room temperature, has

been widely used in membranes for water filtration and dialysis [54, 55], artificial

lenses in ophthalmology [56, 57], biotips in micro-total-analysis (μ-TAS) systems

[58, 59]. The stereoregularity of PMMA has been found to significantly affect its

physical properties [60–62]. For instance, we have shown that the isotactic-PMMA

(i-PMMA) and syndiotactic-PMMA (s-PMMA) despite having the same chemical

structure for their repeating units and only differ in the connectivity for the

sequential units, exhibited different local conformation at the air and water inter-

faces, as shown below. Both samples were prepared by anionic polymerization.

3.2 Surface Conformation

To probe the local conformation of these polymers, sum-frequency generation

(SFG) vibrational spectroscopy that possesses the best depth resolution among

available techniques at the moment and capable of probing structures at depths

better than 1 nm [63–65], was applied. Here, three repeating units for each stereo-

regular isomer were taken into account [66]. Figure 7 shows the schematic repre-

sentation of possible local conformations for i-PMMA with (a) trans-trans and

(b) trans-gauche backbone conformations at the air interface. Spheres in red, green,

and white correspond to oxygen, carbon, and hydrogen atoms, respectively. Also,

spheres and bonds in yellow represent the methylene backbone. Based on the SFG

spectra, the trans-gauche backbone conformation is more likely for i-PMMA.

If the main chain is distorted along the chain axis, the steric repulsion among

side chains, especially involving the ester groups, becomes less. While the repul-

sion becomes less, the results of theoretical calculations show that the steric

repulsion among the ester groups of a PMMA chain cannot be simply ignored

[67]. Hence, it seems reasonable to assume that i-PMMA does not take the well-

defined trans-trans backbone conformation, but instead leads to a slight different
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form with some degree of distortion. In the case of the trans-gauche backbone

conformation, all of the functional groups are not oriented in one direction, or in the

interfacial plane, as shown in panel (b). This suggests that the hydrophilic carbonyl

groups can be also oriented to the air phase.

The local conformation of s-PMMA at the air interface is also discussed. In the

case of the trans-trans backbone conformation, the methylene groups of s-PMMA

orient along the direction normal to the interface, as shown in the panel (c) of Fig. 7.

On the other hand, in the case of the trans-gauche backbone conformation, the

methylene groups orient along the direction almost parallel to the air interface, as

shown in panel (d). SFG results suggest that s-PMMA chains are in the trans-trans
as well as the trans-gauche backbone conformations at the outermost interface with

air. Also, it is noteworthy that both backbone conformations have the hydrophobic
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gauche backbone conformation and for s-PMMA formed by (c) trans-trans and (d) trans-gauche
backbone conformation at the air interface. Left and right columns correspond to the X–Z and Y–Z

planes, respectively. The red, green, and white spheres denote oxygen, carbon, and hydrogen

atoms, respectively. Yellow spheres and bonds represent the main chain part (Horinouchi A,

Tanaka K (2013) An effect of stereoregularity on the structure of poly(methyl methacrylate) at

air and water interfaces. RSC Adv. 3:9446-9452. doi:10.1039/c3ra40631h]-Reproduced by per-

mission of The Royal Society of Chemistry)
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functional groups, methylene, α-methyl, and ester methyl groups, oriented toward

the air interface. As a consequence, s-PMMA is more hydrophobic than i-PMMA,

as confirmed by the water contact angle measurement.

3.3 Interfacial Conformation at Water Interface

The SFG spectrum for i-PMMA at the water interface is quite similar to the one at the

air interface in shape, meaning that the local conformation of i-PMMA at the outermost

region may not be much altered under the water phase. That is, similar to the

conformation at the air interface, the main chain part of i-PMMA is minimally oriented

at the water interface, with ester methyl groups oriented along the direction normal to

the water interface and α-methyl groups oriented almost parallel to the interface. As

previously stated, the hydrophilic carbonyl groups might be oriented at the air inter-

face. Considering these things, although the outermost region comes in contact with

water, the PMMA chains do not have to undergo a significant conformational change

to form attractive interactions with water molecules via hydrogen bonds. The air-facing

surface of s-PMMA is covered with hydrophobic groups, as already stated. Thus, to

form hydrogen bonds between carbonyl groups with water molecules, the side chains

have to turn over. This could only be possible if the main chain part is randomized.

This scenario is strongly supported by the corresponding SFG spectra.

We here discuss the local conformation of PMMA with three monomer units,

this time at the water interface. Figure 8 illustrates a model for i-PMMA and s-
PMMA with the trans-trans and trans-gauche backbone conformations at the water

interface. The carbonyl groups of i-PMMA strongly bond to water molecules as

well as other carbonyl groups. When the triad of i-PMMA is in the trans-trans
conformation, carbonyl groups could efficiently orient to the water phase, as shown

in panel (a). However, such a conformation is not energetically preferable at the air

interface. Thus, if i-PMMA chains were to adopt the trans-trans conformation,

hydrophilic carbonyl groups should orient to the internal direction at the air

interface and then turn around toward the water phase. However, this is not

consistent with the experimental result discussed above. Another possibility is for

the local conformation of i-PMMA at the water interface assumes a helical structure

due to a trans-gauche conformation with some degree of backbone distortion and/or

of trans-trans conformation. In this case, a clear surface reorganization caused by

water may not have occurred. This is because the carbonyl groups at the outermost

region, which are already oriented toward the interface even without water, could

easily bind water molecules once the film surface comes in contact with water. This

latter explanation complements our experimental results. Thus, the most plausible

conformation of i-PMMA should be the one shown in panel (b) of Fig. 7. On the

other hand, s-PMMA is in the trans-trans conformation at the air interface. Thus,

once the film comes in contact with water, the carbonyl groups turn around to orient

toward the water phase so that they form hydrogen bonds with water. To do so,

hydrophobic ester methyl groups simultaneously turn toward the internal direction,

as shown in panel (c). This results in a more preferable stable form due to a decrease
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in interfacial free energy. Thus, it can be claimed that the precision polymerization

can control the local conformation of polymers at the interface.

4 Water Structure Induced by Polymer Interface

4.1 General Remarks

The interaction of polymers in aqueous environments plays a crucial role in several

important chemical, physical, and biological areas of interest such as coatings, self-

assemblies, and biocompatibility of polymeric implants, to name a few. In
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bio-related applications, the quantity of polymers used for medical diagnosis

continually increases [50, 51]. New tools for tailor-made diagnostics, such as arrays

and tips for μ-TAS, are generally made from polymers [58, 59]. In addition,

biomedical devices such as catheters and heart-lung machines improve the quality

of human life. In these applications, the polymer surface is in contact with the body

fluid mainly composed of water. Thus, the fundamental interactions of the polymer

with water should be addressed as the first benchmark for the design and construc-

tion of highly functionalized μ-TAS tips as well as safe and long term-usable

biomedical devices [68–70]. Despite the importance of this issue, little is known

about controlling factors of the primary structure of the polymer on the properties of

the water interface. We here show how the primary structure of polymers can

regulate aggregation states of water molecules at the interface.

4.2 Water Structure at PMMA Interface

So far, we present that the local conformation of PMMA is dependent on its

stereoregularity. Given that water molecules interact with the hydrophilic portion

of PMMA, the aggregation states of water at the PMMA interface should depend on

the polymer tacticity. Figure 9 shows the SFG spectra in the O-H vibration region

for water on i- and s-PMMA with the ssp polarization combination, which enables

us to gain direct access to the information along the direction normal to the

interface. The shape of the SFG spectrum on i-PMMA significantly differs from

the one on s-PMMA. According to published reports, the peaks around 3,150, 3,600

and 3,750 cm�1 are assigned to the O-H vibration of ice-like water, of highly

ordered water molecules, and of free water, respectively [71–73]. The peak around

3,150 cm�1 is clearly observed both on PMMA, and its intensity in the two

3000 38003200 3400 3600

Wavenumber / cm–1

S
F

G
 s

ig
na

l /
 a

.u
.

ssp1. i-PMMA
2. s-PMMA

1

2
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combination (Horinouchi A,

Tanaka K (2013) An effect
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structure of poly(methyl

methacrylate) at air and

water interfaces. RSC Adv.
3:9446-9452. doi:10.1039/
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by permission of The Royal
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conformations differs. Generally, it has been widely accepted that water molecules

easily form hydrogen bonds among themselves near the hydrophobic domains,

resulting in the formation of an ice-like structure at the interface. In the case of i-
PMMA, a helical conformation is assumed by the polymer, even in water. Thus,

nanoscopic hydrophobic domains could be formed at the water interface. For s-
PMMA, the α-methyl groups are aligned along the direction parallel to the water

interface, leading to the formation of hydrophobic domains at a sub-nanometer

scale at the water interface. The size of the hydrophobic domains is a particularly

challenging topic that cannot be readily investigated by SFG. However, assuming

that the domain size in i-PMMA is smaller than that in s-PMMA, the difference in

the peak intensity between i- and s-PMMA can be rationalized.

4.3 Effect of Water Structure at PMMA Interface

An effect of side chain carbonyl groups presence on the water structure at the

polymer interface is finally discussed [74]. Here, poly(methyl 2-propenyl ether)

(PMPE), structurally similar to PMMA except for the absence of a carbonyl group,

synthesized by a base-assisting living cationic polymerization is used [75, 76].

Figure 10 shows the chemical structures of PMPE and PMMA. SFG spectroscopy

revealed that although the polar methoxy groups of PMPE is favorably toward the

D2O phase, the extent of the side chain ordering for PMPE is not as striking as that

for PMMA. Figure 11 shows the SFG spectra in the O-H vibration region for PMPE

and PMMA with the ssp polarization combination. The peaks around 3,150, 3,450,

3,600 and 3,750 cm�1 are assignable to the O-H vibration of ice-like and liquid-like

waters, dangling O-H vibration, and free O-H vibration, respectively. On the PMPE

film, the peak derived from the ice-like water is clearly observed around

3,150 cm�1 as well as on the PMMA film. In general, it is accepted that the

ice-like water is induced via hydrogen bonding among water molecules near the

hydrophobic domains. If this is the case, PMPE may form hydrophobic domains at

the water interfaces.

Fig. 10 Chemical structures of PMPE and PMMA, respectively (Reprinted with permission from

(Oda Y, Horinouchi A, Kawaguchi D, Matsuno H, Kanaoka S, Aoshima S, Tanaka K (2014) An

effect of side-chain carbonyl groups on the interface of vinyl polymers with water. Langmuir

30:1215–1219. doi:10.1021/la404802j). Copyright (2014) American Chemical Society)
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A broad peak around 3,400–3,600 cm�1 is observed for PMMA. This is a

signature of the presence of highly ordered water structure, probably composed

of liquid-like waters and waters with dangling O-H, which may be understood to be

caused by hydrogen bonding between the carbonyl groups and water molecules. On

the other hand, it is not as clear in the case of PMPE. Taking into account that the

side chain carbonyl groups do not exist on PMPE, the result seems to be reasonable.

At the same time, looking at the spectrum carefully, it may be possible to claim that

there are slight peaks or shoulders around 3,450 and 3,600 cm�1. If that is the case,

this could be because of the methoxy groups of PMPE forming a relatively weak

interaction with water. However, either way, the highly ordered water structure is

not clearly formed on PMPE.

A small peak indicating the presence of free water is observed on PMPE around

3,750 cm�1. This implies that PMPE forms a distinctive water interface; the

existence of α-methyl groups forms hydrophobic domains that induce the formation

of the ice-like water and the absence of the carbonyl groups discourages water

molecules from hydrogen bonding with polymer chains at the interface.

5 Concluding Remarks

Aggregation states and molecular motion of polymers prepared by precision syn-

theses have been reviewed. As has been discussed, chain end groups of polymers

have an impact on the aggregation states at an air interface of the films. In

particular, hydrophobic chain end groups relative to the main chain parts of PS

Fig. 11 SFG spectra in the

O-H vibrational region for

PMPE and PMMA,

respectively, with the ssp
polarization combination

(Reprinted with permission

from (Oda Y, Horinouchi A,

Kawaguchi D, Matsuno H,

Kanaoka S, Aoshima S,

Tanaka K (2014) An effect

of side-chain carbonyl

groups on the interface of

vinyl polymers with water.

Langmuir 30:1215–1219.

doi:10.1021/la404802j).

Copyright (2014) American

Chemical Society)
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such as sec-butyl group are preferentially segregated at surfaces whereas hydro-

philic chain end groups such as carboxy and amino groups are biased toward the

bulk. Further, the Tg at the surface can be effectively reduced in comparison with

the bulk value by surface segregation of the hydrophobic chain end groups. Surface

segregation of hydrophobic chain ends takes place even in PS/PVME blend films

and can control the surface composition if chain end groups are the most hydro-

phobic moiety among the components.

The local conformation of polymers at the interfaces can be evaluated by SFG.

We have compared the local conformation of i-PMMA and s-PMMA at air and

water interfaces using SFG. In air, the SFG results suggest that the carbonyl groups

in i-PMMA can be oriented to the air phase, while hydrophobic methylene, α-
methyl, and ester methyl groups in s-PMMA are oriented toward the air interface.

On the other hand, in water, a clear surface reorganization is not occurred in i-
PMMA, while the carbonyl groups turn around to orient toward the water phase so

that they form hydrogen bonds with water in s-PMMA.

The structures of water coming in contact with polymers can be also evaluated

by SFG. As an example, we have confirmed that the water structure on i-PMMA is

different from that of s-PMMA. The results can be explained in terms of the

difference in the size of nanoscopic hydrophobic domains formed by α-methyl

groups. An effect of the presence of carbonyl group on water structures was also

studied by using PMMA and PMPE as samples. The highly ordered water structures

are observed for PMMA but not for PMPE. This suggests that the absence of the

carbonyl groups discourages water molecules from hydrogen bonding with polymer

chains at the interface.

In conclusion, aggregation states at interfaces can be regulated by the local parts

of polymer chains such as chain ends and side chain moieties. Clearly, precision

synthesis is an effective methodology in fine-tuning the surface and interfacial

properties without varying the bulk properties.
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Block Copolymers as Antifouling and Fouling
Resistant Coatings

David Calabrese, Brandon Wenning, and Christopher K. Ober

Abstract Biofouling is a natural phenomenon in which biomolecules, cells, and

more complex organisms attach themselves to surfaces. It is a problem affecting

ship surfaces, water filtering systems, and piping systems that diminishes effi-

ciency, possibly rendering a device inoperative and requires routine maintenance

and even repair. Previously in marine applications, metal-based coatings have been

used for their antifouling properties; however, these coatings are biocides and an

increasing number of regulations have been passed to limit their use due to their

environmental toxicity. Block copolymer coatings have been shown to have anti-

fouling and fouling release properties and are being pursued as a nontoxic alterna-

tive. This chapter will present an in-depth exploration of different polymer

architectures, fouling resistance structures, and strategies that have been employed

to prevent biofouling including hyperbranched polymers, zwitterionic structures,

amphiphilic polymers, and more. We will also discuss different methods used to

test a coating’s ability for antifouling and fouling release.

Keywords Antifouling • Biofouling • Surface-active block copolymers • Surface

structure

1 Introduction

Biofouling occurs when a surface is placed in the environment and especially when

it is immersed in a natural water supply and is exposed to the settlement of marine

organisms. There are four stages of biofouling (Fig. 1): (1) the conditioning stage:

the accumulation of organic matter creating a conditioning film (this layer is usually

proteins, polysaccharides, and glycoproteins [2]); (2) the formation of a microbial
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film: the first settlement and growth of bacteria creating a biofilm matrix [2]. (Ini-

tially, planktonic bacteria reversibly adhere weakly to the surface, usually through

electrostatic or van der Waals forces. Eventually the bacteria adhere more strongly

to the surface using a cellular appendix and exopolymers.); (3) the maturation of

biofilms: microbial colonies grow and mature and pave the way for settlement of

algae by providing a sufficient amount of food; and (4) hard fouling: settlement of

marine organisms such as barnacles, mussels, bryozoans, tubeworms in conjunction

with further algal growth [2]. Settlement and colonization of biofoulers can occur

within minutes to hours of immersion in water [3].

The complexity of such systems makes the design of an effective coating that

will address all these stages of fouling a daunting task. This chapter will discuss

approaches to fouling resistant and antifouling coatings that are based on block

copolymers. The use of block copolymers enables the design of surface materials

that are both flexible in their application and able to use a variety of strategies to

solve this technological challenge. Biofouling, despite its challenges, must be dealt

with because it has great economic impact through increased fuel consumption

during ship transport, clogging of membranes and heat exchangers, disabled under-

water sensors, and growth of biofoulers in aquaculture systems [4].

Settlement of biofoulers leads to significant effects. For ships it increases drag,

which reduces the fuel efficiency of the vessel, lowers obtainable speeds, requires a

higher frequency of maintenance, and increases the amount of noise. In addition,

marine life can be placed in nonnative environments through ship transport, which

can then potentially cause problems to the ecosystem if it is an invasive species, for

example. These problems cost billions of dollars per year in transportation for the

US Navy [5]. A study by the National Oceanic and Atmospheric Administration at

the University of Colorado at Boulder reports that the world fleet emits about 3 % of

the of all anthropogenic CO2 and nitrogen oxide gas, which can produce smog.

Exhaust from the world fleet produces 30 % of total worldwide emissions [6]. The

world fleet consumes 300 million tons of fuel annually, which could double in the

case of heavy hull fouling [7].

For piping systems and heat-exchanger tubes, biofouling causes an overall

efficiency decline. For membrane filtration systems, it leads to a significant reduc-

tion of the permeate flux, a higher energy consumption, and eventually, failure to

meet regulatory standards. Membranes, used in desalination plants or in reverse

Fig. 1 Development processes of marine fouling (Adapted with permission from [1]. Copyright

2005 EDP Sciences)
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osmosis for water purification are clogged by biofoulers and need to be replaced

often, increasing the price of water [4]. Biofouling can also affect concrete struc-

tures on land in humid environments [4]. The absorption of proteins can reduce the

sensitivity for in vitro diagnostics and the effectiveness of biological implants,

which can result in harmful side effects [8]. In addition the proteins absorbed on the

surface provide a conditioning layer for bacteria and other microorganisms to grow.

This could potentially lead to infection and other complications.

To prevent biofouling, antifouling coatings have been produced previously. The

first known antifouling coatings were based on pitch, wax, lead, or arsenic [9]. In

the 1960s, self-polishing antifouling coatings using tributyl tin (TBT) were the first

to display long-lasting efficiency at low costs. The TBT in the coatings would leach

out into the water and act as an effective biocide. Over a decade later, several

studies observed that TBT had strong negative effects on both fouling and

non-fouling aquatic life due to its high persistence and toxicity [10, 11].

The most successful coatings were block copolymers with a TBT pendent group

and cuprous oxides as an additional biocidal filler and pigment, since both are toxic

and self-cleaning. This structure resulted in the hydrolysis of the polymer, releasing

the biocides and removing the biofoulers from the side of the ship. The TBT and

cuprous oxides leached into the seawater leading to massive pollution and causing

damaging effects on non-fouling marine organisms including extinction [12]. The

negative effects of TBT caused many governments to restrict its use, eventually

leading to its ban from manufacture in new antifouling coatings in January

2003 [13].

The current generation of antifouling coating incorporates high levels of copper.

However, while less toxic than TBT and other heavy metals, copper still acts as a

biocide and may create environmental problems [14]. Currently, newer copper-

based and other heavy metal biocides are being subjected to restrictive legislation,

which has been encouraging the development of nontoxic low-energy surfaces for

antifouling coatings. The two properties that are being pursued in these new

surfaces are antifouling behavior, which is the initial prevention of biofoulants

attaching to a surface, and fouling release, which is the detachment of biofoulants

from a surface through shear stresses such as those caused by water pressure from a

boat moving through water.

2 Classes of Block Copolymer Coatings

Nontoxic, nonbiocidal antifouling coatings, generally, are based on minimizing the

intermolecular forces of the interactions between extracellular biomolecules and

the synthetic surface causing biofoulers to detach at low shear stresses [15]. Some

of the early work on nontoxic coatings has shown two main classes of single

component surfaces designed to resist biofoulers. The first class is hydrophobic

coatings, such as poly(dimethylsiloxane) (PDMS), which been shown to demon-

strate good, intrinsic fouling release properties. The second class consists of
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hydrophilic coatings, such as poly(ethylene glycol) (PEG), due to its low polymer-

water interfacial energy values, and displays the ability to resist protein absorption

and cell adhesion [15] (See Fig. 2). Thus, it is anticipated that the interfacial energy

between the surface and the water is a significant factor in determining antifouling

characteristics. This chapter will discuss these early categories of nontoxic, anti-

fouling coatings.

2.1 Hydrophobic Surfaces

Nonpolar hydrophobic surfaces have high interfacial energy with water. PDMS, for

example, has an interfacial energy with water of 52 mJ m�2 [15]. Thus, when a

hydrophobic surface contacts amphiphilic biomolecules, such as proteins, the bio-

molecules will adsorb on the surface to reduce the interactions between the water

and the surface. As a result, hydrophobic surfaces using elastomeric polymers, like

Fig. 2 Strategies for antifouling coatings described in this chapter [15]
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PDMS, have been strongly investigated as fouling release coatings because of their

low surface energy and also their low modulus [16–21]. Low surface energies

reduce the adhesion properties of the surface preventing the biofoulers from

attaching strongly. The low modulus makes it easy to propagate a crack along the

foulant-PDMS interface and thus the foulant may be more easily removed. It has

been shown that having a lower modulus, creating a more elastic surface, will

prevent biofoulers from strongly attaching to the surface but only to a point. Once

the modulus is as low as 4 MPa, there is no additional fouling release benefit from

decreasing the modulus [22]. There have been several studies with PDMS-based

coatings that were shown to have high fouling release properties against Ulva, a
marine microalgae [22, 23]. However, hydrophobic surfaces are not as effective at

fouling release with all marine species. Navicula, a marine diatom, has demon-

strated strong adhesion to PDMS [24]. It is suspected that differences in the

adhesion between the diatoms and the microalgae are due to the difference in

surface interactions of the adhesive extracellular polymeric substances (EPS)

secreted by the two organisms [15].

2.2 Hydrophilic Surfaces

Polar hydrophilic surfaces have a lower interfacial energy with water. PEG, for

example, has an interfacial energy with water of 5 mJ m�2 [25, 26], which is an

order of magnitude lower than PDMS. As a result, when a hydrophilic surface is in

contact with an amphiphilic molecule, the surface will favor being in contact with

the water more than the biomolecule. Thus, amphiphilic molecules tend to exhibit

resistance towards protein absorption. Due to their higher surface energy and higher

mobility than many of the hydrophobic surfaces, hydrophilic surfaces are not

generally as effective at fouling release as hydrophobic surfaces. However, hydro-

philic surfaces have been shown to be effective at fouling release for diatoms such

as Navicula [2, 27–30].

2.3 Amphiphilic and Mixed Surface Block Copolymers

Since there are beneficial antifouling and fouling characteristics from both extremes

of wettability, combining hydrophobic and hydrophilic materials to make an

amphiphilic surface has been widely investigated. Furthermore, there is a desire

to create “ambiguous” surface activated block copolymers (SABC) to aid in

antifouling and fouling release. These “ambiguous” surfaces are designed to be

dynamic and change in response to settlement on a surface, which hinders

biofoulers from attaching as strongly to that surface. This is demonstrated in

Fig. 1 where in air the nonpolar, hydrophobic component of the amphiphilic side

chain is extended to the surface, but if in contact with water, the same nonpolar
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groups in the side chain become buried in the coating and expose the hydrophilic

part of the chain [15].

These amphiphilic surfaces have been created using three different methods:

(1) a homogeneous material with amphiphilic components, (2) a heterogeneous

material with hydrophobic and hydrophilic components randomly mixed on the

surface, and (3) a heterogeneous material with hydrophobic and hydrophilic com-

ponents that is patterned on the surface in an exact order. Similar characteristics

have been observed in block copolymers in which mixed polar and nonpolar side

groups are included. Both amphiphilic and mixed surfaces are reviewed in this

chapter.

2.4 Quaternary Ammonium Surfaces

Charged surfaces have also been examined as materials for antifouling and fouling

resistant surfaces. Quaternary ammonium salts are well known as antimicrobial

materials and have been used effectively to produce surfaces that kill bacteria.

Charge can be a fouling deterrent and these surfaces have been combined with other

antifouling strategies to explore their effectiveness.

The following sections discuss in detail the various approaches to antifouling/

fouling resistant coatings explored using block copolymers. Each shows promise

with the amphiphilic coatings showing the most effective surfaces to date. Most of

the work on block copolymers has been built on chemically modified block

copolymers of poly(styrene)-block-poly(diene). Routes to chemical modification

as well as the effectiveness of the different compositions are described.

3 Algae and Diatom Antifouling and Fouling Release
Assays

To study how marine organisms settle and grow on experimental coatings, it is

necessary to test coatings against living organisms. These tests need to be stan-

dardized and capable of differentiating the performance of multiple coatings in a

controlled way on the laboratory scale. Two of the most common standardized tests

for antifouling and fouling release performance utilize a marine alga, Ulva linza
[31] and a diatom species, Navicula perminuta [24]. These tests can probe both

settlement and attachment characteristics of different marine fouling species with

very different settlement characteristics.

Ulva linza is a marine alga harvested from natural marine environments for

experimental purposes [31]. After harvesting, zoospores are released from the

mature plants for use in the settlement experiments. Surfaces prepared for exper-

iments are immersed in sterile artificial seawater to prepare the surface. The
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surfaces are then immersed in a suspension of the freshly released zoospores in

darkness, allowing the zoospores to attach to the surfaces. After this time all

surfaces are rinsed, and the surface attachment of zoospores is quantified. The

zoospores of Ulva linza are somewhat selective settlers, meaning that they are able

to move across surfaces to settle on the most preferential surfaces.

After initial settlement, attached Ulva linza spores are incubated and matured

into sporelings, or young plants. At this point, the sporeling biomass is determined

by measuring the autofluorescence of chlorophyll. To determine the adhesion

strength, the surfaces are placed into a water flow channel and exposed to a

turbulent flow of water at a controlled wall shear stress as described by Finlay

et al. [32]. This shear stress removes some of the attached sporelings, based on how

strongly attached they are to the surface. This flow rate is designed to mimic that of

water flowing across the hull of a ship, and modeling has been done to relate flow

rate and pressure in laboratory setups to that on vessels moving through water

[23]. By doing this release test, the fouling release properties of the coatings can be

investigated.

The second major organism studied as a test for antifouling and fouling release

performance is a single-celled diatom, Navicula perminuta [24]. Diatom slimes are

major contributors to persistent marine fouling which can be difficult to prevent.

These single-celled organisms are cultured in a laboratory to be used in these

standardized assays. Because they are simple single-celled organisms, they

approach surfaces simply by settling out of solution by the forces of gravity. This

nonselective settlement forces the cells to attach at any location where they are

deposited. Once settled onto a surface, the cells secrete adhesive molecules to

firmly attach themselves to the surface.

To perform the attachment assay, surfaces are immersed in artificial seawater as

with the Ulva linza tests, and then exposed to a standardized suspension of diatoms.

After this initial settlement time, surfaces are rinsed to remove unattached cells and

the density of cells on the surface is quantified by microscopy to determine the

antifouling performance of the coatings. Then, the surfaces with attached diatoms

are placed into a water flow channel or exposed to a pressurized water jet at a

controlled pressure to remove the cells. The proportion of removed cells is indic-

ative of the adhesion strength of the diatoms to the surface and helps to probe the

fouling release properties of the coatings studied.

These studies, as well as many others investigating different algae, diatoms,

bacteria, barnacles, and other marine fouling organisms are necessary to quickly

assess the performance of many experimental coatings. Field trials investigating the

performance of experimental coatings when immersed in natural marine environ-

ments are also performed. This can be done by immersing test panels in an

experimental setup, or by applying coatings to marine vessels in service to observe

performance. These experiments, while more representative of actual marine oper-

ating conditions, are significantly more time consuming, and difficult to quickly

screen many coatings at one time. Additionally, the data can be more difficult to

interpret as natural systems are much more complex than those created in a

laboratory.
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4 General Coating Strategies

The use of block copolymers allows for the control of surface microstructures by

tuning the molecular weight of the polymer as well as the ratio of the molecular

weight of each of the components (Fig. 3). Due to the very small size of these

domains, cellular fouling organisms can interact with them. By tailoring the surface

microstructure, control of the settlement of these organisms can be achieved.

Grozea et al. [33] compared block copolymers of polystyrene (PS) and poly

(2-vinyl pyridine) (P2VP) to study the effect of microstructure on settlement of

Ulva linza algae (Fig. 4). By comparing a random block copolymer to a block

copolymer this work was able to create surfaces with similar chemical composi-

tions at the surface, but which differed by exhibiting ordered microstructure or not.

Additionally they compared a block copolymer of polystyrene and poly(methyl

methacrylate) (PMMA) to compare chemical differences between two ordered

polymeric systems.

To assess the ability of these materials to resist settlement of Ulva spores,

samples were prepared of PS, P2VP, PS-r-P2VP, PS-b-P2VP, PS-b-P2VP cross-

linked with benzophenone and UV irradiation, and PS-b-PMMA. Surfaces

containing only the homopolymer of either PS or P2VP had the highest settlement

of Ulva spores on the surface, indicating that it is not exclusively the chemistry of

either block which contributes to the overall antifouling performance of the copol-

ymer surfaces. Additionally, the block copolymer showed lower settlement than the

random copolymer, in this case indicating that the microstructure of the block

copolymer is important to the resistance of settling organisms. The cross-linked

Fig. 3 Polymer structures used for antifouling and fouling release applications [30, 33–36]
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block copolymer and the PS-b-PMMA were the best at resisting the settlement of

the Ulva spores of the set of samples analyzed.

5 Hyperbranched Polymer Structures

Hyperbranched polymeric structures have been shown to perform very well as

antifouling and fouling release coatings (Fig. 3). By synthesizing materials which

are highly branched or cross-linked, the surface properties are altered significantly.

These surfaces exhibit complex nanoscale compositional and topographic struc-

tures which aid in inhibiting protein adsorption as well as the adhesion of marine

fouling organisms.

Fig. 4 AFM height images comparing cross-linked PS-b-P2VP (a–d) to PS-r-P2VP. (a) In water

after 1 h, (b) in water after 48 h, (c) in air after 2 h in water, (d) in air after 8 days in water, (e) in air,
(f) in water after 1 h [33]
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By making these materials from both low surface-energy fluorinated compo-

nents as well as hydrophilic components of PEG, an additional layer of complexity

is added to the surfaces. Such amphiphilic surfaces have been shown to be highly

effective as antifouling and fouling release coatings. These structures with fluori-

nated and PEG containing components have been shown to create highly dynamic

surfaces which undergo microphase segregation.

Using a hydroxyl terminated hyperbranched fluoropolymer (HBFP), diamine

terminated PEG, and an amine functionalized glass surface, Gudipati et al. [37]

showed that a cross-linked hyperbranched amphiphilic surface can be created. The

condensation reaction between the three components creates a cross-linked network

containing both fluorinated and PEG containing groups at the surface.

Surfaces created by this method exhibited complex surface topography and

morphology by atomic force microscopy (AFM), indicating phase segregation of

the components at the surface as well as a complex structure. Additionally, studies

measuring water contact angle over time as well as XPS before and after immersion

in water showed a dynamic surface capable of a reversible reorganization. By

controlling the relative content of fluoropolymer to PEG groups, the overall hydro-

philicity of the surfaces could be controlled. This allows for highly tunable surfaces,

capable of being tailored for optimal performance.

Complex hyperbranched surfaces studied by Gudipati et al. [34] are very suc-

cessful at reducing protein adsorption of several bacterial proteins. This type of

protein resistance is important in resisting the settlement of more complex organ-

isms. Additionally, these surfaces were seen to be effective at reducing the settle-

ment of Ulva linza spores when compared to glass and PDMS control samples. This

was true for compositions containing high and low percentages of PEG material. In

addition to being highly effective at reducing settlement of these algae, one

composition showed significantly higher removal of juvenile sporelings than either

glass or PDMS materials. There was nearly 100 % removal of sporelings from one

of the hyperbranched coatings, while PDMS showed only 50 % removal, and glass

had less than 5 % removed. This highlights the need to tune delicately the balance

of hydrophobic and hydrophilic components when developing an effective coating

of this type.

Another method to create cross-linked and highly branched systems is through

the use of thiol-ene click chemistry. This technique, studied by Imbesi et al. [38],

allows for a highly efficient coupling of an alkene and a thiol via a radical reaction.

The method employed by Imbesi et al. involves first synthesizing a copolymer of

fluorinated styrene and a PEG functionalized fluorinated styrene. The PEG chain

was terminated with an alkene to be used for thiol-ene chemistry. This polymer was

then coated onto a surface along with a di- or tetra-thiol and a photoradical

generator. After the films were coated, they were exposed to UV light to initiate

the cross-linking reaction. This technique allows for better control over film

thickness and surface roughness while still allowing for the incorporation of

fluorinated and PEG containing structures in a hyperbranched cross-linked film.

Surface studies show it is an amphiphilic surface with dynamic response and

complex microstructure.

890 D. Calabrese et al.



Hu et al. [35] also utilized cross-linked networks of perfluorinated ethers to

develop antifouling and fouling release coatings. The networks were synthesized

from macromonomers containing either one or two styrene groups as seen in Fig. 5.

These macromonomers also contain a perfluorinated ether, and in the case of the

single styrene monomer also contained a sulfonic ester to link the styrene to the

perfluorinated ether, which imparts the antifouling and fouling release properties to

the polymers. The network polymers were formed by exposing the macromonomers

to UV light with a small amount of photoinitiator over a silicon wafer substrate.

Each macromonomer was synthesized into a unique coating for analysis.

Both coatings were then prepared for testing of antifouling and fouling release

performance by Ulva linza bioassays. These surfaces were exceptionally high

performing antifouling coatings, reducing settlement of Ulva spores by roughly

80 % when compared to a PDMS standard. Additionally, these surfaces showed a

greater percentage of release of Ulva sporelings when exposed to wall shear stress

in a water flow channel.

Other groups have focused on biomimetic strategies for developing antifouling

and fouling release coatings. The strategy used by Dalsin et al. and Statz et al. [30,

36] used a methyl terminated PEG attached to peptides inspired by marine mussels

(Fig. 3). These peptides contain a significant amount of L-3,4-dihydroxypheny-

lalanine (L-DOPA), which is abundant in adhesive proteins used by marine mus-

sels. This segment serves to bind the PEG, a well known antifouling polymer, to the

surface to create a water-stable coating. The polymers are then coated onto a

titanium surface to be used as functional antifouling coatings.

These coatings were shown to reduce the settlement of Navicula by roughly

80 % when compared to glass, PDMS, and titanium control surfaces. Additionally,

when exposed to a wall shear stress of 20 Pa using a water flow chamber, these

coatings were able to release nearly 100 % of attached cells, again performing

significantly better than any of the control surfaces. Studies of the attachment and

release of Ulva spores showed that these surfaces were able to reduce attachment to

very low levels compared to controls. Removal of both spores and sporelings

showed removal significantly improved over titanium surfaces, and performing as

well as the PDMS control surfaces. Overall, these coatings perform exceptionally

well at both resisting the attachment of fouling organisms to the surface as well as

releasing them under flow conditions.

Fig. 5 Macromonomers for perfluoroether-containing network copolymers [35]

Block Copolymers as Antifouling and Fouling Resistant Coatings 891



6 Single Component Surfaces

An important observation in the design of nontoxic, antifouling surfaces has been a

series of observations summarized by the Baier curve [39]. In it, the surface energy

of a polymer coating is plotted against the fouling resistance of the polymer. It was

shown that there was a minimum in the fouling behavior when the surface energy

was that of PDMS and polymers with lower surface energy such as fluoropolymers

(e.g. PTFE) or higher such as hydrocarbon polymers (e.g. polyethylene) exhibited

much greater fouling properties. This result, while true, seemed to make little sense

from a surface energy argument alone and was further complicated by the obser-

vation that in the biomedical field, the use of hydrophilic polymers such as

polyethylene glycol produces very effective fouling resistant surfaces. These con-

fusing and contradictory observations prompted a study of new antifouling mate-

rials based on block copolymers.

One of the key inconsistencies of the Baier study was the use of PDMS, an

elastomer, in contrast to the other materials, which were generally rigid thermo-

plastics. It has now been shown that one aspect of the fouling release mechanism

involved the formation of a crack between the substrate and foulant and this

behavior is aided by the use of elastomers as the majority of the coating

[40]. PDMS has an excellent combination of low surface energy and the right

mechanical properties and is thus an excellent material for nontoxic fouling release

materials. However, with the right experimental design other systems should be

possible and possibly superior.

6.1 Block Copolymers as Versatile Coatings (Fig. 6)

In order to test a number of coatings with differing polarity it was important to

develop a strategy that would enable the various coatings to have the same

mechanical properties, especially the same Young’s modulus. Incorporating these

characteristics into a coating was made possible by the use of block copolymers

with a common glass forming block, polystyrene. A commercial thermoplastic

elastomer was selected for the rubbery phase. This particular polymer, made by

Kraton (G-1652), has been shown to be light stable, environmentally safe, to have

suitable mechanical properties and to be capable of solution coating. The new

surface-active block copolymers were designed to have a variety of surface-

modifying segments and still physically lock into the elastomer phase through the

common polystyrene segment (Scheme 1). A general strategy for the formation of

these coatings is shown in the following schematic.

In order to introduce the surface-active component onto a well-prepared block

copolymer backbone, it was elected to carry out polymer modification on a poly-

styrene-block-polyisoprene, used in common on all test surfaces. A number of
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chemistries were explored but the use of hydroboration chemistry to introduce a

hydroxyl group was selected (Fig. 7). This approach enabled the incorporation of

functional acids as the surface-modifying component. A series of semifluorinated

acids were synthesized and added to the block copolymer backbone. In parallel,

PEG side groups were developed for attachment on a modified isoprene block of a

polystyrene-block-polyisoprene diblock copolymer. The resulting polymers were

then coated on the substrate and the resulting surface properties were analyzed

using a variety of methods including contact angle measurements, near edge X-ray

absorption fine structure (NEXAFS), XPS, AFM, and related methods.

Fig. 6 Compositions of polymers and side groups for single component systems [28, 41–46]

Scheme 1 Schematic of bilayer coatings on 3-(glycidoxypropyl)trimethoxy silane (GPS)-

functionalized glass slides (cross-sectional view, not to scale). The PS domains at the interface

of the SABC and the SEBS bond the two polymer layers. Adhesion to glass is achieved by reaction

between the epoxy groups on the glass surface and maleic anhydride (MA) groups of the

MA-grafted SEBS [29]
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Fig. 7 Synthesis of semifluorinated block copolymers using ester group [41]
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These analytical techniques were used to determine the structure of the surface-

active groups on the SABC. Near edge X-ray absorption fine structure (NEXAFS)

is a type of surface sensitive absorption spectroscopy that is able to determine the

presence, the relative amount, and orientation of functional groups in the upper

10 nm of a surface. NEXAFS allows the determination of functional group behavior

on a surface, and how these groups direct themselves. X-ray photoelectron spec-

troscopy (XPS) is a surface sensitive absorption technique that is able to determine

elemental composition. If XPS is run at different angles relative to the surface it is

possible to relate elemental compositions to depth. However, XPS, like NEXAFS,

is operated under a high vacuum. While structures can be immersed under water

prior to measurement, while under vacuum for performing XPS or NEXAFS

experiments, some surface reconstruction will still be possible. Both dynamic

contact angle and bubble contact angle measurements are methods for determining

the wettability and hydrophilicity of a surface. For bubble contact angle studies the

sample remains submerged in water. Air bubbles are added onto the inverted

surface, and the angle that the bubble makes with the surface is measured. This

allows for the sample to be immersed in water and measured for days or weeks to

see how the surface changes over time. Atomic force microscopy (AFM) can be

used to determine the microstructure of the surface. Unlike NEXAFS or XPS, AFM

and underwater contact angle measurements can be performed for extended periods

of time, allowing submerged samples to be studied as a function of exposure.

Ultimately the fouling behavior of these coatings was assessed using two marker

species, Ulva linza, a type of seaweed and Navicula, a diatom.

One of the challenges of working with surfaces underwater is that they will

reconstruct. It was a hypothesis that a non-reconstructing surface would be ideal for

assessing the nature of a truly nonpolar surface in a fouling environment and testing

the notion that fluorinated materials, despite their lower surface energy, were not as

effective as silicones. In order to make these non-reconstructing surfaces, the

semifluorinated groups were designed to form a smectic liquid crystalline phase.

This had the effect of directing the CF3 groups to the surface (Fig. 8) and in

stabilizing the surface against reconstruction.

The internal structure of the semifluorinated block copolymer is complex

because the microphase separation of the liquid crystal and the block copolymer

are in competition. The smectic layers organize with the fluorinated groups lying

perpendicular to the plan of the layers. This restricts the kinds of microstructures

possible in these LC block copolymers [43]. Either the polymer forms lamellar

structures where the smectic layers lie perpendicular to the block copolymer layers,

or the smectic phase surrounds cylinders of the amorphous phase where the smectic

layers lie perpendicular to the long axis of the cylinders [44]. A spherical phase or

more complicated structure such as the gyroid phase with its curvature is disfavored

because the curvature of these phases interferes with the smectic ordering at the

phase boundary [42]. An X-ray diffraction pattern of a lamellar structure with a

smectic layer perpendicular to it is shown in Fig. 8. The high electron density

contrast of the fluorinated phase enables many orders of diffraction to show up in

the pattern.
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Interestingly, this arrangement if continued at the surface would place the

perfluorinated groups lying parallel to the substrate, a less than desirable situation

since not only would the fluorinated segments be present, but also the hydrocarbon

and the relatively polar linking groups. However, the surface is populated by CF3
groups as indicated both by contact angle measurements and by NEXAFS studies.

The Zisman plot was made by measuring the contact angle of a series of liquids on

the film surface (Fig. 9). In the Zisman plot the contact angles are extrapolated to a

value of ~8 mN/m for the semifluorinated surfaces, which suggests that the only

possible structure that could lead to this low surface energy would be that produced

from –CF3 groups. This possibility is supported by a NEXAFS study which shows

that the perfluorinated segment stands up from the surface in the film, consistent

with a –CF3 surface (Fig. 10). This arrangement appears to be locked in by the

smectic phase and as a result, the contact angles of the surface do not change with

time as shown in Fig. 11. Provided that the perfluorinated segment was eight carbon

atoms or longer, the film remained stable to extended exposure to water. Thus this

material is ideal for testing of low surface energy as a tool for preventing fouling

and in aiding fouling release.

In order to compare how the performance of a polar surface would compare to a

stable fluorinated material, a polymer surface made with PEG units was produced.

The same diblock copolymer backbone was used; however, in the case of both PEG

units and semifluorinated groups a new modification strategy was developed.

Instead of using hydrolytically unstable ester groups, the side groups were attached

to the hydroxylated polyisoprene backbone by an etherification reaction using

either a brominated monofunctional PEG unit or a brominated monofunctional

semifluorinated group (Fig. 12). In both cases, efficient stable attachment to the

backbone hydroxyl group was carried out and the materials could be coated on a

substrate and tested.

A study of the fouling behavior of the polar, hydrophilic PEG surface was

compared to the nonpolar, hydrophobic semifluorinated surface as shown in

Fig. 13 [28]. These materials were also compared to glass and silicone. Glass is

known to be polar and silicone is known to be of low surface energy. When Ulva

Fig. 8 Order within order. (a) The combined wide and small angle X-ray scattering pattern shows

both lamellar and smectic organization in the semifluorinated polymers. (b) Illustration of the bulk
vs. surface organization observed in the semifluorinated surfaces [42]
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Fig. 10 PEY (upper part)
and FY (lower part)
NEXAFS spectra (solid
lines) from the H-F8H4

sample at EGB¼�150 V

and θEY 90�. The dotted
lines in the figure denote the
1 s! σ* transitions for the

C-H (E¼ 287.9 eV), C-F

(E¼ 292.0 eV), and C-C

(E¼ 294.8 eV) bonds [45]
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linza was tested as the fouling species, the semifluorinated surface showed extraor-

dinary resistance to fouling. This surface was superior to the silicone and especially

the glass and PEG surfaces. However, when Naviculawas tested on this same group

of surfaces a new order emerged. The PEG surfaces easily shed the gravitational

settlers, while the semifluorinated surface was readily fouled. In the case of glass

Navicula was also shed and the silicone showed fouling behavior although not as

extreme as the semifluorinated materials. This study highlights the challenge of

producing fouling resistant and antifouling surfaces, the need to respond well to

many fouling species with a broad range of fouling behaviors.

6.2 Monodendron Nonpolar Side Groups

In another study, 2- and 3-armed monodendrons made from semifluorinated groups

were attached to a block copolymer backbone in order to provide even higher

loadings of fluorinated groups on the polymer surface [46]. The liquid crystalline

organized as before with polymers having single side groups, but the combination

of crowding and the LC phase caused the structures to exhibit splay on the surface.

With splay there is a gentle curvature to an otherwise flat surface or interface. As
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seen in Fig. 14, the 3-armed monodendrons led to a curvature that manifested itself

in a surface covered with nanobumps that could be detected using AFM height

imaging of the surface. The viscoelastic differences between the monodendron

surface layer and the elastomer used as a substrate enabled detection of the presence

of the coverage of the monodendron. This curvature had a subtle effect on apparent

surface orientation and led to a measured value of weaker orientation than the

surfaces made from single-armed monodendrons. When fouling behavior was

evaluated, there was no detectable difference between the performance of the single

side group surfaces or those made from the 2- and 3-armed monodendrons. Evi-

dently the small nanobumps are below the size regime detected by the fouling

microorganisms that were evaluated and this observation is consistent with other

studies in which patterned surfaces were used to detect the role of dimension on

fouling release properties.

Fig. 12 Reaction scheme for the preparation of PEGylated and semifluorinated side chain block

copolymers [28]
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7 Block Copolymers with Amphiphilic Brushes

Given the inability of single component surfaces to act as broad-spectrum antifoul-

ing and fouling resistant coatings [29], studies have focused on creating new

materials rather than pursuing a rigorously hydrophobic or hydrophilic structure

to induce antifouling and fouling release. Block copolymers with either hydropho-

bic or hydrophilic side chains were tested against two complementary ubiquitous

types of marine algae. For example, hydrophilic block copolymers containing PEG

side chains exhibited strong fouling release for Navicula diatoms. Hydrophobic side
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Fig. 14 SFM images of the surface of the 3-armed monodendron bilayer film covering the SEBS

surface as a function of SABC thickness [47]
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chains containing either fluorinated or PDMS-based side groups performed well for

fouling release against Ulva. However, none of the surfaces performed well against

both of the biofoulers. Therefore a significant amount of research has been focused

on producing ambiguous amphiphilic coatings containing both hydrophobic and

hydrophilic moieties at the surface.

One method to create an amphiphilic surface is to introduce both the hydropho-

bic and hydrophilic moieties in the same side unit attached to the block copolymer

backbone. This allows both moieties access to the surface as shown schematically

in Fig. 15. In addition, the side chains can respond to the environment when in

contact with the surface to expose either the hydrophobic or hydrophilic segment of

the side group. As a result, the surface constantly readjusts to form a responsive

surface. The ability to respond creates an ambiguous surface, one in which the

foulant has to deal with a changing surface and which inhibits biofoulers from

adhering to the surface as strongly as a surface of fixed compositions. Initial studies

of amphiphilic block copolymers were produced using a surface-active block

copolymer made using ATRP to be combined with block copolymers of an epoxi-

dized polystyrene-block-poly(ethylene-ran-butylene)-block-polyisoprene as shown

in Fig. 16.

Fig. 15 Different arrangements of a Zonyl™ side group in the presence of a nonpolar and polar

environment [48]
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Despite the similarity to the single component surfaces described above, these

new amphiphilic surfaces proved to be very effective against both test foulers. Tests

against Ulva linza and Navicula showed that the amphiphilic Zonyl™ derived

surface was more effective than either a polar glass or a nonpolar silicone surface.

This behavior can be seen in Fig. 17 in which fouling release behavior of Ulva linza
and Navicula on a surface subjected to a jet of water is displayed [48]. The

amphiphilic surfaces are easily cleaned in this process as shown in the image

showing a microscope slide before and after exposure to the water jet.
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Fig. 16 Table of different block copolymers and different amphiphilic side groups that have been

used for antifouling and fouling release applications [48–53]
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7.1 Method for Preparing Side Groups for the Polystyrene-
Block-Poly(ethylene-ran-butylene)-Block-Polyisoprene
(PS-b-P(E/B)-b-PI) Triblock Copolymer

The PS-b-P(E/B)-b-PI triblock copolymer was epoxidized on the isoprene block

using m-chloroperoxybenzoic acid (mCBPA) to prepare the block copolymer. Side

groups were amphiphilic alcohols that were either prepared commercially or

synthesized specifically for this purpose in a two step process. These alcohols

were then allowed to react with the epoxy groups on the block copolymer, catalyzed

with BF3
.Et2O. The ring opening step usually produced <50 % attachment of the

side groups due to steric hindrance by the already reacted side groups.

Ober et al. grafted a single side chain containing a PEG segment and a fluori-

nated segment (Zonyl™) to their PS-b-P(E/B)-b-PI triblock copolymer where the

PEG segment was directly grafted to the triblock copolymer. XPS was used to

determine that both the fluorinated and PEG segments populated the surface

[48]. The XPS was taken at 0� and 75� which showed that the PEG and fluorinated

segments dominated the top few nanometers of the surface, which suggests the

preferential segregation of the side chains on the surface. The samples exhibited

strong antifouling and fouling release properties of Ulva sporelings. These surfaces
were especially effective at fouling release because at low flow pressures, the

samples exhibited near quantitative removal of Ulva foulant. The surfaces also

demonstrated strong fouling release properties against Navicula diatoms.

Ober et al. have also grafted a single side chain containing a PEG segment and an

alkyl segment to a PS-b-P(E/B)-b-PI triblock precursor copolymer, where the PEG

segment was directly grafted to the triblock copolymer. The PEG portion of the side

group was determined to be at the surface of the coating using NEXAFS and XPS

data analysis, indicating that the PEG segments were present in the top few

nanometers of the surface. Samples that had the same length of alkyl segment

and progressively larger PEG segments were shown to be more hydrophilic by

dynamic contact angle measurements despite that fact that PEG was the interior

segment, suggesting that a larger portion of the hydrophilic PEG segment is

exposed at the surface. Smaller PEG segments (two and ten repeat units) were

more similar in dynamic contact angle studies than when comparing the 10 repeat

unit with the 20 repeat unit side groups, suggesting that there is a length where the

PEG segment is more easily brought to the surface. These coatings were determined

to possess strong properties for fouling release of Ulva sporelings (Fig. 18a). Two

of the samples, also exhibited strong fouling release properties for Navicula dia-

toms (Fig. 18c). These coatings were the assembled from the lengthier PEG and

unsaturated alkyl segments [49].

More recently, Ober et al. reversed the order of the these side groups, thus having

the PEG segments further away from the alkyl segments and closer to the backbone

(Brij™), grafted to the same (PS-b-P(E/B)-b-PI) triblock copolymer. It was deter-

mined by dynamic contact angle that the reversed side group samples were more

hydrophilic on the surface, indicating that being placed in the terminal part of the
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side chain allowed the PEG segments to more densely populate the surface. Bubble

contact angle measurements were able to determine that the surfaces rearranged

after being submerged in water, and came to equilibrium after 72 h. AFM also

demonstrated the same difference in the surface’s microstructure after being sub-

merged in water for over 72 h. One of these structures demonstrated near quanti-

tative removal of Ulva sporelings (Fig. 18b). The same sample prevented almost

any diatoms from adhering to the surface and provided some fouling removal of the

same Navicula diatoms (Fig. 18d). Similarly the original PEG-hydrocarbon side

groups with the longest PEG segments also performed the best.

An alternate version of creating an amphiphilic surface is to create either a

hydrophilic or hydrophobic block copolymer backbone, and graft on side groups of

the opposite polarity. Kramer et al. were able to produce such an example using

fluorinated side groups attached to the PEG segment of a polystyrene-block-poly

[(ethylene oxide)-stat-(allyl glycidyl ether)] [PS-b-P(EO-stat-AGE)] [49, 50]. The

diblock copolymer backbone contained the PEG-like hydrophilic structures, while

the side groups contained the hydrophobic portion. The allyl glycidyl ether unit was

used as the point of attachment of the fluorinated side groups using thiol-ene “click”

chemistry. Several different polymers were prepared with incorporation of the AGE

ranging from 0 to 17 % allowing for the amount of the hydrophobic content to be

readily tuned over that range. XPS and NEXAFS were able to determine that the

increased amount of AGE monomer in the second block led to an increase in the

number of fluorinated groups that were able to come to the surface of the coatings.

Fig. 18 (a) Removal of Ulva on Brij™ coatings, (b) removal of Ulva on reverse-brij coatings, (c)
removal of Navicula on Brij™ coatings, (d) removal of Navicula on reverse-brij coatings. K3

72, K3 76, and K3 78 all have the same length alkyl segments, with progressively longer PEG

chains. Reversebrij350 and Reversebrij550 have the same alkyl chain length and Reversebrij550

has a longer PEG segment [49]
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NEXAFS also demonstrated that the polystyrene block itself was present at lower

concentrations at the surface with increasing fluorine content, indicating that the

side groups occupied the surface and thereby inhibited other structures from

populating the surface. However, the PEG-like portion of the diblock copolymer

stayed relatively constant with its presence on the surface due its direct attachment

to the fluorinated side groups. All of the samples showed strong antifouling release

properties with Ulva sporelings. The samples with the higher fluorinated content

showed excellent fouling release properties overall.

Similarly a nonpolar polymer backbone with polar side groups can be used.

Webster et al. have synthesized a siloxane-based polymer with a 25 and 50 %

incorporation of vinyl groups [52]. Using thiol-ene click chemistry carboxylic acid

groups were attached to create an amphiphilic surface. Water contact angles show

that the surfaces are still quite hydrophobic, similar to the dry surface, after 1 month

of water immersion, but become more hydrophilic after an additional week in

artificial seawater. The surface energies of the dry and submerged samples were

similar, but the coatings that were submerged in artificial seawater for 1 week had

significantly increased surface energy. The acid functionalized coatings showed

high removal of Navicula diatoms at 138 kPa. However the samples showed a low

percent removal of Ulva sporelings; lower than the percent removal of the base

polymer. These samples also showed near quantitative removal of A. amphitrite.
C. lytica andH. pacificawere also tested for removal with results comparable to the

standards used in testing [52].

Koh et al. synthesized a poly(vinylidene fluoride-co-chlorotrifluoroethylene)-graft-

poly(oxyethylene methacrylate) (P(VDF-co-CTFE)g-POEM) polymer via ATRP

[51]. The concentration of the CTFE copolymer was varied between 0 and 10 % of

the polymer. Dynamic contact angles of the surfaces showed the trend that a higher

incorporation of the CTFE copolymer decreased the contact angle. This indicated that

the PEG chains on the polymer were able to populate the surface. XPS data indicated

that the higher the concentration of the CTFE copolymer, the lower the concentration

of fluorine, and a higher concentration of oxygen on the surface. This suggests that

PEG was able to populate the surface quite effectively. This surface was evaluated for

water filtration systems, so it was tested by the water flux through the membrane over

time. There was a trend where the higher fractional CTFE incorporation enabled the

membrane to maintain the same amount of water flux [51].

Zonyl™ side groups were further pursued by Galli et al. who attached the

Zonyl™ groups to a modified styrene block of a PDMS-b-PS diblock copolymer.

The coatings were obtained from blends of the block copolymer (1–10 wt%) in a

PDMS matrix. XPS measurements demonstrated that there was a higher amount of

fluorine and a lower amount of silicone at the top few nanometers than would be

present in the bulk of the coating. This observation suggests that the Zonyl™ side

groups of the diblock copolymer were dominating the surface over the PDMS block

and the PDMS matrix. This behavior was observed in both dry and wet samples.

These surfaces were tested for fouling removal against Ulva sporelings and showed
superior results. The samples allowed 50–80 % removal of the sporelings at a low

shear stress of 13.6 Pa, greatly outperforming the PDMS-based standard. In addi-

tion, the best fouling removal samples were then further optimized by the addition
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of 0.1 wt% multiwall carbon nanotubes. These coatings also showed excellent

fouling release of the Ulva sporelings; however, there was not a significant differ-

ence from the earlier coatings indicating that the multiwall carbon nanotubes did

not have a significant effect on the fouling release properties [53].

8 Block Copolymers with Randomly Mixed Polar
and Nonpolar Side Groups

In addition to the homogeneous surfaces that uniformly contain hydrophilic or

hydrophobic side groups described above, heterogeneous surfaces containing

mixed polar and nonpolar side groups have received some attention, as they have

been demonstrated to be effective at antifouling and fouling release behavior. A

rationale for the development of such materials was the observation that generally

for block copolymers with mixed side groups, there are two types of side groups

that are used: polar and nonpolar to create an amphiphilic environment on the

surface. Predominately, the hydrophilic surfaces have focused on PEG, due to its

high resistance to protein adsorption and cell adhesion [27, 54, 55] while the

hydrophobic surfaces come from fluorinated side chains [28, 56] which display

strong fouling release properties due to their low Young’s modulus and their low

surface energy [16, 17] (Fig. 19).

Several examples of heterogeneous surfaces for antifouling and fouling release

applications have used combinations of fluorinated and PEGylated side groups.

Gudipati et al. reported the development of coatings consisting of an amphiphilic
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network of hyperbranched fluoropolymer groups combined with linear PEG moi-

eties that shower better release ofUlva sporelings than a PDMS coating [34]. In two

other studies, both Krishnan et al. and Martinelli et al. report block copolymers with

side chains containing grafted ethoxylated perfluoralkyl groups that were able to

release both Ulva and Navicula, even though these test species have different

fouling release mechanisms and favor attachment to opposite polarity surfaces

[62, 63]. However, these examples are limited by their use of nonionic surfactant

moieties as a basis of the amphiphilic structure [57] which limits the range of

compositions possible. While covalently attaching the hydrophobic and hydrophilic

groups as a single unit guarantees a heterogeneous surface and the ability to rearrange

and alter their relative composition is restricted by the polymer modification reactions

[57]. If the hydrophobic and hydrophilic units are introduced as individual side chains

where the relative ratio can be modified, it allows the surface chemistry to be easily

modified to enhance antifouling and fouling release properties.

Ober et al. grafted two different side chains to their PS-b-P(E/B)-b-PI triblock

copolymer where one side chain was a PEG segment, and the other side chain was a

fluorinated side chain [57]. The side chains were added in 100:0, 80:20, 60:40,

40:60, 20:80, 0:100 feed ratios. XPS was used to determine that the population of

the fluorinated segment on the surface increased proportionally to the feed ratio.

XPS also determined that the PEG side group was also present on the surface.

NEXAFS was able to show the progressively increasing amount of the fluorinated

segments at the surface. These surfaces demonstrated excellent antifouling and

fouling release behavior against Ulva sporelings even at low surface pressures as

shown in Fig. 20. The coatings were then tested against Navicula diatoms for

fouling release and formed a trend where the samples with the most fluorine content

demonstrated the strongest fouling release (Fig. 21).

Fig. 20 Percent removal of Ulva from a PS-b-P(E/B)-b-PI triblock copolymer with Fluorine/PEG

mixed side groups (40:60 and 60:40 refer to the feed ratio of the fluorinated and PEG side groups

respectively) at an array of surface pressures [57]
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While the majority of antifouling surfaces have incorporated fluorinated seg-

ments as the hydrophobic moiety in amphiphilic systems, it has been shown that

fluorinated segments with more than four consecutive CF2 units can bioaccumulate

in mammalian blood, which causes them to be recognized as environmentally

hazardous materials [58, 64–66]. For these reasons, several alternative hydrophobic

side groups have been developed for block copolymers with mixed side groups.

A wide variety of alkyl groups used in combination with PEG side units have

been grafted to the PS-b-P(E/B)-b-PI triblock copolymer backbone for antifouling

and fouling release applications. Two types of alkyl side chains that differed in

length were used, and four different PEG chains of various lengths were used. After

these samples were analyzed the most promising surfaces were then optimized by

adjusting the feed ratio of the two side groups. These surfaces were characterized

using dynamic water contact angle, captive air-bubble contact angle, AFM, XPS,

and NEXAFS, which were able to indicate that the surfaces “reconstruct” when

submerged in water [58]. When immersed in water, the PEG side chains rise to the

surface [58]. Bubble contact angles showed that all of the samples rearranged at

roughly the same rate, reaching equilibrium after 1 day. All of the samples

demonstrated excellent antifouling and fouling release properties against Ulva
sporelings (some shown in Fig. 22). There is a trend where the heterogeneous

samples do provide better fouling release than the homogeneous alkyl samples.

Against diatoms, there was a trend where higher feed ratios that favored a higher

PEG content exhibited stronger antifouling properties.

Polypropylene glycol (PPG) has been used as a hydrophobic moiety as well.

PPG and PEG chains have been grafted to PS-b-P(E/B)-b-PI triblock copolymer for

antifouling and fouling release applications. The side chains were added in 100:0,

75:25, 50:50, 25:75, 0:100 feed ratios. AFM illustrated that the cylinder micro-

structure that forms doubles to triples in size, after the coatings have been immersed

Fig. 21 Percent removal of Navicula from a PS-b-P(E/B)-b-PI triblock copolymer with Fluorine/

PEGmixed side groups (20/80, 40/60, 60/40, and 80/20 refer to the feed ratio of the fluorinated and

PEG side groups respectively) tested against a PDMS coating and the SEBS underlayer [57]
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in water after 7 days. This indicates the reorganization of the P(E/B) block and the

side chains on the functionalized end block. All of the heterogeneous coatings show

strong affinity for antifouling and fouling release of Ulva sporelings, while the

homogeneous coatings tended to not perform as well. This result strongly suggests

that it is an important aspect of nontoxic antifouling coatings to present both polar

and nonpolar units in order to be effective against a broad range of fouling species.

Ober et al. have also investigated other polar: nonpolar combinations by

attaching to the PS-b-P(E/B)-b-PI triblock copolymer both a PEG segment, and a

PDMS side unit [59]. These side chains were added at 0:100, 25:75, 50:50, 75:25,

and 100:0 feed ratios. NEXAFS and XPS were used to show that the varying degree

of PEG and PDMS side groups that were at the surface were roughly proportional to

the feed ratios of the two side chains. Dynamic contact angles were able to show

that the surfaces with the higher PEG content were more hydrophilic. Bubble

contact angles were used to demonstrate that the surfaces with a higher PEG content

could rearrange their surface structure faster than samples with a higher PDMS

content. Only the sample with a PEG:PDMS feed ratio of 75:25 was able to show

strong fouling release properties; however it showed a near quantitative release at

pressures of 50 Pa. At lower pressures as shown in Fig. 23 the samples with a PEG:

PDMS feed ratio of 75:25 still show a moderate amount of fouling release for Ulva
sporelings. The samples with higher PDMS content showed poorer fouling release,

despite the fact that the most successful commercial coatings are built from PDMS.

When tested against Navicula diatoms at low pressures, the coating showed a

modest amount of fouling release (Fig. 24).

Zonyl™ and PDMS side groups were utilized by Galli et al. on a copolymer for

antifouling and fouling release applications [60]. The coatings were prepared by

Fig. 22 Percent removal ofUlva from a PS-b-P(E/B)-b-PI triblock copolymer with alkyl and PEG

mixed side groups (O0 is 100 % PEG side groups, O75 has 75 % alkyl and 25 % PEG) at an array

of surface pressures against a PDMS coating and the SEBS underlayer [58]
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Fig. 23 Percent removal of Ulva from a PS-b-P(E/B)-b-PI triblock copolymer with PDMS and

PEG mixed side groups (Si0 is 100 % PEG side groups, Si25 has 25 % PDMS and 75 % PEG side

groups, Si50 has 50 % PDMS and 50% PEG side groups, Si75 has 75 % PDMS and 25% PEG side

groups, and Si100 has 100 % PDMS side groups) at an array of surface pressures against a PDMS

coating and the SEBS underlayer [59]

Fig. 24 Percent removal of Navicula from a PS-b-P(E/B)-b-PI triblock copolymer with PDMS

and PEG mixed side groups (Si0 is 100 % PEG side groups, Si25 has 25 % PDMS and 75 % PEG

side groups, Si50 has 50 % PDMS and 50 % PEG side groups, Si75 has 75 % PDMS and 25 % PEG

side groups, and Si100 has 100 % PDMS side groups) tested against a PDMS coating and the

SEBS underlayer [59]
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blending 1 or 4 wt% of the copolymer into the PDMS matrix. Dynamic contact

angles were taken of the surfaces over a week of being submerged in water, which

indicated that the surface became progressively more hydrophilic after each day.

This suggests that the surface was still rearranging for the PEG segments of the

Zonyl™ side groups after 7 days under water. Similarly the surface energy was

shown to increase over the course of a week, indicating that less of the PDMS side

groups and PDMS matrix were populating the surface the longer the samples were

submerged [60]. All of the coatings under XPS showed that the upper five nano-

meters contained a higher amount of fluorine and a lower amount of silicon than

would be present in the average composition of the surface. The difference in the

experimental and averaged amounts increased with the higher composition of the

Zonyl™ side group in the copolymer. This suggests that the Zonyl™ side group is

able to populate the surface more effectively than the PDMS from the side groups

and the matrix [60]. The samples with the lower percentage of incorporation of the

Zonyl™ copolymer demonstrated high fouling removal of Ulva sporelings. How-

ever, the other coatings with higher Zonyl™ content show poorer results [61]. In

addition, the coatings with lower Zonyl™ incorporation show the best results for

removal of barnacles displaying good antifouling properties, while the coatings

with the higher incorporation of the Zonyl™ side group perform poorly against

B. amphitrite cyprids. These higher performing coatings were tested in the ocean

against Intersleek 700™, a high-performing antifouling industry coating. The

Zonyl™ coatings showed significantly improved results over the PDMS-based

standards and equivalent results for the Intersleek 700™ coating [61].

Galli et al. then studied fluorinated and PDMS side groups on a random copol-

ymer. Coatings were prepared by blending the copolymers (0.15–10 wt%) in a

PDMS matrix. Similar to their previous studies, under XPS all of the samples

containing fluorinated side groups showed that the upper five nanometers contained

a higher amount of fluorine and a lower amount of silicon than would be present in

the average composition of the surface. The difference in the experimental and

averaged amounts increased with the higher composition of the fluorinated side

group in the copolymer and with higher copolymer loading in the sample

[67]. Dynamic contact angles in water indicated that the surfaces were hydropho-

bic, and much more hydrophobic than the similar random copolymers that Galli

et al. used before with the Zonyl™ side groups [60, 68]. Similarly, the surface

energies of these coatings were much lower than the surface energies with the

Zonyl™ groups [60, 68]. These findings seem to be the results of the absence of a

PEG group in these coatings. If there was a PEG segment present, it would likely

rise to the surface to interact with the water, making the surface more hydrophilic

and increasing the surface energy. When tested against Ulva sporelings, these

coatings showed good fouling release properties. A trend formed when the coatings

were used against cyprid larvae showing that there was less settlement of the larvae

with the higher loading of the random copolymer in the PDMS matrix. The samples

were also tested against barnacles, and the coatings were able to prevent the

barnacles from adhering as strongly to the surface as the PDMS control did [68].
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9 Cationically Charged Surfaces

Combining polycations and hydrophobic alkyl groups produces compounds which

disrupt lipid bilayer formation in aqueous environments [69]. Cations studied

include ammonium [70–80], pyridinium [81–87], phosphonium [88–94], and sul-

fonium [95] groups (Fig. 25). These groups, however, are toxic to the environment

when released [96–98]. By tethering them to a polymeric backbone, the coatings are

not able to leach toxic materials into the local environment where these coatings are

being used [74, 99–105]. Quaternary ammonium salts specifically have advantages

over other antibacterial agents. They penetrate cell membranes very efficiently,

have low toxicity to mammalian organisms, are environmentally stable, minimally

corrosive, and remain biologically active on surfaces for an extended time [101,

106]. This section will focus on surfaces that incorporate quaternary nitrogen.

Biofouling on marine surfaces occurs in several phases. The early stages of this

process include bacterial settlement and colonization of the surfaces. Bacterial

biofilms on surfaces then promote the settlement of larger organisms which are

part of advanced stage biofouling. Studies have shown that the presence of bacterial

biofilms promote more attachment and growth of these fouling organisms than

surfaces without bacterial films [107, 108]. Therefore, being able to minimize the

growth of bacterial biofilms on marine surfaces through the use of antibacterial

surfaces is quite promising for reducing overall growth of marine fouling on a

surface.

The antibacterial effect of cationic structures can be capitalized upon to produce

surfaces which are highly unfavorable for cellular settlement and as a result may

inhibit fouling. The membranes in bacterial cells are made up of a lipid bilayer

consisting of molecules such as phosphatidyl ethanolamine and phosphatidyl glyc-

erol. Molecular modeling of the interactions of these polycations with the lipid

bilayers show that the negatively charged phosphate strongly associates with the

positively charged component of the polycation. Additionally the hydrophobic

region of the polycations inserts itself into the bilayer itself resulting in disorgani-

zation of the membrane, leakage, and cell death [109].

Although the exact mechanism of disruption has not been determined, the

activity of these compounds is believed to be due to the electrostatic interactions

between the polycations and the lipid bilayer membranes [69–71, 110, 111]. It has

been proposed by Ivanov et al. [109] that the insertion of the hydrophobic groups of

these materials is the main cause of the cell membrane disruption. However, Kugler

et al. [112] proposed that the insertion of these cations causes a release of cations

from the membranes, causing the disruption of membrane functions. By displacing
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Fig. 25 Cations studied as

a part of antifouling

coatings [69–97]
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the Mg2+ and Ca2+ divalent cations which bridge the phosphate groups the bacterial

cell membranes are disrupted. In both cases, it is the polycation’s ability to

destabilize the membranes of the cells which leads to the antibacterial properties.

9.1 Polymer-Bound Quaternary Ammonium Cations
as Antibacterial and Antifouling Surfaces

Surface-tethered brushes of N-hexylpyridinium polymer reported by Tiller

et al. [84] were shown to be highly effective against even airborne bacteria.

These surfaces effectively killed a number of types of airborne bacteria on contact,

showing how effective quaternary ammonium salts can be as antibacterial surfaces.

The polymers prepared were poly(4-vinylpyridine) (P4VP) which were then

quaternized through the N-alkylation of the pyridine rings of the P4VP with n-
alkyl bromides of different lengths. It was noted that the n-hexyl ammonium salt

was the most effective against S. aureus.
The effect of the molecular weight of the surface-tethered brushes was also

studied. Surfaces were prepared from P4VP polymers of 60 and 160 kDa. The

surfaces with lower chain length P4VP showed reduced antibacterial activity, likely

because the longer polymer chains were more readily able to penetrate into the

30 nm thick cell walls of the bacteria used. This gives further evidence that

penetration of the polycations into cell membranes is important to the antibacterial

function of these structures.

Similar structures containing alkyl and fluorinated alkyl groups were prepared

by Krishnan et al. [102] to study the effect of hydrophobic groups attached to the

quaternary ammonium units and their role in antibacterial surfaces. In particular,

the fluorinated unit aided surface placement of the quaternary ammonium through

surface directed phase separation. In this study, block copolymers of polystyrene

(PS) and poly(4-vinylpyridine) (P4VP) were prepared by anionic polymerization in

THF at �78 �C. The polymerization was initiated by sec-butyl lithium in a solution

containing lithium chloride. The styrene block was polymerized first followed by

the 4-vinyl pyridine. One polymer with PS and P4VP molecular weights of 11 and

21 kDa respectively and another with PS and P4VP molecular weights of 62 and

66 kDa respectively were prepared. The quaternization reaction was performed

with 1-bromohexane to produce non-fluorinated quaternary ammonium containing

block copolymers. A second quaternization reaction was performed with

6-perfluorooctyl-1-bromohexane and 1-bromohexane to give block copolymers

with semifluorinated side groups, where 30 % of the quaternary ammonium groups

were fluorinated, and the rest simply had alkyl groups attached.

Surfaces from these materials were then prepared by first coating an elastomeric

underlayer of SEBS on glass slides [102]. The ammonium salt containing block

copolymers were then spray coated onto this underlayer and annealed. Bacterial

bioassays were performed with S. aureus cells to determine the antibacterial
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performance of these surfaces relative to a glass control surface. It was observed

that the non-fluorinated ammonium salt structures were able to reduce the viable

bacteria by 15–30 % compared to glass. However, the polymers containing

semifluorinated ammonium salts showed a nearly 100 % decrease in the viable

cell counts at the surface as seen in fluorescence microscopy images in Fig. 26.

Surface analysis showed that polymers containing the semifluorinated structures

had a higher surface population of the quaternary ammonium structures, which

likely increased the activity of the antibacterial surfaces. However, surface popu-

lation does not entirely describe the change in performance, and it is apparent that

the presence of fluorinated groups additionally increases the antibacterial activity of

these surfaces.

Similar fluorinated quaternary ammonium groups were utilized by Park

et al. [113] for the purpose of creating antimicrobial and antifouling surfaces.

This work, however, utilized a polymer backbone of polystyrene-b-poly(ethylene-
ran-butylene)-b-polyisoprene (SEBI) as shown in Fig. 25. To functionalize this

polymer, the double bonds of the polyisoprene block were epoxidized, and then

reacted with 3-(dimethylamino)-1-propylamine (DMAPA) to introduce amines

onto the polymer. The amine was then quaternized using a semifluorinated alkyl

bromide similar to that used by Krishnan et al. (Fig. 27) [102]. Remaining amine

groups were then quaternized using 1-bromohexane. Surfaces were prepared in a

similar manner as done by Krishnan et al. [102], utilizing an elastomeric underlayer

of SEBS on glass slides. The functionalized SEBI polymer was then spray coated

onto the surface and annealed to create the active coating.

Antibacterial activity of these coatings was determined by comparing the number

of bacterial colonies of S. aureus grown on the coatings when compared to a glass

surface. No colonies of bacteria were able to colonize the coated surface when

Fig. 26 Fluorescence microscopy of S. aureus cells. Green cells indicate live cells, and red
indicated dead cells. Surfaces are (a) untreated glass (b) coated surface [102]
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incubated overnight, indicating the high antibacterial performance of this polymer.

Additionally, a LIVE/DEAD assay was performed to determine how readily bacteria

in contact with the surface were killed. These coatings were able to kill roughly 20 %

of cells at the surface in 1 h, compared to 5–10 % killed by a glass surface.

Additional work by Zhou [114] shows the antimicrobial effect of combining a

quaternary amine with a poly(ethylene glycol) (PEG) side group on a block copol-

ymer. The block copolymer used in this work was SEBI, the same as was used by

Park et al. [113]. The alkene groups of the polyisoprene block were epoxidized, and

Fig. 27 Synthesis of quaternary ammonium salt functionalized SEBI [102]
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then functionalized using both DMAPA as used by Park et al. as well as an amine

functionalized PEG. The amine groups were then quaternized using 1-bromohexane.

Two polymers were prepared, one containing only quaternary ammonium salt side

groups, and one with only 30 % of available sites functionalized with the quaternary

ammonium salts and the remaining 70 % being functionalized with the PEG side

groups. Functional coatings were prepared in the same manner as by Krishnan

et al. [102] and Park et al. [113] by using a SEBS coated glass surface spray coated

with the functionalized block copolymer (Fig. 28).

The incorporation of the PEG side groups to the polymer was able to signifi-

cantly reduce the absorption of bovine serum albium (BSA) to the surfaces relative

to both the control as well as to the polymer containing only quaternary ammonium

salts with no PEG. To test the antibacterial activity of these surfaces, experiments

using S. aureus, E. coli, and C. Marina were performed. These experiments

determined how readily surfaces could be colonized as well as the ratio of live

cells to dead cells at the surface. All experiments were performed using an

unfunctionalized SEBI block copolymer surface as a standard. As was observed

by Krishnan et al. [102], the quaternary ammonium salt containing polymers were

highly effective at killing cells at the surface for all three bacteria studied. The PEG

containing block copolymer was not as effective at killing the cells, likely due to the

lower percentage of quaternary ammonium salts. The PEG containing block copol-

ymers, although not as effective at killing bacteria, was able to significantly reduce

the number of bacteria able to attach to the surface for both S. aureus and

C. Marina, and performed as well as the block copolymer without PEG for

E. coli. This overall indicates a better performance antifouling coating, as the

surface remains cleaner when PEG is incorporated.

Fig. 28 Quaternary ammonium structures used in block copolymer coatings [102, 113, 114]
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10 Summary

Producing fouling resistant and antifouling coatings that address all the fouling

species likely to be encountered remains a daunting challenge. With the current

efforts to create coatings that contain no biocidal material, the challenge is even

greater. Block copolymers appear to be ideal platforms to test new concepts in

antifouling coatings and in developing practical new materials that can be applied

to a broad range of surfaces. This chapter describes the design and study of a variety

of di- and triblock copolymers which examined a variety of strategies for creating a

surface-active block copolymer including the use of single polarity compositions,

incorporation of uncharged amphiphilic materials, blocks with mixed polar and

nonpolar units and even charged polymers in the form of quaternary ammonium

salts.

Using a block copolymer combination, in which a thermoplastic elastomer block

provides the basic coating and the appropriate mechanical properties for fouling

release, enables the fine-tuning of the surface composition in the surface-active

block copolymers. Strategies for making self-healing structures using this strategy

have been undertaken, but were not discussed in this chapter. Coating strategies,

also not discussed here, are important in creating the final coating material. When

done properly, this strategy enables a head-to-head comparison of subtle changes in

the structure of the antifouling units.

It is now possible to demonstrate that single polarity coatings are insufficient to

prevent fouling by the host of species that can settle on surfaces in the aquatic

environment. Amphiphilic materials have broad-spectrum action and can prevent

fouling by a broad range of species. The availability of many nonionic surfactants

makes amphiphilic materials easily available and at low cost, but the nature of the

side group is fixed by the supplier (and subject to the whims of the manufacturer, as

we learned in our studies). If tuning of the ratio of polar and nonpolar components is

necessary, then amphiphilic units become limiting. For this reason the use of mixed

structures shows great promise. Surprisingly, in most compositions, coatings with a

molar excess of PEG as the polar unit show better fouling resistance than those with

a majority of the nonpolar component. To date there is little known about the

combination of charged groups with amphiphilic or combined polar/nonpolar

surfaces. In future, this is likely to be a rich area to examine.
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Abbreviations

AFM Atomic force microscopy

AGE Allyl glycidyl ether

ATRP Atom-transfer radical-polymerization

BSA Bovine serum albumin

CTFE Polychlorotrifluoroethylene

Da Daltons

DMAPA 3-(Dimethylamino)-1-propylamine

EPS Extracellular polymeric substances

GPS 3-(Glycidoxypropyl)trimethoxy silane

HBFP Hyperbranched fluoropolymer

L-DOPA L-3,4-dihydroxyphenylalanine

MA Maleic anhydride

mCPBA m-Chloroperoxybenzoic acid

NEXAFS Near edge X-ray absorption fine structure

P2VP Poly(2-vinyl pyridine)

P4VP Poly(4-vinylpyridine)

Pa Pascals

PDMS Poly(dimethylsiloxane)

PEG Poly(ethylene glycol)

PMMA Poly(methyl methacrylate)

PS Polystyrene

PS-b-P(E/B)-b-PI Polystyrene-b-poly(ethylene-stat-butylene)-b-polyisoprene
PTFE Polytetrafluoroethylene

SABC Surface activated block copolymers

SEBS Polystyrene-b-poly(ethylene-stat-butylene)-b-polystyrene
SFM Scanning force microscopy

TBT Tributyl tin

UV Ultraviolet

XPS X-ray photoelectron spectroscopy

References

1. Haras D (2006) Biofilms et Altérations des Matériaux: de L’analyse du Phénomène aux
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Micellar Structures from Anionically
Synthesized Block Copolymers

Jean-François Gohy

Abstract This chapter summarizes progresses achieved to date in the formation of

micellar structures prepared from anionically synthesized block copolymers. Gen-

eralities about the preparation, the characterization, and the dynamics of such block

copolymer micelles are first outlined. Selected examples of micelle formation in

aqueous and organic media are shown for anionically synthesized block copoly-

mers with various architectures. The different types of micellar morphologies and

the strategies devised to control them are discussed.

Keywords Micelles • Amphiphilic block copolymers • Vesicles • Morphology •

Multicompartmentalized nano-objects

1 Introduction

Block copolymers have been widely investigated during the last four decades due to

the immiscibility generally encountered by their constituent blocks, leading to

microphase separation. Because the different blocks are linked together by covalent

bonds, this microphase separation is spatially limited and results in self-assembled

structures with characteristic sizes of the order of a few times the radius of gyration,

Rg, of the constituent blocks and thus ranging from ca 10 to 100 nm [1].

Moreover, these self-assembled structures are generally regularly distributed

throughout the bulk material, giving rise to long-range ordering and the formation

of a variety of structures such as cubic array of spheres or hexagonally packed

cylinders. However, the long-range order in these polymeric materials is not perfect

and the size of the ordered domains or is generally limited to a few μm or less.

Several annealing methodologies in which block copolymer materials have been

exposed to solvents, temperature, or electric field have been therefore developed to

improve the ordering.

The prediction of the characteristic sizes and morphologies of these nanostruc-

tured materials has been an intense topic of investigations from both the theoretical
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and experimental points of views. Critical parameters such as the degree of poly-

merization and the volume fraction of the constituent blocks, as well as the Flory-

Huggins parameter between them have been widely investigated [2].

Whenever, block copolymers are dissolved in a selective solvent, that is, a good

solvent for one block and a precipitant for the other blocks, the copolymer chains

associate to form micellar aggregates in deep analogy with the situation observed

for classical low molar mass surfactants. A CMC can be thus defined and experi-

mentally measured for block copolymer micelles. In comparison to low molar mass

surfactants, the values of the CMC are much lower in case of block copolymers.

This allows, for example, the use of block copolymer micelles as nanocontainers for

drug delivery. Indeed, block copolymer nanocontainers do not usually reach their

CMC and thus do not dissociate into unimers whenever they are diluted in the blood

stream and can therefore transport the drugs to a specifically targeted area [3]. Nev-

ertheless, macromolecular chains can meet some dissolution problems during the

preparation of micelles. This problem is especially emphasized for block copoly-

mers containing a high Tg or a large insoluble block. A strategy to improve

solubility is based on the temporary use of an organic solvent which then allows

the formation of micelles. Moreover, it should be pointed out that block copolymer

micelles are generally not at the thermodynamic equilibrium.

Block copolymer micelles can be considered as a multicompartmentalized

polymeric system in which a minimum of two compartments are brought together.

Those two compartments are, on one hand, a more or less swollen core resulting

from the aggregation of the insoluble blocks surrounded and, on the other hand, a

corona formed by the soluble blocks. Micelles with more than two compartments

have been also designed. Such micelles are generally obtained from triblock

terpolymers and may either contain two separated compartments in the core or in

the corona of the accordingly obtained micelles.

The development of block copolymer micelles is strongly linked to the pro-

gresses encountered in the fields of living and controlled polymerization tech-

niques. Indeed such techniques are a prerequisite to obtain well-defined block

copolymers with narrow polydispersity indices and controlled molar masses for

each constituent block. Moreover, those techniques also allow to precisely control

the architecture of the block copolymer, for example, linear, star-like, grafted,

hyperbranched. Although controlled radical polymerization techniques are nowa-

days used as main synthetic tools to produce well-defined block copolymers for

micellization studies, the initial investigations on block copolymer micelles have

been realized on anionically synthesized block copolymers. This is the reason why

the first part of this chapter will be dedicated to the presentation of general concepts

related to the micellization process (Sect. 2) and to the control of micellar sizes and

morphologies (Sect. 3). Selected examples of block copolymer micelles from

anionically synthesized block copolymers in both aqueous and organic media will

be then presented in Sects. 4 and 5.

More recently, unique structures with complex morphologies have been

obtained from anionically synthesized triblock terpolymers. This is the reason
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why Sect. 6 will focus on these complex morphologies that are paving the way

toward new types of applications for block copolymer micelles.

Micellar structures can be generated by mixing mutually interacting anionically

synthesized block copolymers. This can lead to micellar structure whose charac-

teristic features can be easily modulated by adjusting the relative amounts of the

mixed polymers and the interaction strength between the interacting blocks in the

mixture (Sect. 7).

Due to the huge number of publications on block copolymer micelles prepared

from anionically synthesized block copolymers, an exhaustive description of all

these previous works would not be possible in the frame of this chapter. In term of

polymers, we will restrict our discussions to olefinic, styrenic, (meth)acrylates and

ethylene oxide-based systems. This chapter has rather the purpose to give a general

overview about block copolymer micelles for the nonspecialist and will therefore

try to answer practical questions about the preparation of block copolymer micelles,

their characterization, the different types of morphologies, and their prediction.

These basic questions and the related answers will be illustrated by selected

examples. Then, we will focus on the recent directions that are currently under

development.

2 Generalities About Block Copolymer Micelles

Generalities about block copolymer micelles have been previously reviewed by

Hamley [2], Riess [4], and Gohy [5] based on previous works from the 1980s and

1990s. This topic will not be covered in details but the basic principle will be

recalled as well as some important practical issues. The essential experimental

techniques used for block copolymer micelle characterization will be also briefly

outlined.

2.1 The Critical Micelle Concentration

Whenever amphiphilic block copolymer chains are dissolved, at a fixed tempera-

ture, in a selective solvent for one of the blocks, they self-associate through a closed

association process to form micelles.

The critical concentration at which the first micelle forms is called the critical

micelle concentration or CMC. As the concentration of block copolymer chains

increases in the solution, more micelles are formed while the concentration of

nonassociated chains, called unimers, remains constant and is equal to the value

of the CMC. This ideal situation corresponds to a system at the thermodynamic

equilibrium. However, experimental investigations on the CMC have revealed that

its value depends on the method used for its determination. Therefore, it seems

more reasonable to define phenomenologically the CMC as the concentration at
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which a sufficient number of micelles is formed to be detected by a given

method [6].

Information about the process associated with the CMC has been provided by

Tsunashima et al. [7], who investigated the micellization of a PS-b-PB diblock in

various solvents. In these studies, DLS was used to measure Rh. Measurements

were performed in solvents having the same refractive index of either the PS or PB

chains, allowing the determination of the characteristic sizes of the individual

blocks. In nonselective solvents, it was confirmed that the PS-b-PB chains were

molecularly dissolved and that both blocks adopted a stretched conformation due to

intersegmental repulsive interactions. In n-decane, a selective solvent for the PB

block, PS-b-PB unimers with collapsed PS segments were observed at low concen-

tration while aggregated PS-b-PB chains forming spherical micelles were observed

at higher concentrations.

The variation of the CMC with the composition of the copolymer has been

extensively studied for PEO-b-PPO-b-PEO triblock copolymers, often referred as

their commercial name PluronicsTM, in aqueous solution. Pluronics are one of the

only examples of commercially available anionically synthesized block copolymer

which is used for relatively large-scale applications. It was found that copolymers

with a larger hydrophobic PPO block had a lower CMC. The CMC was indeed

found to decrease exponentially with the PPO block length [8–10] while an increase

in the number of PEO units only resulted in a small increase of the CMC [9]. At a

constant PPO/PEO ratio, the CMC was found to decrease with increasing totalMW
of the copolymer [9].

A critical micelle temperature or CMT is a very useful value for PEO-b-PPO-b-
PEO copolymers because such copolymers are themoresponsive exhibiting a LCST

behavior. This arises from the fact that micellization in these copolymers is due to

the dehydration of the PPO block with increasing temperature. The value of the

CMT ranges from 20 to 50 �C in commercially available PEO-b-PPO-b-PEO
copolymers [9].

The influence of the copolymer chain architecture on the CMC has been inves-

tigated in PEO- and PBO-containing bock copolymers. From an entropic point of

view, the formation of micelles should be favored for diblock architectures com-

pared to triblock and cyclic ones, the reason being that two block junctions should

reside at the core-corona interface for triblock and cyclic copolymers while unfa-

vorable loop formation will not be observed for the diblock copolymer. Finally, the

less entropically favored situation will be observed for the cyclic copolymers since

both of their blocks should form a loop. Experimental investigations by Booth

et al. on PEO2m-b-PBO2n and PBOn-b-PEO2m-b-PBOn [11] revealed that the CMC

is two orders of magnitude lower for the diblocks at a constant n value. The CMC

for PEOm-b-PBO2n-b-PEOm was found to be intermediate between the two latter

architectures [11]. Surprisingly, micellization was favored for the cyclic copolymer

compared to the triblock [11]. This can be understood by considering that the

conformation of the cyclic copolymer is restricted in both the unassociated and

associated states, and has therefore no impact on the Gibbs free energy of

micellization. In addition to the abovementioned considerations, bridging of chains
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between micelles could occur in the particular case of PBO-b-PEO-b-PBO copol-

ymers, as confirmed by DLS measurements [12]. In very dilute solutions, flower-

like micelles with all the triblock chains making loops are likely formed while

bridging and formation of larger structures were already detected for a concentra-

tion of 1 wt% as evidenced by a markedly increased viscosity of the solution [12].

Previous work of Pispas et al. on PI-b-PS miktoarm copolymers dissolved in n-
decane revealed that the micellar characteristic features such as Z and Rh were

strongly dependent on the architecture, but the corresponding CMCs could not be

determined [13]. For highly asymmetric block copolymers with a large insoluble

block, the copolymer chains cannot be directly solubilized in the selective solvent.

However, micelles can be obtained from these copolymers by the temporary use of

a nonselective solvent which is further eliminated. In principle, all the copolymer

chains are aggregated for these systems and the CMC is therefore estimated to be

infinitely low, as discussed by Eisenberg et al. [14].

2.2 Preparation of Block Copolymer Micelles

The most direct way to prepare a block copolymer micellar solution consists in the

direct dissolution of the bulk sample in a selective solvent for one of the blocks.

However, this method generally only works if the total molar mass of the copoly-

mer is low and the length of the insoluble block is short enough. A way to improve

solubility then consists in “annealing” the solution by prolongated stirring, thermal,

or ultrasound treatments. According to the literature, these techniques have the

disadvantage to lead, depending on the block copolymer, to nonequilibrium

micelles, especially when the core-forming chains of the block copolymer are

below Tg [15]. The characteristic features of the resulting micelles will then depend

on the bulk morphology of the starting bulk sample. It can be assumed that the

annealing treatment will result rather in the dispersion of bulk particles into the

selective solvent than in the formation of micelles based on a unimer-aggregate

equilibrium. These particles will be protected against flocculation by the solvated

chains at their outer surface but their morphology will be essentially dictated by the

annealing conditions [15]. It should however be mentioned that the transfer of a

bulk-organized system into solution can lead to very interesting structures as it will

be demonstrated in the case of Janus micelles [16]. In this case, a micellar structure

is preformed in the bulk, its core is stabilized by cross-linking and the whole

material is finally dissolved in a very good solvent for the coronal chains.

Another method is based on the dissolution of the block copolymer in a

nonselective solvent resulting in the formation of molecularly dissolved chains.

The properties of this solvent are further changed in order to trigger aggregation of

the dissolved chains and hence micelle formation. A selective solvent for one of the

blocks and precipitant for the others is generally added to the molecularly dissolved

chains, although other ways such as temperature or pH changes can be used for

micellization as well. In this case, the unimer-micelle equilibrium can be generally
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reversibly tuned by pH or temperature changes. These systems are then rather

considered as stimuli-responsive micelles which can be disassembled or assembled

depending on the applied stimulus.

Addition of a selective solvent to the molecularly dissolved chains has been used

by many research teams to prepare block copolymer micelles. The initial

nonselective solvent can be further eliminated by evaporation or can be gradually

replaced by the selective solvent via a dialysis process. The step-wise dialysis

initially introduced by Tuzar and Kratochvil is now widely used for micelle

preparation [17], especially for the formation of aqueous micelles [18]. This tech-

nique does not, however, overcome the formation of “frozen” micelles due to the

formation of glassy cores at a specific nonselective solvent/selective solvent com-

position. This method offers nevertheless several advantages. Firstly, the formation

of large aggregates can be suppressed for block copolymers that were previously

solubilized directly in the selective solvent. Secondly, it allows the formation of

micelles for highly asymmetric copolymers with a large insoluble block, as illus-

trated by the works of Eisenberg et al. on the so-called “crew-cut” micelles [16,

19]. “Crew-cut” micelles have been prepared from highly asymmetric diblock

copolymers containing very short water-soluble blocks that were initially dissolved

in a nonselective solvent. Water has been then slowly added to these solutions.

After addition of a critical amount of water defined as the CWC, aggregation has

been observed. An additional amount of water has been added in order to freeze-in

the morphology of the accordingly formed aggregates that were generally charac-

terized by a high Tg PS core. Observations on the CWC have been realized by

turbidimetry and rationalized by Eisenberg et al. [20]. These authors have shown

that the CWC depends on both the copolymer concentration in the nonselective

solvent and the molar mass of the insoluble block. The higher the copolymer

concentration and the MW of the insoluble block, the lower the CWC [20].

2.3 Micellar Structure

It is important to define clearly the characteristic features of block copolymermicelles.

In the former subsections, we already mentioned that the insoluble blocks were

forming a micellar core surrounded by a corona. Depending on the composition of

the starting block copolymer, two limiting structures can be drawn: (1) “star-like”

micelles with a small core compared to the corona and (2) “crew-cut” micelles with a

large core and highly stretched coronal chains. The process of micellization is thus

characterized by the aggregation of a given number of block copolymer chains,

defined as the aggregation number or Z. The core is characterized by its radius Rc

while the overall radius of the micelle is defined as Rm. Other ways for defining the

overall dimension of a micelle are the radius of gyration Rg and the hydrodynamic

radius Rh, both are defined elsewhere [21]. The distance between neighboring blocks

at the core/corona interface is called the grafting distance b. Therefore, b2 is the area
occupied by one chain at the core/corona interface and can be compared to the area by

head group as defined for lowMW surfactant micelles [22].
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Key parameters that control Rc, Rm, b, and Z are the degree of polymerization of

the polymer blocks, NA and NB, and the Flory-Huggins interaction parameter χ. The
free energy of a micelle is mainly determined by (1) the interfacial energy of the

core/shell interface, (2) the stretching energy of the block copolymer chains, (3) the

repulsion among coronal chains. The minimum of the free energy corresponds to an

equilibrium grafting distance b which depends on block lengths and salt concen-

tration in the case of charged coronal blocks.

2.4 Characterization of Block Copolymer Micelles:
Experimental Techniques

Extensive reviews on experimental techniques suitable for block copolymer micelle

characterization have been provided [18]. Moreover, Hamley has systematically

listed the different techniques specifically used for different types of block copol-

ymer micelles [2].

TEM techniques have been widely used over the last 40 years for the direct

visualization of block copolymer micelles. Different methods for sample prepara-

tion have been tested. Most of the preparation techniques have been devoted to

enhance both the electronic contrast and the stability of the micellar objects for

TEM observations. Contrasting techniques with heavy metals have been widely

used to reach these two goals. In these experiments, the micelles are usually initially

deposited on a TEM grid covered with an amorphous film and further observed in

the dried state. Heavy metals can interact with block copolymers micelles bearing

suitable functional moieties. Typical examples are the reactions of RuO4 to aro-

matic double bonds and OsO4 to aliphatic double bonds. These staining techniques

can also allow the direct visualization of a specific compartment of the micelles, for

example, the core. This is illustrated in Fig. 1 for aqueous micelles from a PS-b-
P2VP-b-PEO triblock copolymer and contrasted with RuO4 [23, 24]. At basic pH,

both the PS core and hydrophobic P2VP shell are equally stained and could not be

distinguished while, at acidic pH, the protonated and water-soluble P2VP shell is

less contrasted and could be discriminated from the PS core. The PEO corona is

never visualized in these experiments.

Negative contrasting techniques are based on the use of a contrasting agent

which is not interacting with the micelles and which therefore spreads onto the

substrate. Micelles then appear as bright spots on a dark background.

Phosphotungstic acid is a typical negative staining agent. The dimension of the

core plus dried corona is measured from this experiment. Metal can be sputtered on

block copolymer micelles by exposing the TEM grid to metal vapor under a certain

angle. Each micelle will generate a shadow whose size and shape depend on the

metal deposition angle and on the morphological characteristic features of the

micelles [5]. Metallic replica of freeze-fractured micellar solution can be also

examined.
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The more recently developed cryo-TEM technique is nowadays more and more

frequently used for block copolymer micelle characterization in aqueous solution

[25]. Cryo-TEM has the advantage to allow a direct observation of the micelles in a

glassy water phase and to accordingly determine the characteristic dimensions of

both the core and swollen corona provided that a sufficient electronic contrast is

observed between these two domains. Typical studies on core-shell structure in

block copolymer micelles as visualized by the cryo-TEM techniques have been

reported by Talmon et al. [26] and F€orster and coworkers [27].

SEM techniques have been proven to be suitable for the visualization of block

copolymer micelles, as illustrated in, for example, the work of Erhardt et al. on

“Janus” micelles (see Sect. 6.2) [28].

Fig. 1 TEM (up) and AFM phase contrast images (down) of aqueous micelles formed by the

PS200-b-P2VP140-b-PEO590 ABC triblock copolymer at pH >5 (left) and pH <5 (right). For TEM
pictures, the PS and P2VP blocks have been stained by RuO4. The AFM image has been recorded

with the tapping mode (contrast scale: black: 0�, white: 45�) (Adapted from Ref. [23])
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Direct visualization of block copolymer micelles can also be achieved by AFM.

AFM measurements can be performed either in the dried state or directly “in situ”

within a liquid cell. Measurements in the dried state are realized on micelles

adsorbed or deposited on a flat solid substrate (silicon wafer, mica, etc.). The

shape and size of the micelles can however be affected by tip-convolution effects,

by specific interactions between the substrate and some moieties of the block

copolymer or by relaxation of a low Tg micellar core resulting in the flattening of

the micelles on the substrate. Typical AFM pictures from dried PS-b-P2VP-b-PEO
aqueous micelles at basic or acidic pH are shown in Fig. 1 and can be directly

compared with the corresponding TEM pictures [23, 24]. At a first glance, AFM

measurements in a liquid cell seem to be more appropriate to get pertinent mor-

phological information on micelles in their original swollen state. In these AFM

experiments, the micelles have a more or less developed tendency to adsorb at the

substrate/liquid interface which is the locus where the measurements are

performed. Nevertheless, several artifacts such as sticking of the micelles on the

AFM tips can perturb the observation.

Information on micellar morphology can also be obtained by scattering tech-

niques with the advantage of giving a mean value calculated over a large number of

micelles, but with the drawback being that they are model-dependent. A recent

review on SAXS on block copolymer micelles has recently been published by

Mortensen [29]. SANS has been also widely used to elucidate micellar structures.

In order to generate a sufficient scattering contrast, SANS experiments are gener-

ally conducted in deuterated solvents and/or with partially deuterated copolymers.

Under such labeling conditions, the core and corona of the micelles can be selec-

tively studied. Light scattering is a very common technique used for block copol-

ymer micelle characterization. SLS allows the determination of the absolute

weight-averaged MW and thus Z of the micelles, as well as Rg. Information about

the quality of the selective solvent for the coronal chains through the second virial

coefficient can also be obtained [21]. Rh can be measured by DLS [21].

AUC has been rarely used to characterize block copolymer micelles although it

allows the determination of the weight fraction of micelles, unimers, and eventually

other species such as superaggregates of micelles. The sedimentation coefficient of

the different species in solution depends on their MW, buoyancy, and friction

coefficient, and on the centrifugal force applied. Although it can be argued that

the unimer-micelle-aggregate equilibrium is continuously disturbed and

re-established during the AUC experiment, it has been successfully applied to

block copolymer micelles as demonstrated by the early works of Selb and

Gallot [30].

SEC has been used to characterize the unimer-micelle distribution. However,

SEC is not an absolute method and thus requires calibration. Since it is practically

not possible to calibrate a SEC apparatus for the unimers and micelles formed by a

block copolymer, only indicative MW values will be obtained. Moreover, several

authors have noted a strong perturbation of the unimer-micelle equilibrium during

SEC experiments even when interaction of the material with the SEC column was

minimized [31, 32].
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Other characterization techniques are devoted to the determination of the CMC.

They have been previously reviewed [2] and will not be discussed here. Various

NMR, fluorescence and stop-flow techniques have been also used to characterize

different aspects related to the dynamics of block copolymer micelles, as it will be

discussed in the next section.

2.5 Dynamics of Block Copolymer Micelles

The dynamics of micellar systems is a very important concern that is relevant at

several levels. In this respect, the dynamics required for the establishment of the

unimer-micelle equilibrium is one aspect. The so-called problem of micelle hybrid-

ization that deals with the exchange rate of unimers between different micelles is

closely related. Finally, the chain dynamics of polymer blocks in either the core or

the corona is another concern that can, however, be linked to some extent to the two

first mentioned concepts. These different aspects have been scarcely studied and

reviewed by Hamley [2] and by Riess [4]. However, we feel that these important

problems should be briefly discussed in this chapter.

Stop-flow experiments have been performed in order to study the kinetics of

micellization, as illustrated by the work of Tuzar and coworkers on PS-b-PB
diblocks and the parent PS-b-PB-b-PS triblocks [33]. In these experiments, the

block copolymers are initially dissolved as unimers in a nonselective mixed solvent.

The composition of the mixed solvent is then changed in order to trigger

micellization and the scattered light intensity is recorded as a function of time.

The experiment is repeated in the reverse order, that is, starting from the block

copolymer micelles which are then disassembled by a change in the mixed solvent

composition. The analysis of the experimental results revealed two distinct pro-

cesses assigned to as unimer-micelle equilibration at constant micelle concentration

(fast process) and association-dissociation equilibration, accompanied by changes

in micellar concentration (slow process).

The differences observed between AB di- and ABA triblock copolymers could

be explained because two A blocks have to escape from the micellar core in case of

ABA triblock chains.

The exchange of block copolymer chains between micelles is also a problem of

high interest. The unimer-micelle exchange rate has been studied by Creutz

et al. using steady-state fluorescence [34, 35]. In such experiments, micelles from

PDMAEMA-b-PMANa copolymers labeled with a covalently bound donor, naph-

thalene, were mixed with micelles formed from the same copolymers in which the

donor has been replaced by an acceptor, pyrene (pyrene was not bound to the

copolymer but simply mixed). Upon mixing the two solutions, exchange of

PDMAEMA-b-PMANa chains occurred and donor-tagged chains entered micelles

containing the acceptor. Specifically exciting the donor and monitoring the emis-

sion of the acceptor has been simultaneously performed in order to measure the

energy transfer between the two molecules. The increasing emission intensity of the
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acceptor with time has been then considered as a measure of the exchange rate of

unimers between micelles. The rate constants for the PDMAEMA-b-PMANa

copolymers were found to be of the order of 10�3 s�1. Moreover, the influence of

the molecular architecture and the composition of the copolymers were also

studied. The exchange rate was slower whenever the length of the insoluble block

was increased and a triblock architecture with the outer insoluble blocks was

considered. The influence of temperature was studied by the same authors on

aqueous micelles formed by PS–b-PMANa and PtBS–b-PMANa copolymers. No

exchange rate could be detected at room temperature, while the exchange rate was

measurable at 60 �C. The influence of the addition of a small amount of a good

solvent for the micellar core was also studied as a way to increase the exchange rate

in frozen micelles. In a similar way, the addition of a plasticizer such as

dimethyladipate has been successfully used to increase the micelle-unimer

exchange rate in frozen PMMA-b-PMANa micelles [36].

Similar fluorescence techniques were used by other authors on micelles

containing PS cores such as PS-b-PEO micelles for which no chains were

exchanged even for rather low PS MW [37].

SANS has been recently used to study problems related to micelle preparation

and kinetics, as reported by Bates and coworkers who have used time-resolved

SANS to study molecular exchange and micelle equilibration for PEO-b-PB
diblocks in water [38]. The authors have shown that the micellar structures initially

formed upon dissolution were completely locked in up to 8 days after preparation.

Fluorometry and DLS have been also used to monitor micelle equilibration [39].

Exchange of unimers between two different types of block copolymer micelles

has been often referred to as hybridization. This situation is more complex than for

the case described earlier because thermodynamic parameters come now in addition

to the kinetic ones. A typical example of such hybridization is related to the mixing

of micelles formed by two different copolymers of the same chemical nature but

with different composition and/or length for the constituent blocks. Tuzar et al. [40,

41] studied the mixing of PS–b-PMAA micelles with different sizes in water–

dioxane mixtures by sedimentation velocity measurements. These authors con-

cluded that the different chains were mixing with time, the driving force being to

reach the maximum entropy.

The last feature about micellar dynamics is related to the local mobility of chain

segments in the core or in the corona of the micelles. SAXS, SANS, and fluores-

cence techniques have proven to be effective techniques to gain information about

chain conformation and dynamics in the different micellar domains, as reviewed by

Zana [42]. Neutron spin echo has been used to measure the dynamic structure factor

from intensity fluctuations as a function of time. Farago et al. have used this

technique to probe the dynamics of the coronal PI chains for PS-b-PI micelles in

decane [43]. The results were found in agreement with the model of de Gennes for

“breathing” coronal chains. A recent investigation of Castelletto et al. by neutron

spin echo dynamics on PBO-b-PEO micelles in D2O revealed the presence of two

dynamic modes, that is, fast and slow modes, whatever the concentration of the

solution [44]. The slow mode that dominates at low scattering angles was shown to
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correspond to the translational diffusion of micelles while the additional fast mode

was attributed to internal “blob scattering” in the micellar corona.

Direct information on the chain mobility can be easily obtained by NMR while

considering that a decreased mobility of protons in polymer chains with hindered

motion results in broadening of the respective NMR lines and even disappearance

of the corresponding signal when the polymer is in the glassy state. This last feature

has been widely used to prove micelle formation as illustrated by Spevacek [45] on

PS-b-PB micelles with a PS core. At room temperature, the aromatic signals

associated to PS chains could not be detected while they were visible at 87 �C.
2H NMR measurements on partially deuterated PS-b-PMANa copolymers have

been performed by Gao et al. [46] Deuterated segments were introduced in several

locations of the core-forming chains and their mobility was measured. For segments

buried into the PS micellar core, the mobility was found to be essentially the same

as in a bulk PS sample while the segments located near the PS/PMANa interface

were characterized by a restricted mobility due to the neighboring ionic groups that

were thought to experience ionic association as in ionomers.

3 Control of Morphology and Micellar Sizes

Spherical micelles are observed for the vast majority of self-associating block

copolymers in solution. One of the major concern is to determine how the charac-

teristic dimensions of these micelles, that is, Rc, Rm, b, and Z (see Sect. 2.3), are

changing with the composition of the starting copolymer, that is, NA and NB in case

of an AB diblock copolymer with A being the core-forming insoluble block and B

being the corona-forming soluble block. This key problem has been investigated

from a long time from both the theoretical and experimental points of view. In this

section, we will first briefly summarize the main results obtained from the theoret-

ical investigations on block copolymer micelles. Those theories are based on one

side on the scaling concepts derived from the Alexander–de Gennes theories, and

on the other side on the mean-field theories developed by Noolandi and Hong [47],

Leibler et al. [48], Nagarajan and Ganesh [49], and by Hurter et al. [50]. In addition

to theory, computer simulations have been also carried out on block copolymer

micellar systems, as illustrated by the works of, for example, Binder and Müller

[51, 52] and by Mattice and Halilog¢lu [53]. For micelles containing polyelectro-

lyte coronal blocks, specific theories have been developed [54–56]. They predict a

strong influence of the polyelectrolyte blocks on the micellization behavior. In

scaling theories, Rc, Rm, and Z are directly correlated to NA and NB for the

investigated micelles. Two limiting cases have to be distinguished, the star-like

or hairy micelles with NA<NB, and the crew-cut micelles with NA>NB. Daoud and

Cotton have developed a scaling model for hairy micelles and have found that the

micelle total radius, Rm, scales as NB
3/5 Z1/5 [57]. Since Z ~NA

4/5, Rm ~NA
4/25NB

3/5.

A similar scaling law was obtained by Halperin for a star-like micellar model [58],
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which demonstrates the predominant contribution of the coronal chains to the total

micelle size.

For crew-cut micelles, Zhulina and Birshtein demonstrated that the dependence

of the micellar parameters on NB disappears and Rc scales as γ1/3 NA
2/3a and

Z ~ γNA, where γ is the interfacial tension between the A and B block and a is the

segment length [59].

Scaling theories are restricted to long polymer chains in good solvents and do not

include finite chain effects and polymer-solvent interactions. These models should

be complemented by more detailed mean-field calculations and molecular

simulations.

Semi-analytical mean-field theories of block copolymer micellization were

formulated by Noolandi et al. [47] and by Leibler et al. [48]. In the approach of

Noolandi et al., the micellar characteristics were obtained through a minimization

of the Gibbs free energy for an isolated micelle. This was applied on PS-b-PB
micelles and the obtained theoretical values were in good agreement with the

experimental ones.

A further development in mean-field theories was achieved by Nagarajan and

Ganesh [49]. These authors have shown that Rc ~NA
0.73 NB

�0.17 and Z ~NA
1.19

NB
�0.51 for PPO-b-PEO micelles in water. In contrast to previous results, Nagarajan

and Ganesh demonstrated that the coronal B block can have a strong influence on

the micellar characteristic features such as Rc, especially whenever the solvent is

very good for the B block. By extending this concept, Nagarajan and Ganesh could

obtain “universal” correlations for Rc, Rm, and Z as a function of NA, NB, the

interaction parameter between the B block and the solvent χBS, the interfacial

tension between the A block and the solvent γAS and the molar volume of the

solvent vs [49]. Monte Carlo simulations are additional methods for the study of

block copolymer micelles as reviewed by Binder and Müller [52] and by Shelley

and Shelley [60].

Extensive experimental characterization has been carried out by many groups in

order to determine how the characteristic dimensions of block copolymer micelles

were depending on the composition of the starting copolymers. TEM and SAXS

were two of the mainly used methods for the determination of Rc and Rm. These

results have been rationalized by F€orster et al. who found that, in the case of

uncharged block copolymers, the grafting distance was depending on the soluble

block length as b0NB
β/6 with b0 ~1 nm and β ~0.8 while Z was scaling as Z0Na

2NB
�β

with Z0 ~1 and β ~0.8 [61]. As shown in Fig. 2, this equation successfully describes

the micelles formed by uncharged diblock, triblock, graft, and heteroarm-star

copolymers in organic and aqueous solvents as well as for low MW cationic,

anionic, and nonionic surfactants [61].

Nevertheless, this equation failed to describe micelles containing highly charged

polyelectrolyte coronal blocks [62]. Indeed, the grafting distance was observed to

scale as b¼ b0NA
1/2 while the addition of salt decreases the value of Rm without

affecting the 1/2-slope [62].

Salt-effects in polyelectrolyte block copolymer micelles are particularly pro-

nounced because the polyelectrolyte chains are closely assembled in the micellar
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shell [63]. The situation is quite reminiscent of tethered polymer brushes to which

polyelectrolyte block copolymer micelles have been compared, as summarized in

the review of F€orster et al. [62].
All the previously discussed features in this section are related to spherical

micelles. However, other morphologies can be formed for block copolymer

micelles including rod-like micelles, vesicles, and more intricate morphologies.

In principle, one can draw a phase diagram for block copolymer micelles empha-

sizing the different micellar reachable morphologies as a function of the block

copolymer composition in a similar way as the phase diagram determined for the

bulk phase morphologies [2]. However, drawing such a diagram will imply that the

different kinds of micellar morphologies represent a thermodynamical equilibrium

state, a situation which is rarely reached for block copolymer micelles. Thus,

different strategies have been implemented to trap out-of-equilibriummorphologies

as it will be illustrated in the following.

Eisenberg and coworkers have pioneered the field of micellar morphology

control with the so-called “crew-cut” micelles. They initially examined a series

of anionically synthesized PS-b-PAA copolymers with a PS block of constant

length (N¼ 200) while N of the short PAA block was varied from 4 to 21.

Transitions from spheres-to-rods-to-vesicles were observed as the length of the

PAA block was decreased (see Fig. 3). According to these authors, the morphology

of a micelle basically depends on three factors: (1) the stretching of the core-

forming chains, (2) the core-corona interfacial energy, and (3) the repulsion

Fig. 2 Aggregation numbers Z as a function of the degree of polymerization of the insoluble block

for uncharged block copolymers. Open symbols stand for different diblock-, triblock-, graft-, and

star polymers. Filled symbols are lowMW surfactants (Reprinted with permission from Ref. [61])

938 J.-F. Gohy



among coronal chains. These three factors are directly related to the Gibbs free

energy of the micelles, would it be the enthalpic or entropic term. A change in one

of these three parameters directly affects the free energy of the micelles. In other

words, the micelles could become thermodynamically unstable and will modify

their morphology in order to reach another stable state.

On this basis, Eisenberg and coworkers were able to rationalize morphological

transitions occurring in series of PS-b-PAA [14, 64] and PS-b-PEO copolymers

[65]. The effect of the starting nonselective solvent [66] and added salts [67, 68]

during the micellization process on the finally observed morphologies was also

rationalized by using this simple approach. In addition to spheres, rods, and

vesicles, other morphologies were observed by Eisenberg et al. for crew-cut

micelles, including tubules, interconnected tubules called plumber nightmare,

single- or multi-walled vesicles, hexagonally packed hollow hoops, large com-

pound micelles with cores containing inverse micelles, etc. [69]. Some of these

morphologies are shown in Fig. 4.

Besides the effects of copolymer composition and preparation conditions on the

observed morphologies, copolymer polydispersity can also play an important role

for the formation and stabilization of some morphologies. This effect is illustrated

for crew-cut vesicles formed by PS-b-PAA copolymers [70, 71]. In addition to the

curvature energy, vesicles are characterized by a lateral strain that arises from a

mismatched number of molecules in one side of the vesicular layer relative to the

other. Actually, there are less molecules in the inner side than for the outer side of

the vesicular layer. For low molar mass amphiphiles, the stress resulting from this

mismatch is relaxed by a “flip-flop” mechanism of the amphiphiles from one side of

the vesicular layer to the other [72]. In case of PS-b-PAA with a glassy wall, such a

flip-flop mechanism is only possible for a fluidized PS wall (e.g., by a selective

solvent). For a glassy PS wall, the stress can be minimized by segregating the long

Fig. 3 Spherical (a), rod-like (b), and vesicular (c) morphologies for crew-cut micelles (Adapted

from Ref. [14])
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chains to the outer side of the vesicular layer while the shorter chains will prefer-

entially localize to the inside of the vesicles [70, 71, 73].

One of the drawbacks of crew-cut micelles is that they systematically require the

use of a nonselective solvent for their preparation and that they definitely represent

out-of-equilibrium micelles once they have been transferred in pure water. Micelles

with rod-like or vesicular morphologies can however be obtained by direct disso-

lution of a block copolymer in a selective solvent for one of the block [74]. Discher

and coworkers have investigated the formation of micelles with various

Fig. 4 Some peculiar morphologies observed for “crew-cut” micelles. Baroclinic tubes (a); tube-
walled vesicles (b); large compound micelles, the insert showing their internal structure (c); and
interconnected tubules or “plumber nightmare” (d) (Adapted from Ref. [65])
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morphologies by directly dissolving PEO-b-PB and PEO-b-PEB copolymers in

water [75–77]. These authors especially focused on the formation of large

unilamellar vesicles which were referred to as “polymersomes” [75]. Giant vesicles

were prepared from these copolymers by extrusion techniques, and were further

characterized by single vesicle micromanipulation. This has allowed to get a deep

insight into the typical physical properties of these vesicles including membrane

viscosity, area elasticity measurements of the interfacial tension as well as electro-

mechanical stability [76]. Permeation of water through the polymersome mem-

branes has been measured to be considerably reduced compared to phospholipid

membranes [75]. Spontaneous self-organization of block copolymers into vesicles

has been also reported for PEO-b-PPO-b-PEO copolymers with a large PPO

midblock [78].

One unifying rule accounting for block copolymer micelle morphology has been

proposed by Discher and Eisenberg [79]. This rule should be considered for coil-

coil block copolymer readily soluble in the selective solvent and is expressed as a

function of the mass fraction of the hydrophilic block to total mass of the copolymer

( fhydrophilic): Spherical micelles are observed for fhydrophilic>45%; rod-like micelles

are observed for fhydrophilic <50 %; vesicles are observed for fhydrophilic ~35 %; and

inverted microstructures such as large compounds micelles are observed for

fhydrophilic <25 %. The sensitivity of these rules to the chemical composition and

to the MW of the copolymer chains has not yet been fully probed. According to

previous experimental results, it seems that they can be applied for MWs ranging

from 2,700 to 20,000 g/mol.

Another possibility to trigger the formation of nonspherical micelles is to use

rod-coil copolymers [80, 81]. The interest on rod-coil copolymers stems from the

fact that the aggregation of the rigid segments into liquid-crystalline domains

competes with the phase separation between the blocks during the phase separation

process. Moreover, the introduction of stiff segments results in an increase of the

Flory-Huggins parameters in comparison with coil-coil copolymer [81]. As a result,

phase-separated structures can be observed at lower total MW for rod-coil copoly-

mers than for coil-coil ones.

Block copolymer micelles in which the core-forming polymer blocks are able to

crystallize are relatively similar to rod-coil copolymers. A significant part of these

crystalline-core micelles is actually resulting from the self-assembly of rod-coil

block copolymers. PEO blocks are good candidates for the formation of micelles

with crystallized cores, as demonstrated by Kovacs and Manson [82] and then by

Gast et al. [83]. These authors demonstrated that lamellar microcrystals or shish-

kebab structures were formed by chain-folding crystallization of the PEO blocks in

the absence of water. These lamellar microcrystals, called “platelets” by Gast et al.,

are typically formed by a central part of PEO, with a lamellar thickness depending

on the crystallization conditions, having on its surface a fringe of PS blocks

solubilized in the organic solvent. A typical TEM picture of these “platelets” is

shown in Fig. 5.
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4 Micelles from Anionically Synthesized Diblock
Copolymers in Organic Solvents

A wide range of anionically synthesized styrene-, (meth)acrylates-, dienes-based

block copolymers were investigated for the formation of micelles in organic

solvents. Excellent reviews on micelles formed in organic solvents have been

published by Hamley [2] and Riess [5]. We will thus briefly outline some selected

examples in the following.

As far as micelles in organic media are concerned, two types of block copoly-

mers can be considered, that is, those with two hydrophobic blocks and those with

one hydrophilic and one hydrophobic block. The latter form the so-called reverse

micelles that contain a hydrophilic core surrounded by a soluble hydrophobic

corona.

The micellization behavior of copolymers containing two hydrophobic blocks,

or double-hydrophobic block copolymers, has been shown to be mainly controlled

by the solvent and its interaction with the copolymer blocks. The micellization of

these copolymers can thus be tuned by changing the organic solvent. In this respect,

large differences in Z, Rh, Rc, etc., are expected whenever the interaction parameter

between the polymer and the solvent is varied. This is illustrated by, for example,

the work of Pitsikalis et al. [84] for PS-b-PSMA diblock copolymers dissolved in

Fig. 5 TEM micrograph of “platelets” micelles from a PS100-b-PEO2500 diblock copolymer

dissolved in methylcyclohexane. Total size of the picture 200� 200 μm2 (Reprinted with permis-

sion from Ref. [4])
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either ethyl- or methylacetate. The effect of temperature has been studied by

Quintana et al. [85, 86] who have clearly shown the decrease of CMC with

increasing temperature for PS–b-PEB copolymers in alkanes.

Reverse micelles from amphiphilic block copolymers have been widely inves-

tigated. In such micelles, the core is typically formed from PEO, PMAA, PAA, or

P2VPQ hydrophilic blocks while the corona consists of hydrophobic chains.

PEO-based copolymers have received much attention. In this respect, PEO-b-
PPO and PEO-b-PPO-b-PEO copolymers were investigated in organic solvents

such as formamides [87–89]. However, the formation of reverse micelles in organic

solvents from PEO-based block copolymers has been shown to be a complex

phenomenon due to the ability of PEO to crystallize. The crystallization of PEO

has been studied in PS–b-PEO and PB–b-PEO micelles by several groups including

Gallot and Gervais [90] and Gast et al. [83, 91, 92], as previously discussed in this

chapter. Wu and Chu [93] and Guo et al. [94] demonstrated that a key parameter in

the crystallization of PEO was the amount of residual water. PS-b-PEO reverse

spherical micelles have been used as nanoreactors for the synthesis of metallic

nanoparticles as shown by the works of Spatz et al. [95] and Bronstein et al. [96].

Reverse micelles from PMAA and PAA-containing copolymers have been

extensively studied by Eisenberg and coworkers [67]. These authors considered

the micellization of the so-called block ionomers formed of a major PS block linked

to ionized PAA and PMAA segments. Stable spherical micelles were formed by

these copolymers in organic solvents such as toluene. Their characteristic size was

systematically investigated by a combination of experimental techniques including

TEM, SAXS, DLS, and SLS. The micelles were shown to consist of an ionic core

and a PS corona.

P2VP- and P4VP-containing reverse micelles have been also widely investi-

gated. F€orster et al. reported a very detailed investigation on PS-b-P4VP copoly-

mers dissolved in toluene, a selective solvent for the PS block [97]. PS-b-P4VP and

PS-b-P2VP block copolymer micelles have been often used as templates for the

synthesis of metallic nanoparticles as illustrated by the works of M€oller et al. [98–
100] and Antonietti and coworkers [101]. Bronstein et al. reported on the synthesis

of bimetallic colloids formed in PS-b-P4VP micelles and their catalytic behavior

for the selective hydrogenation of dehydrolinalool [102]. Besides metallic nano-

particle synthesis, interaction of metal salts with P2VP or P4VP blocks has a deep

effect on the micellization behavior of the corresponding PS-b-P2VP and PS-b-
P4VP copolymers. Indeed, the incompatibility between the core and the shell in the

micelles can be enhanced by reacting the 2VP or 4VP units of the core-forming

block with HAuCl4. To minimize the unfavorable contacts, the core chains stretch

and Z is increased. This is illustrated by the work of M€oller and coworkers who

studied the association behavior of PS-b-P2VP copolymers in the presence of

HAuCl4 [103]. In the case of short PS coronal blocks, that is, “crew-cut” micelles,

spherical micelles were formed at dilute concentration. However, upon evaporation

of the solvent, cylindrical micelles were observed. PS-b-P2VP copolymers with a

miktoarm star-like architecture deposited onto mica or Si wafers have been inves-

tigated by Kiryi et al. [104]. They studied by AFM with molecular resolution single
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molecule conformations formed in controlled environment. In toluene,

unimolecular micelles were formed with the P2VP arms in the micellar core and

the swollen PS arms as the micellar shell. The reverse situation was observed in

acidic water. The transition between those two inverse types of micelles was

strongly modified by interaction with the mica substrate. Indeed, the micelles

deposited onto mica from acidic water were trapped via P2VP extended arms.

Upon treatment of the trapped micelles with toluene the PS core was swollen and

PS arms gradually adapted an extended conformation, whereas P2VP trapped arms

retained their extended conformation due to the strong interaction with the mica

substrate. The obtained structures exhibited a unique conformation that does not

exist in any solvent and could not be obtained upon a simple adsorption procedure.

5 Micelles from Anionically Synthesized Diblock
Copolymers in Aqueous Solution

5.1 Nonionic Amphiphilic Diblock Copolymers
in Aqueous Solution

Nonionic amphiphilic block copolymers in aqueous solution are typically formed of

a water-soluble hydrophilic block, for example, PEO linked to a hydrophilic block,

for example PEO, linked to a hydrophobic block, such as PPO, PBO, PS, and

PMMA.

The commercially available PEO-b-PPO and PEO-b-PBO amphiphilic di- and

triblock copolymers have been widely investigated in aqueous medium. Depending

on temperature and concentration, different structures have been reported for the

corresponding micellar solutions, including micelles of various morphologies and

physical gels. Their micellization behavior has been studied quite extensively and

summarized in several review articles [2, 105–108], Bahadur et al. have examined

the role of various additives on the micellization behavior of PEO–b-PPO and

PEO–b-PBO copolymers [109]. Guo et al. have used FT-Raman spectroscopy to

study the hydration and conformation as a function of temperature [110]. Booth and

coworkers have investigated PEO-b-PBO block copolymers with long PEO

sequences [111]. Hamley et al. have used in situ AFM measurements in water to

characterize the morphology of PEO-b-PPO micelles [112, 113].

PS-b-PEO diblock copolymers have been the subject of many investigations.

Those micelles are characterized by two typical characteristic features:

nonequilibrium “frozen” micelles were formed due to the high Tg PS core and

these micelles were prone to secondary aggregation. Aggregation of PS-b-PEO
micelles has been reported by, for example, Khan et al. who observed two

populations of objects by TEM [114]. Two populations, with Dh at 40 and

150 nm, respectively, were also detected by Xu et al. by light scattering in similar

samples [115]. The smaller population was attributed to regular micelles while the
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larger one was believed to consist of loose micellar clusters. Mortensen et al. have

studied a PS-b-PEO copolymer by SANS, DLS, and SLS and have evidenced the

formation of anisotropic clusters in water at concentrations up to 10 wt%

[116]. These authors considered the clusters as a result of the merging of the initial

spherical micelles into larger aggregates. Clustering of PS-b-PEO micelles in water

was also investigated by SLS and AUC [117]. In this study, it was demonstrated

that the micellar clusters could be decomposed by addition of toluene due to an

increase of mobility of the PS core-forming chains. It was suggested that forces

leading to clustering of PEO chains could involve hydrogen bonding, the structure

of water, and the hydrophobic effect. The aggregated PEO chains were then thought

to form either spherulites or noncrystalline microgel particles.

Nonionic hydrophilic PEO blocks have also been combined with a variety of

other hydrophobic blocks. It is not possible to review all the published works on

these copolymers due to space limitations. The reader could get more information

on those systems in other reviews [4, 5].

5.2 Amphiphilic Diblock Copolymers with One Ionic Block
in Aqueous Solution

Block copolymer micelles with a polyelectrolyte corona are often referred to as

polyelectrolyte block copolymer micelles. The micellization behavior of these

charged micelles has been reviewed by Riess [4] and F€orster et al. [62]. A brief

overview of the topic will be therefore presented in the following. Amphiphilic

block copolymers consisting of one hydrophobic block linked to one ionic block

will only be discussed in this section.

The interest on these block copolymer micelles arises from the polyelectrolyte

coronal block which is influenced by many parameters including pH and salt

concentration. Typical examples of polyelectrolyte micelles have been reported

for quaternized PS-b-P4VP block copolymers by Selb and Gallot [118]. Eisenberg

et al. [119–122] and Tuzar and coworkers [123] have studied the PS-b-PAA and

PS-b-PMAA systems in their acidic or neutralized “anionic” form. Typical poly-

electrolyte behavior was detected for these types of micelles. It should be noted that

those block copolymers were not directly prepared by anioning living polymeriza-

tion, carboxylic acids being not compatible with this polymerization mechanism.

Therefore, tert-butyl ester precursors were copolymerized and then hydrolyzed

under acidic conditions to lead to PAA and PMAA blocks. Eisenberg and

coworkers investigated highly asymmetric PS-b-PAA copolymers with a long PS

block and a very short PAA sequence [68]. These compounds led to the so-called

“crew-cut” micelles. The morphology of the “crew-cut” micelles could be changed

from spheres to rods to vesicles and other complex micellar structures by decreas-

ing the PAA/PS ratio in the starting copolymer, by adding salt or by changing the

initial nonselective solvent, as previously discussed in this chapter.

Micellar Structures from Anionically Synthesized Block Copolymers 945



Most of the works on anionic polyelectrolyte block copolymer micelles has been

carried out on P(M)AA-containing copolymers. The ionization degree of these

anionic blocks is strongly dependent on the pH: at low pH, the P(M)AA sequence

is in the acidic form while at higher pH it is partially or totally ionized. This feature

could be a drawback for some applications in which a pH-independent ionization

behavior is desirable. This situation could be circumvented by the use of anionic

polymers derived from strong acids like PGMAS. PGMAS-containing micelles

have been scarcely studied. We have investigated the micellization of PMMA-b-
PGMAS and PtBMA-b-PGMAS copolymers in water [124]. Formation of

superaggregates of micelles was evidenced in these samples by a combination of

DLS and SEC experiments on the aqueous micellar solutions. PMMA-b-PGMAS

copolymers with a short PMMA block were also adsorbed on hydrophobized mica

surfaces in order to create polyelectrolyte brushes showing remarkable lubrication

properties upon shearing in extreme confinement [125].

Some insight about the typical polyelectrolyte behavior of cationic block copoly-

mer micelles was obtained by F€orster et al. [62]. In this study, a cryo-TEM study on

PB-b-P2VP micelles in which the P2VP block was reacted with HCl revealed that the

micellar PB core was surrounded by a thin dark layer containing a high density of

condensed counterions, since the electronic contrast directly originates from the

concentration of chlorine ions in this experiment. Furthermore thin filaments

consisting of protonated P2VP chain bundles were observed, that extended from the

interior shell into the dilute outer part of the corona (Fig. 6). Micelles were connected

by these filaments forming a random filament network. The formation of such

structures was attributed to short-range attractive forces arising from transient fluctu-

ations in the periphery of the corona leading at times to attractive interactions between

micelles. These aggregated states, that is, strings and networks, were observed when-

ever the added salt concentration was increased. Further increase of salt concentration

eventually led to very large networks andmacrophase separation into a dilute micellar

phase and a concentrated gel phase [62].

Fig. 6 Cryo-TEM image of aqueous PB-b-P2VP micelles showing a filament network of poly-

electrolyte chain bundles. The scale bar is 50 nm (Reprinted with permission from Ref. [62])
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5.3 Double-Hydrophilic Diblock Copolymers
in Aqueous Solution

Diblock copolymer containing two water-soluble blocks are often referred to as

“double-hydrophilic” block copolymers. These copolymers have raised much

interest during the last few years because they can generally be transformed into

amphiphilic copolymers once an adequate stimulus is applied. Since these copol-

ymers may contain one or two polyelectrolytic blocks, the typical features of

polyelectrolytes described in Sect. 5.2 should also be considered for some

double-hydrophilic block copolymers. Double hydrophilic block copolymers have

been reviewed by C€olfen [126]. In the following, we will focus on the stimuli-

responsive properties of double-hydrophilic copolymers. Typical examples are

copolymers containing weak polyacid or polybasic blocks that can be turned from

hydrophilic to hydrophobic depending on their ionization degree.

An early illustration of pH-responsive micellization can be found in P2VP-b-
PEO copolymers that exist as unimers at pH <5 and form micelles at higher pH

values, as demonstrated by Webber et al. [127]. We investigated a P2VP-b-PEO
copolymer with a larger P2VP block [128]. Although this copolymer precipitated

out from the solution when it was totally deprotonated, micellar structures were

observed in a limited pH-range located near the pKa of P2VP. Moreover, a

transition from spherical to rod-like micelles and finally vesicles was observed

for this sample as the deprotonation degree was increasing, in agreement with the

resulting changes in the hydrophilic/hydrophobic balance of the copolymer

[128]. Giant vesicles with diameters of 5–10 μm were also obtained by F€orster
et al. from PEO-b-P2VP copolymers [62]. These vesicles were stable down to pH

4.5, below which the P2VP-block is protonated and the vesicles dissolved.

Micellization for P2VP-b-PEO and P4VP-b-PEO copolymers has been induced

at low pH by the addition of noble-metal salts [129, 130]. The driving force for such

a micellization is the coordination of vinylpyridine units with metal ions. Reduction

of the metal ions embedded in the P2VP-b-PEO and P4VP-b-PEO micelles finally

resulted in the formation of well-defined metal nanoparticles.

Another example of pH-driven aggregation is illustrated in double hydrophilic

block copolymers based on ethylene oxide, EO, and (meth)acrylic acid, (M)AA.

Once again, the (M)AA units were generated after anionic polymerization by

hydrolysis of the tert-butyl ester precursor. At low pH, hydrogen bonds form

between (M)AA and EO, that are further disrupted by an increase in pH due to

the ionization of the (M)AA units [131]. Micellization was observed for an asym-

metric PMAA-b-PEO diblock copolymer containing a major PEO block

[132]. Intra- and intermolecular hydrogen bonding between the PMAA blocks

and PEO segments was thought to result into micellar core that were stabilized

by a corona formed by the excess of PEO segments. These micelles were

disintegrated whenever the surrounding pH was raised above 5 as a result of

the ionization of PMAA. Furthermore, these micelles showed a thermo-responsive

behavior related to the limited thermal stability of the PMAA/PEO hydrogen-

bonded complexes.
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Double amphiphilic block copolymers have been also obtained from diblock

copolymers consisting of two different charged blocks. Diblock copolymers

containing positive and negatively charged blocks have been referred to as

polyampholytic systems. IPEC between the oppositely charged blocks are observed

in these systems, that can lead to insoluble material in aqueous solution. Asym-

metric copolymers with an excess of negative or positive charges can however give

rise to water-soluble micellar systems, in which the micellar cores are formed by

the insoluble interpolyelectrolyte complexes, surrounded by a corona formed by the

uncomplexed segments. The first example of polyampholytic block copolymers has

been reported for P2VP-b-P(M)AA copolymers [133]. The authors showed that the

isoelectric point of these copolymers in water was controlled by the block length

ratio of the two oppositely charged blocks. PDMAEMA-b-PMAA copolymers were

also shown to behave as polyampholytic systems [134]. Since the ionization

degrees of both the PDMAEMA and PMAA blocks depend on pH, the

polyampholytic character is only observed in a restricted pH region in which both

the constituent blocks are partially or totally ionized. An analogous behavior has to

be pointed out for the P2VP-P(M)AA copolymers. In the case of the PDMAEMA-

b-PMAA system, vesicular morphologies were observed around pH¼ 9 for copol-

ymers containing a major PMAA block. Cryo-TEM images of these vesicles are

shown in Fig. 7. These vesicles are thought to consist of an insoluble layer formed

by PDMAEMA/PMAA IPEC stabilized by dangling negatively charged PMAA

segments. Another class of charged double-hydrophilic block copolymers is found

in diblock copolymers containing two charged blocks, both of them carrying the

same type of charge. This situation is exemplified by P2VP-b-PDMAEMA diblocks

[135]. pH-induced micellization was observed for these block copolymers. How-

ever, the relatively large difference between the pKas of the P2VP and PDMAEMA

Fig. 7 Cryo-TEM picture of vesicles formed by a PMAA49-b-PDMAEMA11 ampholytic copol-

ymer in water at pH¼ 9 (Reprinted with permission from Ref. [134])
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blocks allowed the formation of three different association states in aqueous

solution depending on pH: at low pH, both the P2VP and PDMAEMA blocks

were protonated and water-soluble; at intermediate pH, polyelectrolyte block

copolymer micelles were formed with an insoluble P2VP core and a positively

charged PDMAEMA corona; at high pH, micelles were formed with the same

insoluble P2VP core and thermo-responsive uncharged PDMAEMA coronal

chains.

6 Micelles from Anionically Synthesized Triblock
Copolymers

ABC triblock terpolymers have attracted great interest due to the huge number of

different morphologies that have been observed so far in the bulk [136]. The main

motivation for studying ABC triblock terpolymer micelles is related to the presence

of a third nano-sized compartment in the micellar structure. Depending on the

investigated systems, this third compartment can either be soluble or insoluble in

the considered solvent, leading to different types of micelles that will be discussed

in the following. In 2005, we published a review on triblock terpolymer micelles

[137]. In the following, we will summarize the main developments that occurred

recently. More complete information about previous works on triblock terpolymer

micelles can be thus obtained in this previous review [137].

6.1 Micelles with a Compartmentalized Core

These micelles are generally characterized by the so-called “onion,” “three-layers,”

or “core-shell-corona” structures in which the first insoluble A block forms the

micellar core, the second insoluble B block is wrapped around the core, and the

third soluble C block extents into the solution to form the micellar corona. Most of

the reported examples have used water as the selective solvent. Early examples

include the works of Kriz et al. [138], Eisenberg et al. on crew-cut systems [139],

Ishizone et al. [140], and Dumas et al. [141].

Stimuli-responsive properties were imparted to core-shell-corona micelles. In

this case, one of the compartment of the core can become soluble upon application

of a stimulus (pH, temperature, etc.). Such systems could be very interesting for the

controlled-release of active species encapsulated in the stimuli-responsive com-

partment. In this respect, we reported on pH-responsive micelles formed by PS-b-
P2VP-b-PEO triblock terpolymers in water and consisting of a PS core, a

pH-sensitive P2VP shell, and a PEO corona [23, 24]. At pH values above 5, the

P2VP blocks are hydrophobic and collapsed on the PS core, while at pH values

below 5, they are protonated and adopt a stretched conformation because of the
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mutual electrostatic repulsions. These two micellar states have been characterized

by DLS and visualized by TEM and AFM (Fig. 1). Moreover, the transition

between the two types of micelles was entirely reversible and could be repeated

many times [23]. Similar PS-b-P2VP-b-PEO micelles were also studied by

Prochazka et al. [142, 143]. The pH-responsive P2VP shell was also used as

template for the production of gold nanoparticles [23] or of hollow silica

nanoparticles [144] and can be complexed with low molecular weight anionic

surfactants [145]. Interestingly enough, cylindrical micelles were prepared from

the same PS-b-P2VP-b-PEO copolymers by using a mixture of toluene and DMF as

initial solvent before transfer to a pure water phase [146, 147]. Those micelles had a

core-shell-corona structure but the P2VP chains in the tubular shell were found to

be in a stretched conformation whatever the pH. Further swelling of the PS core of

the PS-b-P2VP-b-PEO micelles resulted in segmented wormlike micelles and

ultimately in vesicular structures (Fig. 8) [148]. Giant segmented wormlike

micelles were also prepared from PS-b-P2VP-b-PEO copolymers with larger PS

and P2VP blocks. This study showed that those micelles comprised sequences of

repeated elemental disks that further became connected through threads to form

various giant segmented wormlike micelles [149].

Fig. 8 Segmented worm-like micelles (a,b) and vesicles (c,d) prepared from a PS-b-P2VP-b-

PEO triblock terpolymer in toluene/water mixtures (Adapted with permission from Ref. [148])
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pH-responsive micelles from PS-b-P2(4)VP-b-PMAA triblock terpolymers were

prepared by Giebeler and Stadler [150]. These authors investigated the polyelec-

trolyte complex formation in these micelles by potentiometric, conductimetric, and

turbidimetric titrations of acidic THF/water solutions. The formation of an

interpolyelectrolyte complex at the isoelectric point was evidenced, in which the

hydrophobic PS cores are most likely embedded in a mixed corona of the two

polyelectrolyte blocks. pH-sensitive P2VP-b-PAA-b-PnBMA were investigated in

aqueous solution [151]. A unique diversity of structural organizations was observed

including thermosensitive centrosymmetric core-shell-corona micelles, compact

spheres, polyelectrolyte flowerlike micelles, a charged pH-sensitive 3D network,

toroidal nanostructures, and finite size clusters (microgels). The transition between

different micelles and the hydrogel was induced via the regulation of electrostatic

and hydrophobic interactions in the system [151].

In all these examples, the two compartments found in the micellar core are

expected to adopt a sphere-in-sphere morphology (core-shell model). Other mor-

phologies could however be expected for multicompartment cores.

Multicompartment micelles in dilute aqueous solution were reported for

miktoarm ABC triblock copolymers containing PEO, PEE, and perfluorinated

polyether blocks [152]. Because of the miktoarm architecture of the copolymers,

the two incompatible hydrophobic blocks were forced to make contact with the

PEO coronal chains. The resulting micellar structures were shown to depend on the

relative lengths of the blocks and could be tuned from discrete multicompartment

micelles to extended wormlike structures with segmented cores (Fig. 9). The

wormlike structures were shown to result from the uniaxial clustering of discrete

micelles. In this peculiar morphology, the different cores are able to share their PEO

coronas, thus protecting them from the highly unfavorable exposure to water

[152]. The addition of THF (60 wt%) into those aqueous solutions induced an

evolution from multicompartment micelles to mixed PEE + PEO corona micelles

[153]. Cryo-TEM suggested that, as the PEE block transitions from the core to the

corona, the micelle morphologies evolve from disks to oblate ellipsoid micelles,

with worms and spheres evident at intermediate compositions [153].

The micellization of (ABC)n multi-arm star triblock terpolymers was also

recently studied by Tsitsilianis and coworkers [154]. Four linear and four star

equimolar terpolymers based on hydrophilic methoxyhexa(ethyleneglycol) meth-

acrylate, 2-(dimethylamino)ethyl methacrylate, and methylmethacrylate were

investigated in aqueous dilute solutions. It was found that the (ABC)n multi-arm

star terpolymers formed unimolecular micelles comprising three centrosymmetric

compartments. The position of each compartment could be determined by the block

sequence (ABC, ACB, or BAC). The ABC linear counterparts formed loose

associates with very low aggregation numbers [154].

For some applications, it is desirable to lock the micellar structure by cross-

linking one of the micellar compartments. Cross-linked core-shell-corona micelles

have been prepared and investigated by several groups as illustrated by the work of

Wooley and coworkers [155] who reported the cross-linking of micelles made from

PS–b-PMA–b-PAA triblocks in aqueous solution by amidation of the PAA shell.
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Wooley and coworkers prepared toroidal block copolymer micelles from similar

PS-b-PMA-b-PAA copolymers dissolved in a mixture of water, THF and

2,2-(ethylenedioxy)diethylamine [156]. Under optimized conditions, the toroidal

phase was the predominant structure of the amphiphilic triblock copolymer

(Fig. 10).

The collapse of the negatively charged cylindrical micelles into toroids was

found to be driven by the divalent 2,2-(ethylenedioxy)diethylamine cation. The

same group reported on a various cross-linked micellar aggregates prepared by the

same strategy [157, 158]. For example, nanoparticles with different internal struc-

tures (lamellar, bicontinuous-like, or porous) were formed by PS–b-PMA–b-PAA
triblock copolymers in THF/water mixed solvents in the presence of multivalent

organic counterions [159, 160]. The internal lamellar spacing of the particles could

be tuned by using triblock copolymers with different block lengths. In addition, the

internal symmetry of the nanoparticles was changed simply by changing the solvent

composition (Fig. 10). When spermidine was used as multiamine counterion,

nanoparticles with pores or channels were produced by adjusting the water content

(Fig. 11). In these systems, the internal nanostructure is due to local phase separa-

tion of the block copolymers and can be tuned by varying the solvent composition,

the relative block composition, and the valency of the organic counterion [159,

160].

Liu and coworkers have investigated the micellization of PI–b-PCEMA–b-PtBA
triblock terpolymers in mixtures of THF and methanol and have used these micelles

PEO

PBPerfluorinated
polyether 

Fig. 9 Cryo-TEM image of isolated micelles and segmented rods made from miktoarm ABC

block copolymers containing PEO, PEE, and perfluorinated polyether blocks. A schematic repre-

sentation of the stacking of block copolymer chains in segmented worms is also shown (Reprinted

with permission from Ref. [152])
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to create various nano-objects. The shell-forming PCEMA block was then cross-

linked by UV irradiation to lock the structure [161]. In a further step, hollow

nanospheres were obtained by ozonolysis of the PI micellar core. If pure methanol

Fig. 10 (a) TEM image of toroidal micelles from a PAA-b-PMA-b-PS triblock copolymer. This

sample was cast from a solution with 0.1 wt% PAA99-b-PMA73-b-PS66 triblock copolymer, a

THF: water volume ratio of 1:2, and an amine: acid molar ratio of 0.5:1 by addition of

2,2-(ethylenedioxy)diethylamine. The cast film was negatively stained with uranyl acetate. (b)
A schematic representation of these micelles is also shown (Reprinted with permission from Ref.

[156])

Fig. 11 TEM image (left) showing nanoparticles formed via the self-assembly of the PS–b-PMA–

b-PAA triblock copolymer complexed with the 2,2-(ethylenedioxy)diethylamine counterion in

1:0.4 THF:water volume ratio (lamellar phase-separated particles and a few with a hexagonal

phase are observed) and TEM image (right) porous and channel-like particles formed by PS–b-
PMA–b-PAA triblock copolymer complexed with spermidine. Scale bars are 200 nm (Reprinted

with permission from Ref. [159])
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is used as solvent, cylindrical micelles are formed which can also be transformed

into nanotubes by the same procedure [162]. The micellization of the same copol-

ymer in mixtures of THF and hexane was also studied [163]. Under these conditions

the corona is formed by the PI block, the shell by PCEMA, and the core by PtBA.

After cross-linking the shell, the PI corona was hydroxylated to make the micelles

dispersible in water, and the PtBA core was made compatible with inorganic

species by cleaving the tert-butyl groups.

6.2 Micelles with a Compartmentalized Corona

Micelles of this type are formed by ABC triblock terpolymers containing an

insoluble A block while the B and C blocks are soluble in the considered solvent.

The insoluble block can either be located in between the two soluble blocks (BAC

structure) or can be located at one extremity of the triblock (ABC or BCA

structures). Different situations have to be considered, depending on the extent of

segregation observed between the two solvated coronal blocks. Indeed, the two

coronal blocks can give rise to a homogeneously mixed corona or to segregated

corona. If there is no segregation between the coronal chains, only two compart-

ments are obtained and micelles similar to usual AB diblock copolymers are

formed. The factors controlling the extent of segregation among coronal chains

have not yet been clearly established nor experimentally investigated. They will be

shortly discussed here in view of the few following examples.

Early examples of micelles containing two types of coronal chains homoge-

neously mixed were reported by Patrickios and coworkers who studied the forma-

tion of micelles from different “isomers” of PDMAEMA–b-PMMA–b-PMAA

triblock terpolymers as a function of pH [164–166]. The isomer having the hydro-

phobic block in the center yielded micelles characterized by a AB-like structure

with a PMMA core and a shell composed of a mixture of the PDMAEMA and

PMAA blocks. The other two isomers yielded core-shell-corona micelles twice as

big with a PMMA core, and a shell and corona formed by the chains of the two other

blocks. Micelles from PS–b-P2VP–b-PMMA triblock terpolymers dissolved in

toluene were reported by Tsitsilianis and Sfika [167]. Spherical micelles with a

dense P2VP core, surrounded by mixed PS and PMMA chains in the corona were

observed. It was shown that the aggregation number Z and the micellar size were

strongly influenced by the length of the P2VP middle block. A similar study was

performed on PS-b-PI-b-PMMA terpolymers in nonsolvents of the PI block. In this

case, Z is much larger in DMF than in dimethylacetamide because the latter is a

better solvent for the PS and PMMA blocks [168].

In all the examples previously discussed in this section, the coronal chains are

expected to be statistically mixed in the corona. It is not clear whether partial or

complete phase separation is occurring among coronal chains. A method to produce

micelles with completely segregated coronal chains has been reported for the

so-called “Janus” micelles. The strategy to create such Janus micelles is based on
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the transfer of a preformed bulk organization in solution directly leading to

noncentrosymmetric objects. Janus micelles have been initially obtained by trans-

ferring in solution the bulk morphology of a PS-b-PB-b-PMMA triblock copolymer

in which the central PB minor block forms spheres at the interface between PS and

PMMA lamellae. In order to preserve the PS and PMMA coronal hemispheres, the

PB spheres had to be cross-linked in the bulk structure. Dissolution of the bulk

material in THF, a good solvent for both the PS and PMMA chains, yielded Janus

micelles with a PB core surrounded by PS and PMMA half coronas (Fig. 12)

[16]. These Janus micelles showed a strong tendency to form larger aggregates

that can be regarded as supermicelles. Supermicelles coexist with single Janus

micelles, as evidenced by various morphological observations realized both in

THF solution and on silicon and water surfaces [16, 169].

The hydrophobic/hydrophilic contrast in the Janus micelles can be strongly

enhanced by the hydrolysis of the PMMA chains resulting into PMAA hydrophilic

blocks [28]. The resulting micelles can then be gradually transferred in pure water

starting from a 1,4-dioxane solution. However, the hydrophobic PS hemi-corona

collapses on the PB core and the whole insoluble part is then fully or partially

surrounded by the PMAA chains. Aggregation into supermicelles and formation of

aggregates of supermicelles was also evidenced in this investigation [28]. The

influence of pH on PS-b-PB-b-PMAA Janus micelles was also investigated. At

high pH, the hydrodynamic radius of the supermicelles is larger than under acidic

conditions as a result of the ionization of the PMAA chains leading to their

stretching [28]. Cylindrical micelles with an asymmetric corona, that is, Janus

cylinders, were also produced from PS-b-PB-b-PMMA triblock terpolymer.

Those asymmetric nanocylinders were prepared by the same procedure as for

spherical Janus micelles but with a polymer composition forming another bulk

morphology. In this case, the PS-b-PB-b-PMMA terpolymer formed PB cylinders

embedded at the interface between PS and PMMA lamellae [170]. Preliminary

investigations on Janus spherical micelles with a cross-linked P2VP core and PS

and PnBMA coronal hemispheres have also been reported by Saito et al. [171].

Fig. 12 Schematic representation of the Janus micelle preparation (Reprinted with permission

from Ref. [16])
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Segregated coronal chains were also obtained by direct dissolution of triblock

terpolymer chains without the need to stabilize a preexisting bulk organization as

presented for Janus micelles. Indeed, the self-assembly of PtBA-b-PCEMA-b-
PGMA triblock terpolymers in pyridine/methanol mixtures yielded to (partial)

segregation of PtBa and PGMA blocks, as recently demonstrated by Liu and

coworkers [172]. While pyridine is a good solvent for all of the three blocks,

methanol is selective for PtBA and PGMA. For methanol fractions in the solvent

mixture of 80 and 90 vol% and at 50 �C, spherical and cylindrical micelles with

PtBA and PGMA coronal chains were observed. At methanol fraction of 95 vol%,

vesicles were formed whose outer surface was mostly consisting PGMA chains

while some PtBA chains formed circular patches. In pure methanol, tubular

micelle-like aggregates coexisted with vesicles [172]. The same group also

evidenced the formation of twisted cylinders with segregated A and C coronal

chains from an ABC triblock copolymer in a block-selective solvent for the A and C

blocks [173]. Such cylinders consisted of left- and right-handed helical sections

(3D twisting) connected by wriggling (2D twisting) sections after aspiration on a

solid substrate. The copolymer used was again a PtBA-b-PCEMA-b-PGMA

triblock terpolymer but a composition different form the one described in Ref.

[172]. Twisted cylinders were prepared from the dialysis of an aqueous solution of

the triblock copolymer against methanol (Fig. 13).

In water, the copolymer formed core-shell-corona cylinders with a core of PtBA

blocks surrounded by a shell of PCEMA blocks and a corona of PGMA blocks. The

Fig. 13 (a) Schematic representation for the formation of twisted cylinders from PtBA-b-
PCEMA-b-PGMA triblock terpolymer micelles in methanol. Typical (b) TEM and (c) AFM

pictures are also shown (Reprinted with permission from Ref. [135])
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cylinders with PCEMA cores twisted in water/methanol with high methanol con-

tents, for example, >90 vol%, probably to create more space to accommodate the

segregated PGMA chains, which were longer, better solvated, and more crowded

than the PtBA chains.

Segregated coronal chains were also recently evidenced in thermo-responsive

wormlike micelles from a PS-b-PE-b-PMMA triblock terpolymer with a crystalliz-

able PE middle block in organic solvent [174]. Those micelles were composed of a

core formed by crystalline PE domains and a patched corona formed by

microphase-separated PS and PMMA chains. The formation of wormlike micelles

is rather unexpected, because PE containing diblock copolymers usually form

platelet-like structures.

Very recently, Müller and coworkers demonstrated the precise prediction of

substructures, morphologies, size, and superstructures of self-assembled multicom-

partment micelles based on linear triblock terpolymers [175]. They devised a

directed step-wise self-assembly via preassembled subunits. Sequential reductions

of the degrees of freedom proved to be the key steps to reliably generate thermo-

dynamically labile patchy morphologies. In particular, for low patch numbers, the

multicompartment micelles exhibited precise geometry (with control of the angle

and interpatch distance) and sizes (Fig. 14). Furthermore, the switching of the

geometries and patchiness of spherical multicompartment micelles, as well as the

reversible aggregation of linear multicompartment micelles via a step-growth

polymerization-like process was enabled by the straightforward manipulation of

the corona volume fraction (Fig. 14). Such a high precision in structure and

tunability paves the way toward future bottom-up materials from block copolymer

micelles.

7 Micelles Obtained by Mixing Anionically Synthesized
Block Copolymers

Up to now, we have considered the micellization behavior of isolated block

copolymer chains. It has been, however, demonstrated that micellization can be

induced by complexation of one of the constituent block of the copolymer with

other macromolecules or low molar mass molecules. Such aqueous micelles can be

obtained from the mixing of a double-hydrophilic copolymer AB with a homopol-

ymer C or a diblock copolymer AC or a diblock copolymer DC, provided that IPEC

can form between the B and C blocks. This kind of electrostatic complexes has also

been referred to as “block ionomer complexes” or BIC.

The AB + C case is illustrated by the works of Kabanov et al. [176] who

investigated mixtures of PEO-b-PMANa with P4VPQ and of Gohy et al. on the

pH-dependent complexation of P2VP-b-PEO with PSS [177, 178]. In all these

studies, the resulting micelles contained an IPEC core and a PEO corona.
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Fig. 14 Mechanism for the preparation and directed hierarchical self-assembly of well-defined

multicomparment micelles. First, the ABC triblock terpolymers are forced into (a) micelles with a

compartmentalized corona via dissolution in a nonsolvent for B (termed subunits). Upon dialysis

into a nonsolvent for A and B, these subunits self-assemble via a refinement of the corona (b, c)
into various structures with well-defined number of patches (d, e). (f) A step-growth like colloidal

polymerization into segmented worms can be triggered under suitable conditions. (TEM images,

OsO4-stained; scale bars are 50 nm; PS gray, PB black, and PMMA not visible due to e-beam

degradation) (Reproduced with permission from Ref. [175])
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IPEC-based micelles in aqueous solutions have also been reported from AB +

AC mixtures, as illustrated by Gohy et al. on mixtures of P2VP-b-PEO and PMAA-

b-PEO copolymers [132]. IPEC formation was observed in a limited range of pH in

which both the PMAA and P2VP blocks were ionized. The IPEC cores formed

through electrostatic interaction between the ionized PMAA and P2VP blocks were

surrounded by PEO corona. When the pH of the aqueous medium was decreased,

the PMAA and P2VP blocks were essentially observed in their protonized form.

The PMAA/P2VP interaction was therefore suppressed at low pH at the expense of

hydrogen bonding in the PMAA/PEO pair. As a result, micelles were formed by the

PMAA-b-PEO diblock while the protonated P2VP-b-PEO chains existed as

unimers. In addition, a thermo-responsive behavior was observed for the

hydrogen-bonded PMAA-b-PEO micelles [132]. Above 45 �C, the hydrogen-

bonded PMAA/PEO complexes were disrupted while the cloud point of the

PMAA block was reached, resulting in stable colloidal particles. Moreover, the

temperature effect was found to be entirely reversible. At higher pH, the P2VP

block was deprotonated and hydrophobic while the PMAA blocks were essentially

ionized in the form of PMANa salt. As a result, PMANa-b-PEO chains were

observed as unimers while P2VP-b-PEO chains aggregated into micelles.

IPEC complexation between the B and C blocks of AB and CD copolymers is a

very promising route for the formation of complex micellar structures with com-

partmentalized corona. Noncentrosymmetric “Janus”-like micelles could in princi-

ple be obtained by using this strategy. Schlaad and coworkers investigated an AB +

CD system formed by the PS-b-PMACs and PB-b-P4VPQ copolymers in THF

[179]. However, this resulted in the formation of centrosymmetric vesicles with a

vesicular layer formed by the PMACs/P4VPQ IPEC while the incompatibility

between the two types of coronal chains resulted in an outer PS corona and an

inner PB one (Fig. 15).

It should also be noted that vesicles were prepared from a mixture of PS-b-PAA
and PS-b-P4VP diblock copolymers [73]. In this case, micelle formation was not

driven by IPEC formation between the PAA and P4VP blocks because

micellization was carried out at low pH where the PAA blocks are protonized and

the P4VP chains are positively charged. The vesicular layer was thus formed by PS

chains coming from both copolymers while the PAA blocks were segregated into

the inside of the vesicles and the outside corona of the vesicles consisted of P4VP

chains. This segregation occurred because the PAA chains were much shorter than

the P4VP chains and stabilize the curvature. Electrostatic repulsion between

charged P4VP blocks were also minimized.

We reported on hydrogen-bonded complexed cores obtained in DMF through

the interaction of a PS-b-P2VP-b-PEO triblock copolymer with a tapered triblock

copolymer consisting of a central PAA block and two outer comb-like blocks

containing short PEO branches [180]. Hydrogen bonding was observed between

the P2VP and PAA blocks resulting into micellar cores while three types of coronal

chains were coexisting: linear PS and PEO chains and comb-like PEO. Segregation

was observed between the comb-like PEO and the other coronal chains. Whenever
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the PS-b-P2VP-b-PEO triblock was complexed with PAA homopolymer, no seg-

regation in the corona was observed.

IPEC or hydrogen-bonded complexes may form not only between mutually

interacting polymer blocks but also between a polymer block and low MW mole-

cules. Complexes between surfactants and block copolymers have been investi-

gated for the formation of micelles. As illustrated by the work of Ikkala and

coworkers [181], one of the major interest of these systems is that they combine

two different length scales of supramolecular organizations, that is, the nanometer

scale organization of the (liquid) crystalline surfactant molecules and the 10 nm

scale relative to block copolymers. This gives rise to the so-called hierarchical

systems. Water-soluble surfactants-block copolymer complexes were reported by

Eisenberg et al. for PEO-b-PMANa-cationic surfactants mixtures [182, 183]. This

resulted in the formation of vesicles in water with PMANa-cationic surfactants

insoluble vesicular layers surrounded by PEO coronal chains. The characteristic

features of the complexes were found to be strongly dependent on the PMANa-

cationic surfactants stoichiometry, the more dense and defined structures being

observed whenever all the MANa units were interacting with one surfactant

Fig. 15 Formation of vesicles with distinct inner (PB) and outer (PS) coronal blocks from a

mixture of PS-b-P4VPQ and PB-b-PMACs copolymers. Vesicles are stained with CsI in the TEM

pictures. TEM picture B is a magnification of the framed area in A (Reprinted with permission

from Ref. [179])
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molecule. We obtained larger vesicles while complexing a PEO-b-P2VPQ copol-

ymer with negatively charged fluorinated surfactants [184].

Block copolymer/low MW molecules complexes were also examined in organic

solvents, as very recently exemplified by the works of Jiang and coworkers [185,

186]. These authors investigated mixtures of PS-b-P4VP copolymers with various

low MW molecules including perfluorooctanoic acid and formic acid. Such mole-

cules are expected to form hydrogen-bonded complexes with 4VP units in organic

solvents such as chloroform. This further resulted in the formation of vesicles. We

also obtained vesicles by mixing PS-b-P4VP copolymers with various low MW
perfluoroalkyl molecules that exhibited an interesting dilution-induced morpholog-

ical transition toward spherical micelles [187].

8 Conclusions and Outlook

Block copolymer micelles have been the subject of an enormous body of work

during the last 40 years. The interest on block copolymer micelles certainly stems

from the numerous practical applications of such systems. including biomedical

applications, emulsion stabilization, viscosity regulation, catalyst support, surface

modification, etc. Amphiphilic block copolymers with biocompatible and/or bio-

degradable sequences have potential for applications in the biomedical field, for

example, as drug delivery systems and as carriers in gene therapy. The recent

developments in nanotechnology have also created an important demand for self-

organized materials including block copolymer micelles. In this respect, block

copolymer micelles are used as templating reactors for the production of metallic

conducting, semiconducting, or magnetic nanoparticles. In addition to the shape

and size control due to the micellar templating, such nanoparticles embedded in a

polymer matrix exhibit enhanced chemical stability to oxidation, better colloidal

stability and could also display an increased catalytic activity. Block copolymer

micelles can be also used as resists for lithographic processes.

Although the basic principles of block copolymer micellization have been

already discovered and experimentally investigated in the 1980s, intense research

on this topic has been performed since the mid-1990s by many research groups.

Because it was not possible to include every contribution to that field in the frame of

this chapter, only selected examples have been discussed. The well-defined chem-

ical compositions, low polydispersity indices and perfectly controlled architectures

of block copolymers synthesized by living anionic polymerization techniques have

boosted the field of block copolymer micelles. This chapter focuses on the initial

contribution of anionically synthesized block copolymers in the 1980s and 1990s on

the understanding of the basic principles related to block copolymer micelles. With

the development of the controlled radical polymerization techniques since the

mid-1990s and the rather easy experimental conditions required for their imple-

mentation, amphiphilic block copolymers became easily accessible for more and

more laboratories around the world and a real blossoming in the number of papers
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related to block copolymers micelles was observed. More specifically, those devel-

opments were mostly triggered by the development of the so-called responsive

micellar systems, exhibiting abrupt variations of their properties upon changes in

pH, temperature, light illumination, etc. In that respect, polymerization techniques

tolerant to many functional groups like the reversible addition � fragmentation

chain-transfer (RAFT) polymerization played and are still playing a significant role

toward the development of such stimuli-responsive micellar systems.

Nevertheless, living anionic polymerization techniques still allow a control over

polymeric architecture which is not reachable with controlled radical polymeriza-

tion techniques and have recently lead to block copolymer micelles with an

unprecedented control over the morphology and properties. This is particularly

illustrated in the field of complex micellar structures derived from triblock terpoly-

mer (see Sect. 6) in which very recent examples of such complex micellar structures

have been discussed. Those examples certainly demonstrate that anionically syn-

thesized block copolymer still has a bright future for the formation of complex

micellar structures.

Abbreviations and Symbols

AFM Atomic force microscopy

AUC Analytical ultra-centrifugation

b Grafting distance

BIC Block ionomer complex

CMC Critical micelle concentration

CMT Critical micelle temperature

CWC Critical water concentration

DLS Dynamic light scattering

DMF N,N-dimethylformamide

IPEC Interpolyelectrolyte complex

LCST Lower critical solubility temperature

MW Molecular weight

N Degree of polymerization

NA Degree of polymerization of the core-forming block

NB Degree of polymerization of the corona-forming block

NMR Nuclear magnetic resonance

P2VP Poly(2-vinylpyridine)

P2VPQ Poly(2-vinylpyridine) quaternized

P4VP Poly(4-vinylpyridine)

PAA Poly(acrylic acid)

PB Polybutadiene

PBO Poly(butylene oxide)

PCEMA Poly(cinnamoylethyl methacrylate)

PDMAEMA Poly(N,N-dimethylaminoethyl methacrylate)
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PEB Poly(ethylene-co-butylene)
PEE Hydrogenated polybutadiene

PEO Poly(ethylene oxide)

PGMA Poly(glycidylmethacrylate)

PGMAS Poly(glycidylmethacrylate) sulfonated

PI Poly(isoprene)

PMA Poly(methylacrylate)

PMAA Poly(methacrylic acid)

PMACs Poly(cesium methacrylate)

PMANa Poly(sodium methacrylate)

PMMA Poly(methylmethacrylate)

PnBMA Poly(n-butylmethacrylate)

PPO Poly(propylene oxide)

PS Polystyrene

PtBA Poly(tert-butylacrylate)
PtBMA Poly(tert-butyl methacrylate)

PtBS Poly(tert-butyl styrene)
Rc Micellar core radius

Rg Radius of gyration

Rh Hydrodynamic radius

Rm Total micellar radius

SANS Small angle neutron scattering

SAXS Small angle X-ray scattering

SEC Size exclusion chromatography

SEM Scanning electron microscopy

SLS Static light scattering

TEM Transmission electron microscopy

Tg Glass transition temperature

THF Tetrahydrofuran

Z Aggregation number
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polystyrène. Kolloid Z Z Polym 214:1

83. Gast AP, Vinson PK, Cogan-Farinas KA (1993) An intriguing morphology in crystallizable

block copolymers. Macromolecules 26:1774

84. Pitsikalis M, Siakali-Kioulafa E, Hadjichristidis N (2000) Block copolymers of styrene and

stearyl methacrylate. Synthesis and micellization properties in selective solvents. Macromol-

ecules 33:5460

85. Quintana JR, Salazar RA, Katime I (1995) Micelle formation and polyisobutylene solubili-

zation by polystyrene-block-poly(ethylene-co-butylene)-block-polystyrene block copoly-

mers. Macromol Chem Phys 196:1625

86. Quintana JR, Janez MD, Katime I (1995) Formation of block copolymer micelles in solutions

of a linear homopolymer in a good solvent. Macromol Rapid Commun 16:607

87. Samii AA, Lindman B, Karlstrom G (1990) Phase behavior of some nonionic polymers in

nonaqueous solvents. Prog Colloid Polym Sci 82:280

88. Samii AA, Karlstrom G, Lindman B (1991) Phase behavior of poly(ethylene oxide)-poly

(propylene oxide) block copolymers in nonaqueous solution. Langmuir 7:1067

89. Alexandridis P, Yang L (2000) Micellization of polyoxyalkylene block copolymers in

formamide. Macromolecules 33:3382

90. Gervais M, Gallot B (1977) Influence of the nature of the solvent on the lamellar crystalline

structure of block copolymers with an amorphous block and a crystallizable poly(ethylene

oxide) block. Makromol Chem 178:2071

91. Lin EK, Gast AP (1996) Semicrystalline diblock copolymer platelets in dilute solution.

Macromolecules 29:4432

92. Vagberg LJM, Cogan KA, Gast AP (1991) Light-scattering study of starlike polymeric

micelles. Macromolecules 24:1670

93. Wu G, Chu B (1994) Light-scattering studies of a block poly(oxyethylene-oxypropylene-

oxyethylene) copolymer in water/o-xylene mixtures. Macromolecules 27:1766

94. Guo C, Liu HZ, Chen JY (2000) A Fourier transform infrared study on water-induced reverse

micelle formation of block copoly(oxyethylene–oxypropylene–oxyethylene) in organic sol-

vent. Colloids Surf A Physicochem Eng Asp 175:193

95. Spatz JP, Roescher A, M€oller M (1996) Gold nanoparticles in micellar poly(styrene)-b-poly
(ethylene oxide) films—size and interparticle distance control in monoparticulate films. Adv

Mater 8:337

Micellar Structures from Anionically Synthesized Block Copolymers 967



96. Bronstein LM, Chernyshov DM, Timofeeva GI, Dubrovina LV, Valetsky PM, Obolonkova

ES, Khokhlov AR (2000) Interaction of polystyrene-block-poly(ethylene oxide) micelles

with cationic surfactant in aqueous solutions. Metal colloid formation in hybrid systems.

Langmuir 16:3626

97. F€orster S, Zisenis M,Wenz E, Antonietti M (1996) Micellization of strongly segregated block

copolymers. J Chem Phys 104:9956

98. Spatz JP, R€oscher A, Sheiko S, Krausch G, M€oller M (1995) Noble metal loaded block

lonomers: micelle organization, adsorption of free chains and formation of thin films. Adv

Mater 7:731

99. Spatz JP, Sheiko S, M€oller M (1996) Ion-stabilized block copolymer micelles: film formation

and intermicellar interaction. Macromolecules 29:3220

100. Roescher A, M€oller M (1995) Extraction of aqueous gold sols with styrene/2-vinylpyridine

block copolymers in toluene. Adv Mater 7:151

101. Antonietti M, Wenz E, Bronstein LM, Seregina MS (1995) Synthesis and characterization of

noble metal colloids in block copolymer micelles. Adv Mater 7:1000

102. Sulman E, Bodrova Y, Matveeva V, Semagina N, Cerveny L, Kurtc V, Bronstein L,

Platonova O, Valetsky P (1999) Hydrogenation of dehydrolinalool with novel catalyst

derived from Pd colloids stabilized in micelle cores of polystyrene-poly-4-vinylpyridine

block copolymers. Appl Catal A Gen 176:75

103. Spatz JP, M€ossmer S, M€oller M (1996) Metastable reverse globular micelles and giant

micellar wires from block copolymers. Angew Chem Int Ed 35:1510

104. Kiriy A, Gorodyska G, Minko S, Stamm M, Tsitsilianis C (2003) Single molecules and

associates of heteroarm star copolymer visualized by atomic force microscopy. Macromol-

ecules 36:8704

105. Almgren M, Brown W, Hvidt S (1995) Self-aggregation and phase behavior of poly(ethylene

oxide)-poly(propylene oxide)-poly(ethylene oxide) block copolymers in aqueous solution.

Colloid Polym Sci 273:2

106. Booth C, Attwood D (2000) Effects of block architecture and composition on the association

properties of poly(oxyalkylene) copolymers in aqueous solution. Macromol Rapid Commun

21:501

107. Wanka G, Hoffmann H, Ulbricht W (1990) The aggregation behavior of poly-(oxyethylene)-

poly-(oxypropylene)-poly-(oxyethylene)-block-copolymers in aqueous solution. Colloid

Polym Sci 268:101

108. Nakashima K, Bahadur P (2006) Aggregation of water-soluble block copolymers in aqueous

solutions: recent trends. Adv Colloid Interface Sci 123:75

109. Jain NJ, Aswal VK, Goyal PS, Bahadur P (2000) Salt induced micellization and micelle

structures of’ PEO/PPO/PEO block copolymers in aqueous solution. Colloids Surf A

Physicochem Eng Asp 173:85

110. Guo C, Wang J, Liu HZ, Chen JY (1999) Hydration and conformation of temperature-

dependent micellization of PEO�PPO�PEO block copolymers in aqueous solutions by

FT-raman. Langmuir 15:2703

111. Chaibundit C, Mai SM, Heatley F, Booth C (2000) Association properties of triblock

copolymers in aqueous solution: copolymers of ethylene oxide and 1,2-butylene oxide with

long E-blocks. Langmuir 16:9645

112. Connell SD, Collins S, Fundin J, Yang Z, Hamley IW (2003) In situ atomic force microscopy

imaging of block copolymer micelles adsorbed on a solid substrate. Langmuir 19:10449

113. Hamley IW, Connell SD, Collins S (2004) In situ atomic force microscopy imaging of

adsorbed block copolymer micelles. Macromolecules 37:5337

114. Khan TN, Mobbs RH, Price C, Quintana JR, Stubbersfield RB (1987) Synthesis and colloidal

behaviour of a polystyrene-b-poly(ethylene oxide) block copolymer. Eur Polym J 23:191

115. Xu R, Winnik MA, Riess G, Chu B, Croucher MD (1992) Micellization of polystyrene-poly

(ethylene oxide) block copolymers in water. 5. A test of the star and mean-field models.

Macromolecules 25:644

968 J.-F. Gohy



116. Mortensen K, Brown W, Almdal K, Alami E, Jada A (1997) Structure of PS�PEO diblock

copolymers in solution and the bulk state probed using dynamic light-scattering and small-

angle neutron-scattering and dynamic mechanical measurements. Langmuir 13:3635

117. Bronstein LM, Chernyshov DM, Timofeeva GI, Dubrovina LV, Valetsky PM, Khokhlov AR

(1999) Polystyrene-block-poly(ethylene oxide) micelles in aqueous solution. Langmuir

15:6195

118. Selb J, Gallot Y (1980) Distinction entre les phénomènes d’agrégation et de micellisation
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Block Polymers for Self-Assembling:
Lithographic Materials

Teruaki Hayakawa

Abstract This chapter reviews the recent progress made in the application of block

polymers for self-assembling lithographic materials. It specifically focuses on

polyhedral oligomeric silsesquioxane (POSS)-containing block copolymers pre-

pared by living anionic polymerization and their self-assembled nanostructures.

Special emphasis is laid on our own research with regard to the control of mor-

phologies and directed self-assembly.

Keywords Block copolymers • Polyhedral oligomeric silsesquioxane (POSS)

• Lithography • Thin film • Directed self-assembly (DSA)

1 Introduction

The use of block copolymer (BCP) thin films as a mask to create dense periodic

arrays of small features is termed as “BCP lithography.” It has inspired the

synthesis of a rich array of new BCPs [1–3] to address demanding lithography

applications such as magnetic storage and semiconductor devices, and has fueled

extensive research into the attainment of long-range ordering, good feature regis-

tration, and accurate placement while minimizing the number of defects. BCP self-

assembly can be directed by grapho-epitaxy (lithographically predefined templates

with topographic relief) [4–11] or chemo-epitaxy (chemically prepatterned sub-

strates) [12–19]. Recent studies have demonstrated that directed self-assembly

(DSA) can provide long-range ordering with many times the density and improved

feature placement in comparison to the original lithographic templates [4, 16–

22]. Additionally, recent reports in which chemo-epitaxy is combined with

nanofabrication techniques has shown much more complex patterns such as jogs,

bends, junctions, chevrons, dashes, rectangular features, and even three-

dimensional structures [23–26].

To use BCPs as lithographic materials, it is essential to understand what kinds of

BCP structures are most suitable on the basis of the characteristic properties. BCPs
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self-assemble via microphase separation to form periodic nanometer-scale struc-

tures with sizes in the range 5–100 nm [27–30], with the most commonly observed

morphologies being spherical domains in a body-centered lattice, hexagonally

packed cylinders, or alternating lamellae. The particular morphology of the self-

assembled structure is determined by the relative volume fraction of the constituent

blocks. The lattice length parameter of the phase-separated structure depends on the

degree of polymerization, N. To assemble, the polymer chains must have sufficient

mobility, obtained either by heating them above their glass transition temperature,

Tg (thermal annealing), or by plasticizing them with a solvent (solvent annealing).

However, both thermal and solvent annealing lower the strength of BCP segrega-

tion, defined by the Flory�Huggins interaction parameter, χ, meaning conditions

must be tuned to allow sufficient mobility for assembly while still falling below

conditions that lead to the order-disorder transition (ODT). Further, when annealing

between Tg and ODT, the amount of microphase separation is limited by molecular

diffusion. The slow mechanism of diffusion causes the self-assembled phase

lattices to form with localized order form into numerous polycrystalline structures

with grain boundaries.

A vast majority of research work on BCP lithography has been devoted to

polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) materials, as the

PMMA block is a convenient lithographic photoresist [5, 7, 10–19]. PS-b-PMMA

can be thermally annealed and selectively removed by UV exposure and the

patterns can be transferred to the underlying silicon substrate using the remaining

PS template. Other examples of BCPs which have been examined as candidates for

nanofabrication include polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) [31],

polystyrene-b-polylactide (PS-b-PLA) [32], and polystyrene-b-poly(ethylene
oxide) (PS-b-PEO) [33].

A limitation of PS-b-PMMA is its difficulty in forming features with a full pitch

below 25 nm due to its small Flory�Huggins interaction parameter. More strongly

segregating BCPs have been reported with �10 nm scale features [10, 11, 33–

37]. In one report, 10 terabit per square inch ordered cylindrical arrays can be

fabricated by the self-assembly of a BCP in which an Au salt is complexed

selectively to the PEO domain of a PS-b-PEO BCP. The incorporation can increase

not only the segregation property of polymer chains, but also etch selectively

between the blocks Fe-containing blocks, such as polystyrene-b-polyferroce-
nylsilane (PS-b-PFS) have been explored extensively as etch masks [38, 39]. -

Silicon-containing BCPs have etching behavior similar to transition metal-

containing polymers and are compatible with the integrated circuit processes

[40]. Polystyrene-b-polydimethylsiloxane (PS-b-PDMS) BCPs, which form

in-plane cylinders, have been adapted as templates [35]. However, the significantly

lower surface tension and lower Tg of the PDMS block in comparison to PS poses

challenges for film formation and pattern transfer. The PDMS-containing BCPs

also tend to easily dewet from the substrate.

It is highly desirable to explore thin-film nanostructures with morphologies such

as vertically oriented lamella or cylinders which have direct connectivity to the
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underlying substrate while avoiding dewetting and retaining the high etch selectiv-

ity between the two blocks yet retaining the ability to access sub 10 nm feature sizes

[41]. We have focused our efforts on polyhedral oligomeric silsesquioxane (POSS)

containing BCPs [42–54] that can self-assemble into much smaller periodic feature

(10 nm scale) due to the strongly segregating blocks. A high etch contrast advantage

over PS and PMMA BCPs can be also obtained with POSS-containing polymers in

dry etching with an oxygen plasma. This can lead to reliable high-resolution

patterns in BCP lithography.

In this chapter, two aspects of POSS containing BCPs will be addressed. First,

the synthesis and characterization of higher order nanostructures in bulk and thin

films will be discussed for POSS containing BCPs, including a typical PMMA-b-
Poly(POSS methacrylate) material, namely PMMA-b-PMAPOSS. This is followed

by a review of PMMA-b-PMAPOSS characteristics for self-assembly

nanopatterning with the discussion centering on directed self-assembly (DSA) for

long-range ordering and pattern transfer of the nanostructures by applying various

external fields.

2 Synthesis of POSS-Containing BCPs

2.1 Living Anionic Polymerization

Living anionic polymerization is a popular approach for the formation of BCPs.

The technique was utilized here for POSS block copolymers, starting with PMMA-

b-PMAPOSS and PS-b-PMAPOSS [43]. The synthesis scheme is illustrated in

Fig. 1.

Both reactions were carried out with a five- to tenfold excess of lithium chloride

(LiCl) and a fourfold excess of 1,1-diphenylethylene (DPE), as both methyl meth-

acrylate (MMA) and 3-(3,5,7,9,11,13,15-hepta-isobutyl-pentacyclo[9.5.1.13,9.15,
1517, 13]octasiloxan-1-yl)propyl methacrylate (MAPOSS) have carbonyl groups.

Attempts to polymerize MAPOSS using sec-butyl lithium (sec-BuLi) initiator

even at low temperature were unsuccessful and the high reactivity of sec-BuLi
resulted in significant side reactions by attacking the carbonyl groups in MAPOSS.

It is known that the reactivity of initiators such as BuLi in the living anionic

polymerization of methacrylates can be inhibited by using an excess of LiCl and

1,1-diphenylethylene (DPE) [21]. In fact, this approach works quite well for

MAPOSS as well. PMAPOSS homopolymers were synthesized by living anionic

polymerization using sec-BuLi initiator in the presence of excess LiCl and DPE at

�78 �C for 6 h. Quantitative conversions were obtained in 6 h as monitored by 1H

NMR spectroscopy. The polydispersity index (PDI) of the resulting polymers was

less than 1.1. As expected, the Mn (MALS) was two to three times higher than Mn

(SEC). The compact cage structure of PMAPOSS in comparison to PS explains the

Block Polymers for Self-Assembling: Lithographic Materials 977



higher absolute molecular weights. The degree of polymerization (DP) (determined

from Mn (SEC)) for PMAPOSS was as high as 30, which is two times higher than

the values reported in the literature for BCPs synthesized by atom transfer radical

polymerization (ATRP) [55]. It should be noted that even higher DPs should be

possible by the anionic route. The higher DP can be attributed to the very low

activation energy for the propagation of the anion, while the activation of the

radical can be inhibited by the bulky POSS. Using the optimized conditions, two

sets of BCPs, PMMA-b-PMAPOSS and PS-b-PMAPOSS, were synthesized with

varying volume fractions of each block.

The other monomer of the POSS-containing methacrylate can be also polymer-

ized by living anionic polymerization. For the development of POSS-containing

thermotropic BCPs, promising materials that effectively form well-ordered

nanostructures by thermal annealing, the synthesis of a poly(methacrylate) with a

long alkyl chain tethered to the POSS molecule, were desired. PMAC11POSS and

PMAC11POSS based BCPs combined with PMMA (PMMA-b-PMAC11POSS)

were synthesized with almost the same polymerization procedure as used for

MAPOSS [49]. The desired PMAC11POSS and its BCPs of PMMA-b-
PMAC11POSSs were successfully obtained (Fig. 2).

Fig. 1 Synthesis of PMMA-b-PMAPOSS and PS-b-PMAPOSS block copolymers by living

anionic polymerization
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2.2 Atom Transfer Radical Polymerization (ATRP)

POSS containing BCPs with a low polydispersity index can also be prepared by

ATRP. One example is the synthesis of poly(ethylene oxide)-b-PMAPOSS

(PEO-b-PMAPOSS) [48]. ATRP of POSS methacrylate monomer was carried out

in the presence of a PEO macroinitiator (Mn¼ 6,300 g mol�1), copper chloride

(I) (CuICl), and N,N,N’,N’,N”-pentamethyldiethylenetriamine (PMDETA) in anhy-

drous toluene at 50 �C for 24 h (Fig. 3). In this case, the Mn and PDI of PEO-b-
PMAPOSS against linear PS standards were 18,600 g mol�1 and 1.20, with a

volume ratio of 11 % of PEO and 89 % of PMAPOSS for each block.

3 Morphologies of BCPs in Bulk and Thin Films

3.1 Bulk Morphology

Bulk morphology characterization is essential to study the formation of

nanostructures in thin films. The density of PMAPOSS was measured using a

density gradient column [47] and was found to be 1.14 g/cm3 at 25 �C. Taking
the density of polystyrene to be 1.05 g/cm3 and PMMA to be 1.15 g/cm [3], in

Fig. 2 Synthesis of PMMA-b-PMAC11POSSs by living anionic polymerization

Block Polymers for Self-Assembling: Lithographic Materials 979



combination with 1H NMR data, the volume ratios for each block was determined.

Bulk samples of the POSS-containing BCPs can be prepared by slow evaporation

from solutions in a variety of solvents, such as chloroform, toluene, cyclohexane,

and tetrahydrofuran. They can be characterized by transmission electron micros-

copy (TEM) and transmission small angle X-ray scattering (TSAXS). In the TEM

measurements, all the samples are imaged without staining because the high mass

contrast of the POSS-containing block compared to PS and PMMA blocks results in

PMAPOSS domains appearing as darker regions with either PS or PMMA domains

appearing as brighter regions.

Figure 4 shows the TEM images and TSAXS results of some of the PMMA-b-
PMAPOSS (Fig. 4a–f) and PS-b-PMAPOSS (Fig. 4g–l) BCPs [47]. For instance,

the TEM images of PMMA450-b-PMAPOSS7 and PS587-b-PMAPOSS4 with a

PMAPOSS volume fraction of 13 and 4 %, respectively, show spherical PMAPOSS

morphologies (Fig. 4a, g). The scattering profile of the PMMA450-b-PMAPOSS7
sample shows a first-order diffraction peak and a broad second-order diffraction

peak (Fig. 4d), while that of the PS587-b-PMAPOSS4 sample reveals only a broad

first-order diffraction peak (Fig. 4j). From the TEM and TSAXS data, the spheres

are estimated to have an average diameter of 10 nm and a mean interdistance of

24 nm for the PMMA450-b-PMAPOSS7 sample, and an average diameter of 6 nm

and a mean interdistance of 14 nm for the PS587-b-PMAPOSS4 sample. These

results show that while PMMA450-b-PMAPOSS7 and PS587-b-PMAPOSS4 can

phase separate into PMAPOSS spheres with a diameter of 6–10 nm, they lack

long-range order. In contrast, well-defined lamellar structures were observed in the

case of PMMA262-b-PMAPOSS23 and PS266-b-PMAPOSS20 with PMAPOSS vol-

ume fractions of 44 and 37 %, respectively (Fig. 4b, h). The scattering profiles show

up to fourth-order diffraction peaks with a characteristic ratio of 1:2:3:4, which can

be assigned to the (001), (002), (003), and (004) planes, indicating lamellar

morphologies (Fig. 4e, k). The lamellar d-spacing was 38.7 and 37.3 nm for

PMMA262-b-PMAPOSS23 and PS266-b-PMAPOSS20, respectively, which is in a

good agreement with the values observed in the TEM. In the case of PMMA52-b-

Fig. 3 Scheme for the synthesis of PEO-b-PMAPOSS by atom transfer radical polymerization
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PMAPOSS18 and PS52-b-PMAPOSS9 with PMAPOSS volume fractions of 77 and

58 %, respectively (Fig. 4c, i), cylindrical morphology was observed. The TEM

images show a hexagonally packed PS or PMMA cylinder structure in a PMAPOSS

matrix. These results are supported by X-ray observations, which show diffraction

peaks with a ratio of 1:
ffiffiffi
3

p
for PMMA52-b-PMAPOSS18 and 1:

ffiffiffi
3

p
and 1:2 for the

PS52-b-PMAPOSS9 sample (Fig. 4f, l), which is characteristic of a cylindrical

morphology. These peaks are assigned as the diffractions of the (001), (011), and

(002) planes, respectively. The distance between the cylinders was found to be 20.4

Fig. 4 TEM and TSAXS profiles of (a, d) PMMA450-b-PMAPOSS7, (b, e) PMMA262-b-
PMAPOSS23, (c, f) PMMA52-b-PMAPOSS18, (g, j) PS587-b-PMAPOSS4, (h, k) PS266-b-
PMAPOSS20, and (i, l) PS52-b-PMAPOSS9
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and 14.3 nm for PMMA52-b-PMAPOSS18 and PS52-b-PMAPOSS9, respectively.

The diameter of the cylinders was found to be 9.1 nm for PMMA52-b-PMAPOSS18
and 9.5 nm for PS52-b-PMAPOSS9.

Lamella (PMMA262-b-PMAPOSS23 and PS266-b-PMAPOSS20) and cylinder

(PMMA52-b-PMAPOSS18 and PS52-b-PMAPOSS9) forming bulk samples were

annealed at 190 �C for 24 h to examine any morphological changes

[47]. TWAXS studies were carried out to see if the POSS cages were organized

within the phase-separated structure. The unannealed PMMA52-b-PMAPOSS18
sample showed a weak diffraction peak in the high q region, corresponding to a

d-spacing of 2.6–2.7 nm, whereas for PS52-b-PMAPOSS9, this peak is not visible.

Upon annealing the PMMA52-b-PMAPOSS18 sample, diffraction peaks

corresponding to a d-spacing of 5.0, 2.5, and 2.3 nm emerged, indicating the

aggregation of POSS units within the majority domain in the cylinder forming

BCP. Thermal annealing did not result in additional diffraction peaks in the case of

the PS52-b-PMAPOSS9 BCP in the scattering profile, suggesting that the short

length of the PMAPOSS block was insufficient to drive the formation of hierarchi-

cal structures. Similar results indicating aggregation of POSS units within a phase-

separated domain were observed upon annealing both PMMA262-b-PMAPOSS23
and PS267-b-PMAPOSS20 lamellar morphologies.

3.2 Thin Film Morphology

Based on the knowledge of the bulk morphologies of the PMAPOSS-containing

BCPs, thin films of PMMA-b-PMAPOSS were spin cast on Si substrates from

dilute solutions of either cyclohexane or chloroform. The film thickness was

controlled by the concentration of the solutions and the spinning speed. In order

to assemble, the polymer chains must have obtained sufficient mobility, which can

be achieved either by heating above their Tg (thermal annealing), or by being

plasticizing with a solvent (solvent annealing). Herein, we describe the thermal

annealing and solvent annealing of PMMA-b-PMAPOSSs.

3.2.1 Solvent Annealing

In general, achieving long-range order with some highly desirable BCP materials

by thermal annealing is not possible because the Tg exceeds the thermal degradation

temperature of the BCP. In such cases, solvent annealing offers an attractive

alternative to thermal annealing to order the BCP. In this technique, the solvent

vapors dissolve in the BCP and acts as a plasticizer. The swollen polymer chains

attain sufficient mobility to order at temperatures well below their degradation

temperature (commonly at room temperature). Solvent annealing can be applied to

most types of self-assembling BCPs, opening many opportunities to extend directed

self-assembly feature below 10 nm. Furthermore, by controlling the degree of
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swelling of each block, it is possible to reversibly tune the microdomain morphol-

ogy (i.e., from spherical to cylindrical morphology and vice versa) through order

�order transitions [34, 35, 56, 57]. In a solvent annealing process, the following

steps occur. First, the as-spun BCP thin film is exposed to solvent vapor. Solvent

vapor infiltrates into the BCP and swells the film, creating more free volume in the

structure and a different conformational structure for the polymer chains,

depending on the solubility. In the swollen state, the BCP molecules have the

mobility to form the self-assembled patterns [58, 59]. After the solvent evaporates,

the BCP molecules become frozen in the ordered structure. The morphology of the

ordered structure depends on the solubility of the solvent vapor in the polymer

blocks and on the degree of swelling during annealing. In fact, the morphologies of

BCPs, such as polystyrene-b-polydimethylsiloxane and poly(α-methylstyrene)-b-
poly(4-vinylpyridine), have been engineered into a wide range of structures by

controlling the amount and mixture of the solvent vapors [34, 56]. Bosworth

et al. [60] reported that the self-assembled structure of poly(α-methylstyrene)-b-
poly(4-vinylpyridine) ordered by solvent annealing can multiply the areal density

of the chemically patterned template with a hexagonal array.

For POSS-containing BCPs, we first investigated suitable solvents for PMMA-b-
PMAPOSSs. We found that carbon disulfide (CS2) and acetone are the most

effective solvents to trigger the swelling of PMAPOSS and PMMA, respectively

[44] (Fig. 5). Figure 6 illustrates the solvent annealing apparatus to expose the spin-

cast films to CS2 vapor [53]. The concentration (or partial pressure) of CS2 vapor

can be controlled indirectly with the nitrogen counterflow in a sealed stainless steel

Fig. 5 AFM images of nanostructures in solvent annealed thin films of PMMA52-b-
PMAisobutylPOSS18 obtained with different kinds of solvents
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chamber. The degree of swelling (or swelling factor) of the PMMA-b-PMAPOSS

film, tDS, is defined as the thickness of the reference sample in the swollen state

divided by the initial film thickness.

We first focused on the effect of the degree of swelling of the BCP on the self-

assembled structures during solvent annealing and observed the microdomain

structures of the quenched films [53].

Figure 7 shows the SEM images of the thin films of PMMA41-b-PMAPOSS29
after solvent evaporation. The dark and bright parts of the SEM images correspond

to the PMMA and the PMAPOSS domains, respectively. The as-spun film shown in

Fig. 7a did not exhibit a regular structure, although we can distinguish the PMMA

domains from the PMAPOSS domains. The rapid evaporation of solvent during the

spin-coating of the BCP did not allow sufficient molecular mobility for the com-

plete microphase separation of PMMA41-b-PMAPOSS29. In Fig. 7b, line structures

of the PMMA domains were observed in the films annealed with tDS¼ 125 %.

Figure 7c shows the coexistence of line and dot structures of the PMMA domains

after solvent annealing with tDS¼ 150 %. The film annealed with tDS¼ 175 %

shown in Fig. 7d exhibited only the dot structures, where the dots formed hexagonal

lattices in the polycrystalline structure. Figure 7e illustrates a two-dimensional fast

Fourier transform (2D-FFT) [53] image of the hexagonally packed dot structure

shown in Fig. 7d. The 2D-FFT image exhibits isotropic halos with some spots.

From the radius of the circular average of the intensity profile of the first halo in the

2D-FFT image, the lattice spacing of the self-assembled PMMA41-b-PMAPOSS29
structure, d0, is calculated to be 23.7 nm. The average radial distribution of the

intensity was fitted to a Gaussian function.

A morphology change could be explained by a change in the relative volume

fraction of the constituent blocks of the BCP in the swollen state. Since the BCP

comprises of two immiscible chains, we would expect the solvent molecules to

have different affinities for the microdomains with the different blocks [56]. To

investigate the relative solubility of the PMMA and PMAPOSS blocks with CS2,

we evaluated the swelling behaviors of the single component films of hPMMA and

Fig. 6 Schematic

illustration of solvent

annealing with an in situ

film thickness monitor. The

swollen state of the sample

film is controlled by the N2

counterflow rate
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hPMAPOSS (Fig. 8). The hPMMA and hPMAPOSS films spun on the Si substrates

was exposed to CS2 vapor with the N2 counter flow adjusted to 20 mL/min and the

tDS was measured as a function of time until the value became constant. Under this

counter flow, the tDS was 123 % for hPMMA and 139 % for hPMAPOSS. This

Fig. 7 SEM images of the PMMA41-b-PMAPOSS29 films on Si substrates. (a) As-spun film.

(b�d) Solvent annealed films. The films were solvent annealed under CS2 vapor for 1 h at tDS of

(b) 125 %, (c) 150 %, and (d) 175 %. (e) The 2D-FFT image of the SEM image (c). The dark and

bright parts of the SEM images correspond to the PMMA and PMAPOSS domains, respectively
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suggests that CS2 is slightly selective to PMAPOSS. Thus, preferential partitioning

of CS2 into the PMAPOSS domains is expected in the solvent annealing of the

PMMA-b-PMAPOSS films. We propose that solvent annealing induces a change in

the effective volume fractions of the two constituent blocks and can change the

microdomain morphology from cylinders to spheres in this case.

We can further explain the morphologies in terms of the surface energies.

Figure 9a shows the schematic of the solvent annealing process and the possible

cross-sectional structure of the PMMA-b-PMAPOSS film at each stage. At the

as-spun stage, PMMA-b-PMAPOSS is mostly in the disordered state, although

there may be slightly phase-separated regions. In the swollen stage, the solvent-

swollen PMMA-b-PMAPOSS chains gain the mobility to diffuse and undergo

microphase separation to form the self-assembled structure in thermodynamic

equilibrium. If tDS is large enough to induce the order�order transition, the

morphology of the PMMA domains might change from cylinders to spheres.

Since the surface tension of PMMA against the Si surface is smaller than that of

PMAPOSS [50], a thin wetting layer of PMMA may be formed next to the Si

surface. In contrast, the CS2 vapor at the surface of the film has preference to

PMAPOSS. Upon solvent evaporation after solvent annealing, the PMMA-b-
PMAPOSS film may decrease in thickness, while the lateral size of the film remains

unchanged. Therefore, the shape of the PMMA domains in the dried film may not

be spherical but ellipsoidal. This expectation was confirmed by TEM observations

Fig. 8 Comparison of the degree of swelling of homoPMMA (hPMMA) and homoPMAPOSS

(hPMAPOSS) films under a constant N2 counterflow and therefore, under a constant CS2 vapor

pressure
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of the cross-sectional images of the dried film. Figure 9b shows the atomic force

microscope (AFM) height image of a thin film of PMMA41-b-PMAPOSS29 solvent

annealed at tDS¼ 185 %. The hexagonally packed bright dots of the PMMA

domains were observed under topographical contrast and the dots were found to

be 2–3 nm thicker than the PMAPOSS matrix. This suggests that the degree of

shrinkage of the PMMA domains is less than that of the PMAPOSS matrix, which is

consistent with the higher solubility of CS2 in PMAPOSS.

We further examined the CS2 solvent annealing behavior of other molecular

weight PMMA-b-PMAPOSS materials. Figure 10 shows the SEM images of the

Fig. 9 (a) Schematic illustrations of the solvent annealing process and the possible cross-sectional

structures obtained at each stage of the process. The red and blue chains represent the PMAPOSS

and PMMA chains, respectively. Orange dots represent the CS2 solvent molecules. (b) AFM
topographic image of the PMMA41-b-PMAPOSS29 film solvent annealed at tDS¼ 185 % for 1 h on

the Si substrate
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Fig. 10 SEM images of the PMMA25-b-PMAPOSS13 films. (a) As-spun film. (b�f) Solvent
annealed films. The films were solvent annealed on Si substrates at tDS of (b) 120 %, (c) 130 %, (d)
140 %, (e) 150 %, and (f) 175 %. (g) The 2D-FFT image of the SEM image (d). The dark and

bright parts of the SEM images correspond to the PMMA and PMAPOSS domains, respectively



15 nm thick as-spun films of PMMA25-b-PMAPOSS13 solvent annealed for 1 h

under different swelling factors. As expected and as shown in Fig. 10a, the as-spun

film did not exhibit a periodic structure. Figure 10b shows the coexistence of line

and dot structures of the PMMA domains when the swelling factor was tDS¼ 120 %

during annealing. The line structures are derived from the cylindrical PMMA

microdomains oriented parallel to the Si substrate. The dot structures are probably

the spherical PMMA microdomains. When tDS¼ 130 %, the PMMA domains

exhibited a disordered dot structure, as shown in Fig. 10c. This suggests that with

tDS¼ 130 %, the PMMA-b-PMAPOSS chains do not gain sufficient mobility to

form a single hexagonal lattice. However, when tDS¼ 140 and 150 %, a regular

hexagonal array of dots formed, as shown in Fig. 10d, e. From the position of the

first-order halo observed in the 2D-FFT image of Fig. 10g, obtained from the SEM

image shown in Fig. 10d, the d0 of the self-assembled structure of PMMA25-b-
PMAPOSS13 at tDS¼ 140 % was determined to be 12.4 nm. Similarly, d0 at

tDS¼ 150 % was calculated to be 12.7 nm. Conversely, tDS increased to 175 %,

the hexagonally packed dot pattern did not exhibit the extent of order observed in

the samples annealed with tDS¼ 140 and 150 %, as shown in Fig. 10f. According to

Lodge et al. [61], swelling of cylinder forming BCP systems with a neutral solvent

lowers the effective Flory�Huggins interaction parameter of the copolymers. In

addition, greater swelling of one component of the BCP with a slightly greater

affinity for the solvent can increase the volume fraction of the corresponding

microdomains in the swollen state. CS2 is slightly more selective toward

PMAPOSS than PMMA and the solvent annealing can increase φPMAPOSS and

decrease χ in the swollen state [43].

The effects of solvent annealing can be described with the schematic phase

diagram of the microdomain morphology in the χeffN vs. φPMAPOSS,eff space, as

shown in Fig. 11, where χeff, N, and φPMAPOSS,eff are the effective Flory�Huggins

interaction parameter in the swollen state, the degree of polymerization, and the

effective volume fraction of the PMAPOSS blocks in the swollen state, respectively

[56, 61, 62]. The morphological change with increasing tDS can be recognized as a

diagonal shift in the phase diagram along the solid arrow in Fig. 11. Therefore, the

morphology of the PMMA domains changes from cylindrical to spherical with

increase in tDS. Furthermore, the phase-separated structure may become unstable

and the long-range order may worsen when solvent annealing is carried out at tDS
>175 % because of the transition from the spherical microdomain morphology to

the disordered state. This case is represented by a further diagonal shift on the

dashed line in the phase diagram. Our results show that the optimum tDS required to
form a well-defined hexagonally packed dot pattern with PMMA25-b-PMAPOSS13
ranges of 140 and 150 %.

Similarly, we investigated the effect of tDS on the self-assembled structures of

PMMA34-b-PMAPOSS18 and PMMA27-b-PMAPOSS14 with φPMAPOSS values

83 and 84 %, respectively, which are similar to the φPMAPOSS values of

PMMA41-b-PMAPOSS29 and PMMA25-b-PMAPOSS13.

The results are summarized in Fig. 12, which presents the phase diagram of the

self-assembled structures of the solvent annealed PMMA-b-PMAPOSS. The open
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circles and diamonds denote the spherical and cylindrical morphologies, respec-

tively, while the open triangles indicate the coexistence of the spheres and cylin-

ders. Figure 12 shows that the phase boundary for the cylinder-to-sphere transition

shifts toward the higher values of tDS with increase in the Mn of PMMA-b-
PMAPOSS. This can be understood qualitatively in terms of χeffN and φPMAPOSS,

eff in the swollen state using Fig. 11. As tDS increases upon swelling on exposure to
CS2, χeff decreases, while φPMAPOSS,eff increases because of the higher affinity of

CS2 for PMAPOSS. This eventually induces the transition of morphology from

cylinders to spheres, as represented by the arrow in Fig. 11 for the PMMA-b-
PMAPOSS with a smaller Mn. On the other hand, an increase in theMn of PMMA-

b-PMAPOSS increases the χeffN and prompts the backward shift along the arrow.

Thus, a larger tDS, which further reduces the χeff value, is necessary for the PMMA-

b-PMAPOSS with a larger Mn, to undergo the morphological transition from

cylinders to spheres. Consequently, the phase boundary for the cylinder-to-sphere

transition shifts toward higher values of tDS with increase in the Mn of PMMA-b-

Fig. 11 Right half of the schematic phase diagram of χeffN vs. φPMAPOSS,eff for the PMMA-b-
PMAPOSS/CS2 system. PMMA is the minor component and forms the dispersed domains in the

cylindrical (C) and spherical (S) morphologies. The χeffN value of the BCP decreases with the

infiltration of the solvent into the film. Since CS2 swells the PMAPOSS matrix more than the

PMMA domains, the effective volume fraction of PMAPOSS, φPMAPOSS,eff increases on swelling.

The phase behavior of the BCP with increasing tDS on solvent annealing is represented by the solid
arrow, which predicts the morphological transition from cylinders to spheres upon swelling. The

dashed line predicts the order-disorder transition at excess tDS. The behavior of the BCP with a

higher Mn on solvent annealing is represented by the dotted arrow, which is obtained by the

vertical shift of the solid arrow
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PMAPOSS, as shown in Fig. 12. The discussion given above is qualitative; it

suggests that we need to optimize the degree of swelling in solvent annealing to

obtain the desired hexagonally packed dot pattern depending on the Mn of the

PMMA-b-PMAPOSS.

3.2.2 Thermal Annealing

Since thermal annealing leads to a second level of ordering within the PMAPOSS

domain, we further examined the self-assembly in thin films by grazing incident

wide-angle X-ray scattering (GIWAXS) and AFM [45]. GIWAXS is known to

provide a high intensity scattering pattern with high statistical significance even for

nanoscale thin films supported on substrates. The thin films were annealed in CS2
for 10 h, followed by thermal annealing at 190 �C for 6 h under vacuum.

The AFM phase images clearly showed hexagonally packed PMMA domains in

the thin films in both thermally unannealed (Fig. 13a) and thermally annealed

samples (Fig. 13b). The GIWAXS pattern of the unannealed sample (Fig. 13c)

showed three amorphous hollow rings at 2θf¼ 3.20� (2.5 nm), 7.88� (1.0 nm), and

16.10� (0.49 nm) which was attributed to an average distance between the main

chains of PMAPOSS (Fig. 13f), the average distance between the POSS cages in the

PMAPOSS block (Fig. 13e), and the average distance between the -COOCH3

Fig. 12 Phase diagram showing the morphologies of PMMA-b-PMAPOSS assembled via solvent

annealing with CS2 vapor as a function of tDS and the number average molecular weight of

PMMA-b-PMAPOSS. The volume fraction of PMAPOSS in the PMMA-b-PMAPOSS samples,

φPMAPOSS, was in the range 83�87 %. Open circles, triangles, and diamonds represent spherical,
mixtures of spherical and cylindrical, and cylindrical morphologies of the PMMA domains,

respectively
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groups of the PMMA segments, respectively (Fig. 13e). Since these are amorphous

hollow rings, there is no net orientation within the PMAPOSS segments. However,

after thermal annealing, a number of sharp and regular scattering spots (Fig. 13d)

appear over a wide range of scattering angles that are characteristic of a lattice

structure. By indexing the scattering spots in the 2D GIWAXS pattern (Fig. 13d),

the lattice structure was determined to be an orthorhombic unit cell with dimensions

of 2.4 and 5.0 nm on the y- and z-axes directions, respectively. Figure 13f is a

cartoon representation of the lattice structure of the PMAPOSS block as simulated

by the Cerius [2] software package. In thin films, the PMAPOSS block formed a

helix-like structure to relieve the steric crowding of the POSS units. In the thermally

Fig. 13 AFM phase images and 2D GIWAXS patterns of PMMA41-b-PMAPOSS29 subjected to

(a, c) CS2 solvent annealing for 10 h and (b, d) thermal annealing at 190 �C for 6 h after solvent

annealing. (e) Schematic illustration of the relevant length scales in PMMA-b-PMAPOSS BCP

and (f) representation of the morphology of thermally annealed PMMA41-b-PMAPOSS29
consisting of PMMA cylinders in a PMAPOSS matrix, where the PMAPOSS segments assume

a helix-like structure and the helices are further arranged in an orthorhombic lattice structure
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unannealed sample, these helix-like structures were randomly oriented; however,

upon thermal annealing, POSS aggregation drove the helical units to pack into an

orthorhombic lattice. Upon annealing, the average distance between the PMMA

cylinders changed from 32 to 27 nm (measured by AFM) and the size of the PMMA

cylinder changes from 15 to 11 nm because of POSS aggregation. These results in

thin films were consistent with the observations in the bulk sample where the

appearance of diffraction peaks at 5.0 and 2.3 nm upon annealing showed the

formation of an orthorhombic unit cell by the aggregation of POSS units. The

diffraction peak at 2.5 nm was a higher order peak of the peak at 5.0 nm.

3.2.3 Rapid and Reversible Morphology Changes by Solvent

and Thermal Annealing

By a combination of thermal annealing and solvent annealing, the reversible

morphology control of the other POSS-containing BCP thin films was demon-

strated. This control is enabled by distinctive properties of poly(ethylene oxide)-

b-PMAPOSS (PEO-b-PMAPOSS) [48]. Each PS and PMMA in POSS containing

BCPs, which are hydrocarbon polymer segments, exists in the amorphous state over

a wide range of temperatures during thermal annealing. In contrast, crystalline PEO

usually melts at relatively low temperatures, below ~60 �C. Therefore, when PEO is

used, rather than PS and PMMA, in the POSS-containing BCP, the higher mobility

of the PEO at isotropic state leads to sufficient diffusing and reassembling of the

POSS-containing BCP for the formation of self-assembled nanostructures by ther-

mal annealing.

As example sample was PEO143-b-PMAPOSS12 [48]. Thin films were prepared

by spin casting from a 1 wt% of a PEO143-b-PMAPOSS12 solution in chloroform

onto silicon wafers. The thickness of the film was well controlled and found to be

around 40 nm by ellipsometry. As-spun films did not exhibit a regular structure, but

coexisting line and dot disordered structures were formed (Fig. 14a). The line

structures are derived from the cylindrical PEO microdomains oriented parallel to

the substrate. The dot structures were probably the spherical PEO microdomains.

Thermal annealing of the as-spun film was carried out at 90 �C for 60 s. Shown in

Fig. 14b, only dot structures of the PEO domains within the PMAPOSS matrix were

observed in the film, where the dots formed hexagonal lattices in the polycrystalline

structure. Next, solvent annealing of the resulting film with dot nanostructures was

performed with chloroform vapor for 120 s. As shown in Fig. 14c, line

nanostructures were formed. Thermal annealing, once more at 90 �C for 60 s,

changed the nanostructures from lines to dots again (Fig. 14d).

A morphology change could be explained by a change in the relative volume

fraction of the constituent blocks of the BCP at each annealing state. For the as-spun

film, rapid evaporation of the casting solvent during spin casting does not allow

sufficient mobility of the polymer chains of PEO143-b-PMAPOSS12 to lead to

microphase separation into well-ordered nanostructures in thermodynamic equilib-

rium. Thermal annealing at 90 �C, above the melting temperature of the PEO block
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(50 �C) and the glass transition temperature of the PMAPOSS block (82 �C),
induces the formation of hexagonally packed dot nanostructures. The volume

fraction of the corresponding PEOmicrodomains in the as-spun filmmight decrease

with the removal of a very small amount of remaining casting solvent, with

reassembly of the polymer chains to metastable structures, which possess relatively

larger free volume, by thermal annealing. In the melt state, the isotropic PEO chains

play a significant role in reassembly. Neither PS-b-PMAPOSS nor PMMA-b-
PMAPOSS allows effective reassembly of morphologies by thermal annealing.

This is because the appropriate annealing temperatures exceed the thermal degra-

dation temperature of the BCPs. Thus, at those annealing temperatures, the BCPs

are in the amorphous state and the mobility of the polymer chains is insufficient for

reassembly in relatively short times. On the other hand, in solvent annealing, the

Fig. 14 SEM images of PEO143-b-PMAPOSS12 thin films. SEM image of the (a) as-spun cast

film, (b) film thermally annealed at 90 �C for 60 s, (c) film subjected to solvent annealing with

chloroform vapor for 120 s, and (d) film obtained after additional thermal annealing of the film

shown in (c) at 90 �C for 60 s
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chloroform vapor dissolves in the PEO143-b-PMAPOSS12 and acts as a plasticizer.

Since the BCP comprises two immiscible chains, the solvent molecule of chloro-

form has different affinities in each microdomain. To investigate the relative

solubility of chloroform in the PEO and PMAPOSS block chains, we evaluated

the swelling behaviors of the homopolymers of PEO and PMAPOSS. A thin film of

each homopolymers on a silicon wafer was exposed to chloroform vapor, and the

degree of swelling was measured in situ, with the annealing time determined by

measuring the film thicknesses. Under this annealing condition, almost no change

in the degree of swelling was found for 40 s with both PEO and PMAPOSS films.

After 45 s, abrupt swelling in the PEO film was observed, while slight swelling

occurred in the PMAPOSS. The degree of swelling for the PEO film to chloroform

vapor was ca. 180 % at 55 s. After 120 s, the thickness of PEO film increased from

202 to 522 nm, and the degree of swelling was 258 %. In contrast, the degree of

swelling in the PMAPOSS film was 134 %. This result suggests that chloroform

was selective to PEO. Thus, preferential partitioning of chloroform into the PEO

domains was expected in the solvent annealing of the PEO143-b-PMAPOSS12 thin

films. We proposed that the solvent annealing induced a change in the effective

volume fractions of the two constituent blocks and changed the microdomain

morphology from spheres to cylinders in this case. The resulting cylinders in the

film changed spherical microdomains again by thermal annealing at 90 s. No

change was observed in the sizes of the dots and the interdistance between before

and after this annealing cycle. The diameters of dots were the same in 12 nm before

and after the annealing. The center-to-center interdistances of dots slightly changed

from 18 to 20 nm. The thicknesses of films with microdomains of dots, then lines,

and then dots again, were 45 nm, 46 nm, and 45 nm, respectively. These results

indicated that the PEO-b-PMAPOSS chains gained the mobility to diffuse and

undergo microphase separation to form the self-assembled nanostructure in ther-

modynamic equilibrium at appropriate annealed stages. The remarkable rapid

morphology change in several tens of seconds in this study might have been caused

by the high mobility of PEO-b-PMAPOSS chains at the melt state and swollen state

and the unique abrupt swelling behavior of PEO at the early stage in the solvent

annealing.

Based on the remarkable rapid reassembly of PEO143-b-PMAPOSS12, we

attempted to prepare well-ordered nanostructures in thin films by only spin casting

without further annealing [48]. As PEO was easily swollen by chloroform vapor in

less than 60 s, we prepared the PEO143-b-PMAPOSS12 thin films by simultaneously

spin casting and solvent annealing with chloroform vapor in the spin-coat chamber.

First, the PEO143-b-PMAPOSS12 solution in chloroform was placed on a silicon

wafer and the wafer rotated at 4,000 rpm for 90 s after closing the lid. Before

beginning the rotation, a small amount of chloroform, about 30 ml, was spread

around the rotating pedestal. Figure 15a shows the AFM phase image of the spin-

casted thin film of PEO143-b-PMAPOSS12 under these conditions. The as-spun film

exhibited only a periodic dot nanostructure, composed of the spherical domains of

PEO within the PMAPOSS matrix. In the previous section, the thin film annealed

with chloroform vapor showed the formation of line nanostructures. In the solvent
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vapor conditions employed presently, the slight swelling did not induce a change in

the volume fraction required for formation of the PEO cylinders; however, the

swollen PEO143-b-PMAPOSS12 chains were able to gain the mobility necessary to

diffuse and undergo microphase separation to form the dot nanostructures. A slight

amount of chloroform vapor in the chamber could have prevented the rapid

evaporation of solvent during film formation, leading to sufficient time for forma-

tion of regular dot nanostructures via microphase separation.

The self-assembly of this block copolymer was also investigated using grapho-

epitaxy. A trench-patterned silicon wafer was used with a 50 nm deep groove with a

width of 500 nm. As shown in Fig. 15b, a well-defined hexagonally packed dot

pattern with PEO143-b-PMAPOSS12 was obtained under the same film preparation

conditions as described previously. Without any further annealing, PEO143-b-
PMAPOSS12 formed a regular array of dots in the thin film. The fast Fourier

transformed (FFT) images in Fig. 15 (insets) indicate that a trench-patterned silicon

wafer effectively aligned the dot pattern of PEO143-b-PMAPOSS12 nanostructures.

4 Directed Self-Assembly (DSA)

Advances in directed self-assembly (DSA) of BCP thin films are quickly position-

ing self-assembly as a next-generation lithographic technique. The self-assembled

phase lattices usually form into numerous grain boundary separated polycrystalline

type structures with localized order. This is because the amount of microphase

separation is limited by molecular diffusion when annealing is carried out between

Tg and order-disorder transition (ODT). To overcome this issue, DSA approaches

such as grapho-epitaxy and chemo-epitaxy for BCPs have proven to be powerful

techniques. It has been reported that DSA can allow the formation of long-range

Fig. 15 AFM phase images of PEO143-b-PMAPOSS12 thin films prepared by spin casting under

chloroform vapor for 90 s (a) on a flat Si substrate and (b) on a trench-patterned Si substrate with a
50-nm-deep and 500-nm-wide groove
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ordering, with higher densities and improved feature placement compared to the

original lithographic templates.

In the previous section, we studied the optimized solvent-annealing conditions to

prepare well-defined highly ordered arrays of dots of PMMA-b-PMAPOSS BCPs

on Si substrates. We now consider directing the self-assembly process during the

solvent annealing with chemo-epitaxy. Figure 16 shows a schematic illustration of

the DSA process of PMMA-b-PMAPOSS, which results in PMMA spheres in

PMAPOSS matrix, on a chemically patterned template [53]. The template with a

chemical contrast was composed of a hexagonal array of circular dots preferentially

wetted by PMMA surrounded by a background matrix with higher affinity for

PMAPOSS. The lattice spacing, the distance between adjacent planes, is denoted

as ds, while the lattice constant, the distance between nearest neighbors, is

represented as Ls. The patterned template contained an array of etched dots with a

surface affinity for the PMMA component of the BCP. The surrounding matrix of

the unetched surface favored the PMAPOSS component of the BCP.

The geometric components of the e-beam lithography defined the chemically

patterned templates with regard to ds and Ls. To evaluate the pattern quality of the

chemically patterned templates, we evaluated the PMMA e-beam resist patterns on

the PS brush after development. The surface of the PMMA e-beam resist was

sputter coated with about 1 nm thick layer of Pt prior to SEM observations.

Figure 17 shows the SEM images of the resist layer. The dark and bright parts of

the SEM images correspond to the patterned holes in the PMMA e-beam resist layer

and the remaining PMMA resist layer, respectively. As shown in Fig. 17, there were

several defects in the patterns with ds¼ 23 nm (Fig. 17a), while there were almost

no defects in the patterns with ds¼ 24, 26, and 28 nm (Fig. 17 b–d, respectively).

The summary of the characteristics of the observed patterns is shown in Fig. 17. The

Fig. 16 Schematic illustration of the directed self-assembly process with a chemically patterned

template
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average lattice spacing of the patterns, as measured by SEM, is denoted as deb and
its standard deviation is denoted as σeb. The method employed to evaluate deb and
σeb has been described in a previous study [18]. The deb values nearly agreed with

the designed values, ds. The pattern with ds¼ 23 nm showed the largest σeb value of
3.4 nm, but the σeb values of the other patterns were less than 3 nm.

We investigated the effect of solvent annealing on the chemo-epitaxy of thin

films of PMMA-b-PMAPOSS on chemically patterned templates of grafted PS-OH

on Si substrates. For example, thin films of PMMA41-b-PMAPOSS29 with

d0¼ 23.7 nm were spin-coated onto chemically patterned substrates and solvent

annealed for 3 h. The solvent annealing was performed with tDS¼ 185 % so that

PMMA41-b-PMAPOSS29 self-assembled into a well-defined hexagonal array of

dots. The thickness of the PMMA41-b-PMAPOSS29 film was optimized to 12 nm to

prevent the spherical PMMA domains from forming double layers upon swelling.

At tDS¼ 185 %, the thickness of the film was expected to increase because of

swelling from 12 to 22 nm, which was nearly equal to the d0 value inherent to

PMMA41-b-PMAPOSS29.

Fig. 17 SEM images of the PMMA e-beam resist layer formed by e-beam lithography, which was

employed to prepare the chemically patterned substrates. The resist pattern was etched with

oxygen plasma required to change the chemistry of the substrate. (a) ds¼ 23 nm, (b) ds¼ 24 nm,

(c) ds¼ 26 nm, and (d) ds¼ 28 nm

998 T. Hayakawa



Figure 18 shows that chemical epitaxial direction can be achieved with the

sphere forming BCP solvent annealing conditions [53]. The SEM image and the

corresponding 2D-FFT image of a thin film of PMMA41-b-PMAPOSS29 self-

assembled on the chemically patterned template with ds¼ 23 nm is shown in

Fig. 18a. The self-assembled structure on the template with ds¼ 23 nm resulted

in a single hexagonal lattice with almost no point defects, in contrast to the

relatively poor quality of the chemically patterned template shown in Fig. 18a.

The 2D-FFT image exhibits only spots, as expected from the single hexagonal

lattice, with the peaks to at least the fifth order. The lattice spacing of the self-

assembled structure on the template, denoted as dobs, calculated from the 2D-FFT

Fig. 18 SEM images and the corresponding 2D-FFT images of the PMMA41-b-PMAPOSS29

thin films solvent annealed on the chemically patterned templates composed of the PS-OH grafted

layer. (a) ds¼ 23 nm, (b) ds¼ 24 nm, and (c) ds¼ 26 nm. The film thickness is 12 nm
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image was 23.2 nm, the same as that of the underlying template, ds¼ 23 nm. This

result demonstrated that with appropriate solvent annealing conditions, PMMA-b-
PMAPOSS, like thermally annealed PS-b-PMMA [18], can self-assemble to form a

well-oriented hexagonal lattice pattern with long-range order along the chemically

patterned template and rectify the defects of the chemically patterned template.

In Fig. 18b, c, we examined the effect of lattice mismatch of the chemically

patterned template on the quality of the self-assembled structure. Single hexagonal

lattices were observed on the templates with ds¼ 24 and 26 nm, which were both

slightly larger than the d0 (¼23.7 nm) of PMMA41-b-PMAPOSS29. The

corresponding 2D-FFT images exhibited only spots, with the peaks at least to the

sixth order. The dobs values of the self-assembled structures for parts b and c of

Fig. 18 were 24.3 and 26.5 nm, respectively, which agreed with the ds values of the
template patterns. This suggested that the lattice spacing dobs of the self-assembled

structures can be stretched to match the ds of the underlying templates by at least up

to 12 % (dobs/d0¼ 26.5/23.7¼ 1.12) larger than d0. This finding implied some

extended flexibility in the chemically patterned template design.

Xiao et al. [20] proposed that the spherical microdomains of a BCP formed on

chemically patterned templates could be spherical, hemispherical, or disk-like,

depending on the relative size of the patterned features with respect to the inherent

size of the BCP spherical domains. We also believe that the morphology of the

spherical microdomains on the patterned template might have been deformed by the

favorable interaction between the PMMA blocks and the Si substrate of the

patterned template. However, confirming such a hypothesis requires a direct obser-

vation of the cross sections of the BCP thin films by SEM or TEM, which is beyond

the scope of this chapter.

The limit of the commensurability may be determined by two competing

thermodynamic factors, (a) the interfacial free energy reduction by lattice matching

between the BCP microdomains and the template patterns and (b) the conforma-

tional entropy loss accompanying the stretching or shrinking of chains stretch to

achieve the template lattice spacing.

Next, we examined the use of a PMAPOSS-OH chemically patterned template

for the ordering of a thin film of PMMA41-b-PMAPOSS29 with solvent annealing,

again with a chemical pattern pitch of 23, 24, and 26 nm [53]. The samples were

solvent annealed under tDS¼ 185 % for 3 h. Figure 19 shows the SEM images and

the corresponding 2D-FFT images of the self-assembled structures on the templates

prepared with the PMAPOSS-grafted surface. Ordering on the ds¼ 23 nm template

pattern shown in Fig. 19a resulted in mixed results. The lattices of some grains of

the BCP self-assembled structure matched with that of the underlying template with

ds¼ 23 nm, while large dark regions were also observed, which differed from the

observations made in the case of the PS-grafted template. The 2D-FFT image

presented in Fig. 19a exhibited a spot and a halo pattern. Better results were

obtained from the chemically patterned template patterns with ds¼ 24 and 26 nm.

Single, well-ordered hexagonal lattices were observed, as shown in Fig. 19b, c. The

accompanying 2D-FFT images exhibited only spots with peaks up to fourth order.

Thus, well-ordered self-assembled structures formed on chemically patterned

1000 T. Hayakawa



templates of PMAPOSS-OH patterned with ds¼ 24 and 26 nm were observed.

However, the ds¼ 23 nm lattice clearly formed more readily on the chemically

patterned PS-OH template than on the chemically patterned PMAPOSS-OH tem-

plate. The interfacial energy between the PMMA component of the BCP and the PS

grafted surface is less than that of the PMAPOSS-grafted surface. The lower

chemical contrast of the PS surface could explain the wider latitude in lattice

spacing on the PS grafted surface. These results implied that the template prepared

by patterning the PS-grafted layer is more suitable for the DSA of PMMA-b-
PMAPOSS as compared to that fabricated by employing the substrate with the

PMAPOSS-grafted layer. However, for a thorough understanding of the effect,

Fig. 19 SEM images and the corresponding 2D-FFT images of the PMMA41-b-PMAPOSS29

thin films solvent annealed on the chemically patterned templates composed of the PMAPOSS-OH

grafted layer. (a) ds¼ 23 nm, (b) ds¼ 24 nm, and (c) ds¼ 26 nm. The film thickness is 12 nm
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studies on the dependences onMn and/or grafting density of the grafted polymer are

required.

The primary motivation behind the use DSA of BCP is to enhance the achievable

lithographic resolution. With the use of lower molecular weight BCPs, we exam-

ined the ability to multiply the density of the lithographic chemical pattern arrays.

We examined the DSA of PMMA25-b-PMAPOSS13 with d0¼ 12.4 nm on the

chemically patterned PS-OH templates with ds¼ 26 nm by solvent annealing with

CS2. PMMA25-b-PMAPOSS13 films of 9 nm in thickness were annealed under CS2
vapor with tDS¼ 130, 140, and 150 %. In the swollen state, the film thicknesses

were expected to be about 12, 13, and 14 nm at tDS¼ 130, 140, and 150 %,

respectively, which nearly correspond to the d0 of the PMMA25-b-
PMAPOSS13 BCP.

Figure 20a–c presents the SEM images and the corresponding 2D-FFT images of

the thin films of PMMA25-b-PMAPOSS13 solvent annealed on chemically pat-

terned TEM plates with ds¼ 26 nm� 2d0 at tDS¼ 130, 140, and 150 %, respec-

tively. Figure 20a shows the film annealed at tDS¼ 130 %. Here, the PMMA25-b-
PMAPOSS13 self-assembled to form a dot structure of PMMA, but the accompa-

nying 2D-FFT image shows only halos, indicating a lack of long-range order in the

array. Under solvent annealing, a swell factor of tDS¼ 130 %, components did not

have sufficient mobility to fully order. Figure 20b shows the PMMA25-b-
PMAPOSS13 film on the PS chemically patterned substrate with ds¼ 26 nm

annealed at tDS¼ 140 %. Both the SEM image on the left and the 2D-FFT of the

image on the right show a long-range ordered hexagonal array of dots with a lattice

spacing of 13.4 nm, almost half of the ds value (¼26 nm) of the template. In

contrast, the film annealed with tDS¼ 150 % shown in Fig. 20c shows a distorted

hexagonal lattice pattern and streaks on the spots in the accompanying 2D-FFT of

the image. These results show that solvent annealing with tDS¼ 140 % is optimal

for the DSA of PMMA25-b-PMAPOSS13, which leads to density multiplication by a

factor of 4.

To evaluate the orientation distribution of the lattice patterns in Fig. 20, we

examined the azimuthal distribution of the first-order peak in the 2D autocorrelation

pattern from the 2D-FFT image. The length scale of the lithographically directed

patterns lattice spacing was 13.4 nm compared to a length scale of 12.4 nm in the

case of the unguided BCP lattice spacing on the substrates. The standard deviation,

σ, of the center-to-center distance of the solvent annealed lattices with tDS¼ 140

and 150 % were calculated to be 1.5 and 1.7 nm, respectively. The σs values of the
self-assembled lattice spacings were 20�30 % smaller than the σeb values of the
chemically patterned template (ds¼ 26 nm), which was 2.2 nm. As can be expected,

σ values at tDS¼ 140 % were found to be small, and significantly smaller than the

σeb value of the underlying chemically patterned template at 1/4th the BCP pattern

density. The lower perfection exhibited by the BCP annealed with tDS¼ 150 %

compared to that of the BCP annealed with tDS¼ 140 % may be caused by a slight

difference in the lattice spacing of the self-assembled structure at the swollen state.

The density multiplication occurred with PMMA dots interpolating between

dots in the substrate chemically patterned template pattern and the placement
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accuracy of the quadruple density pattern was 20�30 % better than that of the

original lithographic pattern on the template. The pattern density multiplication was

achieved by careful optimization of the amount of BCP swelling during solvent

annealing.

Next, we investigated the effect of lattice mismatch between the PMMA25-b-
PMAPOSS13 BCP and that of the original lithographic chemically patterned tem-

plate pattern [53]. The lattice spacing of PMMA25-b-PMAPOSS13 self-assembled

on the Si substrate without a chemically patterned template was found to be

d0¼ 12.4 nm. We examined the DSA of PMMA25-b-PMAPOSS13 by solvent

annealing with CS2 with chemically patterned template prepatterns slightly above

Fig. 20 SEM images and the corresponding 2D-FFT images of the PMMA25-b-PMAPOSS13

thin films solvent annealed at tDS¼ 140 % on the chemically patterned template with ds� 2d0. (a)
ds¼ 23 nm, (b) ds¼ 24 nm, and (c) ds¼ 28 nm. The film thickness is 9 nm. The chemically

patterned templates were fabricated employing the PS-OH grafted layer
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and below the value of 2d0 for 4� density multiplication. The PMMA25-b-
PMAPOSS13 films were spun onto chemically patterned PS-OH layers on Si sub-

strates and annealed in CS2 with a tDS of 140 %. The length scales of the hexagonal

lattices on the chemically patterned templates were ds¼ 23, 24, and 28 nm. The

SEM images and the associated 2D-FFT images of the resulting ordered BCP are

shown in Fig. 20.

Figure 20a shows resulting DSA BCP lattice on a chemically patterned template

with a single hexagonal lattice pattern spacing of ds¼ 23 nm. From the first-order

peak positions in the circular averaged 2D-FFT image, the dot lattice spacing of the

self-assembled structures on the template was determined to be dobs¼ 13.2 nm.

Also note that the orientation of the BCP self-assembled lattice pattern was rotated

by 30� with respect to that of the template pattern, as is schematically illustrated in

Fig. 15. Therefore, the interpolation of the dots occurred as illustrated in Fig. 15,

resulting in a hexagonal lattice with the orientation rotated by 30� with respect to

the chemical pattern, and the density of the self-assembled BCP was three times the

density of the underlying chemically patterned template [20].

As shown in Fig. 20b, the interplanar spacing and the dot-to-dot spacing on the

axis of the underlying chemically patterned template pattern were 24 and 28 nm,

respectively. The DSA BCP consisted of a single hexagonal lattice, as shown

Fig. 20b. The corresponding 2D-FFT image exhibits a spot-like pattern with three

orders of peaks. Analysis of the first-order peaks gave an average lattice inter-row

spacing of dobs¼ 12.3 nm, which was a half of the value of the lithographically

defined chemical pattern with ds¼ 24 nm. As determined above, the lattice spacing

of the BCP self-assembled structure on Si, d0, was 12.4 nm. In this case, the directed

BCP lattice had the same spacing as the spacing of the BCP lattice on Si. The areal

density of the hexagonal lattice pattern with lattice inter-row spacing of

dobs¼ 12.3 nm achieved in this study corresponds to 3.7 Tdot/in.2. Most impor-

tantly we demonstrated successful template pattern density multiplication with a

PMMA-b-PMAPOSS BCP to an ultrahigh pattern density.

Figure 20c shows the DSA PMMA25-b-PMAPOSS13 BCP and its 2D-FFT image

on a chemically patterned template with ds¼ 28 nm. The mismatched chemical

pattern on the substrate was further from the period of the PMMA25-b-PMAPOSS13
BCP lattice on Si than the sample in Fig. 20a, b, and the long-range order of the self-

assembled structure looked worse. However, a closer observation of the 2D-FFT

image in Fig. 20c showed the superposition of two different hexagonal lattices with

different lattice spacings, that is, dobs¼ 12.3 and 13.8 nm. The first-order peaks for

the lattice spacing dobs¼ 12.3 nm contain streaks, which suggested much a broader

orientation distribution of the hexagonal lattice than those shown in Fig. 20a, b.

This result suggested that a number of hexagonal lattices of the self-assembled

structure with dobs¼ 12.3 nm, each with slightly different orientations, gave rise to

the arc-like peaks. It should be noted that dobs¼ 12.3 nm was almost identical to

d0¼ 12.4 nm of the self-assembled structure on the Si substrate, suggesting that the

lattice spacing of the majority of the self-assembled structures was unaffected by

the template lattice spacing. The first-order peaks of the lattice pattern with

dobs¼ 13.8 nm appeared as sharp points in the 2D-FFT image. In the latter lattice,
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the spacing was	2� the lithographic pattern spacing and the BCP matrix stretched

by 11 % (dobs/d0¼ 13.8/12.4¼ 1.11) relative to the lattice spacing of the self-

assembled structure on the Si substrate as a result of the chemically patterned

template with ds¼ 28 nm. Thus, Figs. 12b and 14 show one region where the

self-assembled BCP was directed by the template with ds¼ 26 nm and another

that was directed by ds¼ 23 nm. Both lattices formed a	4� density multiplication

of the original lithographic pattern, although the orientation in the case of

dobs¼ 13.8 nm was better controlled. From these results, the reduction of the

interface interaction enthalpy between the template surface and the polymer over-

came the loss of the conformational entropy of the block chains up to an 8 % (dobs/
d0¼ 13.4/12.4¼ 1.11) stretch in terms of dobs/d0 induced by the template pattern

with ds.
The key factor for the successful density multiplication with sufficient long-

range order was to control the degree of swelling during the solvent annealing

process because the lattice spacing of the self-assembled structure of the PMMA-b-
PMAPOSS film is sensitive to the degree of swelling.

5 Pattern Transfer

We demonstrated pattern transfer from the PMMA-b-PMAPOSSs with and without

applying the DSA process to a silicon substrate as a template, as shown in Fig. 21

[54]. The effect of applying the DSA processes was evaluated in terms of pattern

homogeneity.

Optimized dry development conditions were applied to form holes on a silicon

substrate (to depth of 18.2 nm and diameter of 12.3 nm) by pattern transfer from the

PMMA-b-PMAPOSS film. By applying a DSA process, the defect ratio decreased

by about 60 %. An imprint mold pattern of 1.7 Tdpsi with a defect ratio of 2 % was

successfully fabricated on a silicon substrate.

6 Summary and Outlook

BCP patterning provides a simple and low-cost route to fabricate arrays of

nanostructures for pattern transfer. POSS-containing BCPs prepared by living

anionic or controlled radical polymerization represent an unprecedented break-

through in the synthesis of BCP lithographic resists, allowing access to a wide

range of nanofabrication processes.

Self-assembly of POSS-containing BCPs in thin films generated a number of

interesting nanostructures with silicon-rich phases, good film formation, and mor-

phological transitions depending on the degree of swelling as well as molecular

weight. So far, we have limited the study to applying the technique only to

hexagonally packed dot patterns or simple line patterns, although the results
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Fig. 21 (a–d) Top-view SEM images of the PMMA-b-PMAPOSS (BCP) film (a) without DSA
process using a chemically patterned template and (b) with the DSA process. Silicon substrate (c)
processed without DSA and (d) with the DSA process. (e) and (f) Dot-size distribution of the initial
BCP and pattern transferred silicon substrate. RSD of dot/hole-diameter of (a–d) are 15, 15,

24, and 16 %, respectively
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strongly support the possibility of adaption to other domain structures as well as to

more complex features. A series of POSS-containing BCPs have proven useful as

templates for magnetic storage and semiconductor devices and in applications

related to nanoceramics and catalysts.
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Methacrylate-Based Polymers
for Industrial Uses

Kenichi Hamada, Yoshihiro Morishita, Toyoaki Kurihara,

and Kazushige Ishiura

Abstract Controlling anionic polymerization is one of the key technologies in the

synthesis of well-defined polymers such as block copolymers. KURARAY

Co. Ltd., has developed a new living polymerization system of (meth)acrylates

using compounds consisting of a Lewis base and bulky aluminum (LA system).

Observations supported by kinetics studies point to a mechanism consisting of

stabilization of enolate anion and aluminum-based coordination of monomers.

This LA system can be leveraged not only for (meth)acrylate block copolymers,

but also for block copolymers of (meth)acrylate and other anionic polymerization

monomers. “KURARITY™”—an acrylic triblock copolymer (ABCP) produced by

using this LA system—has unique properties suitable for employment in various

applications, such as thermoplastic elastomers, flexible and transparent films,

modifiers, and adhesives.

Keywords Anionic polymerization • (Meth)acrylate • Acrylic triblock copolymer

1 Introduction

To meet demand for revolutionary polymer products, new polymerization technol-

ogies have been developed.

Anionic polymerization is one of the best technologies for living polymerization

of vinyl monomers. Products produced by anionic polymerization of nonpolar mono-

mers, such as polybutadiene rubbers (BR), polyisoprene rubbers (IR), styrene/buta-

diene rubbers (SBR), thermoplastic elastomers of block copolymers (SBS and SIS),

already dominate important positions in industries; examples include thermoplastic

elastomers, adhesives, impact modifiers, lubricant modifiers, and others [1].

Polymer materials of polar monomers, such as polymethyl methacrylate

(PMMA), poly(n-butyl acrylate) (PnBA), and poly(2-ethylhexyl acrylate)

(P2EHA), are also widely used in optically transparent, highly weatherable, high

heat resistant applications. However, it is difficult to avoid undesirable side
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reactions when producing (meth)acrylate monomers with living anionic polymer-

ization (LAP) [2, 3]. KURARAY has succeeded in developing proprietary tech-

nologies for living anionic polymerization of (meth)acrylate monomers that

eliminate these side reactions, and which enable the manufacture of acrylic block

copolymers as industrial products.

2 History

Beginning in the 1950s, after anionic polymerization of nonpolar monomers in

hydrocarbon solutions was invented, a wide variety of rubber products have been

commercialized; KURARAY, a manufacturer of synthetic isoprene monomers, has

focused on developing isoprene-based unique polymers using its high-purity

monomer.

Living anionic polymerization technologies can produce various polymers with

a narrow molecular weight distribution, a block copolymer structure, and a con-

trolled microstructure suitable for a variety of applications. Leveraging these

advantages, KURARAY has produced a number of materials, including a liquid

isoprene rubber (L-IR), which has proved useful as a co-crosslink modifier for

rubber material; a block copolymer consisting of a hydrogenated polyisoprene

copolymer block sandwiched between polystyrene blocks (SEPTON™; S-EP-S,

S-EEP-S), which exhibit high oil detainment and high heat resistance properties; a

block copolymer consisting of a non-hydrogenated polyisoprene block with a 3,4-

microstructure sandwiched between polystyrene blocks (HYBRAR™; S-VI-S),

which has superior vibration damping properties; a block copolymer consisting of

a hydrogenated polyisoprene copolymer block with a 3,4- microstructure

sandwiched between polystyrene blocks (HYBRAR™; S-HVI-S), which has excel-

lent miscibility with polypropylenes (PP), and which elicits transparent materials

when combined with PP. SEPTON™ products can also be produced in other

variations, such as with a hydroxyl group placed at the end of the polymer chain

for polymer-reacting applications [4].

KURARAY has continued developing new high-performance polymer products

by advancing technologies such as high scratch resistance elastomers, cross-

linkable and curable thermoplastic elastomers, and block copolymers of (meth)

acrylate—the last of which are described in detail below.

3 Anionic Polymerization of (Meth)acrylate Monomers

Compared to nonpolar monomers, it is difficult to control living anionic polymeriza-

tion of (meth)acrylate monomers for industrial applications. A number of studies have

been published on various means to avoid side reactions of enolate anion with ester

carbonyl groups. Acrylate monomers are a particularly crucial challenge [2, 3].
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One approach is living anionic polymerization of methyl methacrylate (MMA)

in THF at temperatures below �60 �C, which tends to aggregate enolate anion

toward the end of the propagation. Some approaches to improve stabilization have

also been researched; for example, adding TMEDA [2] or LiCl [5], have produced

good results.

However, using a hydrocarbon solvent such as toluene is more preferable from a

manufacturing point of view. In the later part of the 1980s and into the 1990s,

examples of living anionic polymerization in toluene were reported. Hatada

et al. discovered stereospecific living anionic polymerization of MMA occurring

in isotactic PMMA, by using a Grignard reagent as the initiator [6] and a trialkyl

aluminum-based syndiotactic PMMA as a ligand [7]. PMMA is well known as an

optically transparent, high UV resistance plastic material. Its Tg is depending on

tacticity, and syndiotactic PMMA is generally more preferable in terms of heat

resistance.

In the later 1990s, Müller et al. reported the effects of using Lewis bases [8];

Ballard et al. [9] and Hatada and Kitayama et al. [10] were able to improve both

stability and stereoselectivity by using a bulky phenoxyalkylaluminum ligand.

However, living polymerization of alkyl acrylates, especially acrylate esters

with primary alcohols such as n-butyl acrylate (nBA) and 2-ethylhexyl acrylate

(2EHA), which are widely used in adhesive, rubber, and modifier industries, still

proved impossible to achieve using the systems cited above. Metallocenes systems,

such as [SmMe(C5Me5)2]2 at �78 �C reported by Yasuda et al. [11], was the only

example of living polymerization of nBA in toluene.

3.1 KURARAY’s Living Anionic Technology (LA System)

KURARAY has succeeded in designing perfect living polymerization of nBA using

a Lewis base combined with di-phenoxyalkyl aluminum (LA system) [12, 13]. Fig-

ure 1 shows SEC charts of polymers obtained two-step monomer feeding polymer-

ization of nBA at �30 �C with di-phenoxyalkyl aluminums having different alkyl

groups and with or without 1,2-dimethoxyethane. These studies indicate that the

steric structure contributes to the stability of the enolate anion [14]. The contribu-

tion of the Lewis base is even more significant. There is no precursor poly(nBA)

produced in the first step polymerization and the resultant polymer has very narrow

molecular weight distribution.

We have concluded that stabilization is achieved because the terrifically high

bulky structure of di-phenoxyalkyl aluminum allows insertion of the monomer in

only the most suitable conformations. 1,2-dimethoxyethane (DME), a Lewis base,

grabs the lithium counter cation and removes it from the center of propagation

(Fig. 2).
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3.2 Kinetic Studies of LA System

Kinetic studies of the polymerization of MMA and nBA revealed the mechanism of

the LA system more clearly.

Figure 3 shows the results of polymerization of MMA, which obviously suggest

that the aluminum acts as an accelerator, although it is considered to act as a

stabilizer of the propagation center. As seen above, the time-conversion plot also

deviates from the curve of the first-order plot.

Obtaining reliable data on polymerization of nBA sufficient enough for validat-

ing the mechanism and designing a manufacturing process is much more difficult,

however, because the rate of polymerization is so fast. Flow tube reactor [15, 16],

Fig. 1 SEC curve of PnBA by two-stage polymerization (60-min interval time at�30 �C) [12, 13]

Fig. 2 The stabilization structure of the LA system
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which is extraordinarily fast (<1 ms) in mixing of the reaction components and

superior for controlling the reaction temperature, is the best equipment to use for

attempting such validation.

Figure 4 shows the time-conversion and first-order plot of the polymerization of

nBA at temperatures from �21 �C to +10 �C in the flow tube reactor using PMMA

(Mn¼ 1,980) living polymer anion solution synthesized by LA system as the

initiator solution. The polymerization of nBA is completed in less than 1 s at

0 �C. The results of polymerization of nBA suggest that the rate has a proportional

relationship with the aluminum concentration and does not have a first-order

correlation with time.

The polymerization rate depends on the concentration of the aluminum com-

pound and not on the monomer concentration. These results elicit a potential

mechanism, suggesting that the aluminum coordinates the enolate anion and stabi-

lizes the propagation center. At the same time, the aluminum coordinates the

Fig. 3 Anionic polymerization of MMA using iBu(BHT)2Al and DME at 0 �C. Polymerization

conditions: Toluene 50 ml, 1,2-dimethoxyethane (DME) 2.5 ml, [sec-BuLi]¼ 4.8 mmol/L,

[MMA]/[Li]¼ 300. iBu(BHT) 2Al : isobutylbis(2, 6- di tert butyl-4-methylphenoxy)aluminum.

Results: Initiator efficiency¼ 1.0 with PMMA Mw/Mn¼ 1.06 obtained at [Al]/[Li]¼ 6.0, Initiator

efficiency¼ 0.85 with PMMA Mw/Mn¼ 1.05 obtained at [Al]/[Li]¼ 3.0

Fig. 4 Anionic polymerization of nBA using iBu(BHT)2Al and a Lewis base, LA system.

Initiator; PMMA living polymer anion (Mn¼ 1,980, Mw/Mn¼ 1.13)
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monomer and works as an accelerator of the addition reaction with increasing the

nucleophilicity of the monomer and selectivity of 1,4-addition. The main polymer-

ization takes place due to the monomer coordination by the aluminum, while

reaction with the monomer not coordinated by the aluminum causes a side reaction

(Fig. 5).

This theory is also supported by the results of termination reaction studies.

Reports suggest that the termination reaction mainly takes place by cyclization of

carbanion attacking the acrylate ester carbonyl group unit located at the second

monomer unit from the end of the polymer chain. This cyclization reaction forms a

β-ketoester group, which exhibits UV absorbance (Fig. 6).

The initiator PMMA has no absorbance in the UV spectrum, while the PnBA

obtained (more precisely, PMMA-b-PnBA obtained) from the flow tube reactor

polymerization exhibits UV absorbance in the portion that has lower molecular

weight (Figure 7 table), which indicates more of the cyclization reaction takes place

Fig. 5 Mechanism of anionic polymerization of (meth)acrylate of LA system

Fig. 6 Cyclization reaction of propagation end units
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during the earlier part of the polymerization. The UV value plot, which is obtained

by dividing UV area by (RI area/Mn), provides the rate of the cyclization. The rate is

proportional to the initial concentration of nBA.

3.3 Stereoregularity and Crystallization of Poly(n-Butyl
Acrylate) (PnBA)

This is a very intelligent system in which polymerization takes place at a much higher

temperature than with other methods. This is significant not only from a manufactur-

ing point of view, but also from a materials standpoint. Anionic polymerization with

an alkyl aluminum compound results in stereoregular poly(meth)acrylates. PnBA

synthesized using the LA system at low temperature was slightly syndiotactic (rr/rm/

mm¼ 61/36/3), and had a melting point of around 50 �C. This is not preferable for
elastomer applications. Increasing the polymerization temperature through improve-

ment of the polymerization stability resulted in a polymer that was more atactic,

which produced a material that was soft and flexible at room temperature (Fig. 8).

Selection of a polymerization reactor should be determined by considering

factors such as the rate of polymerization, removal of reaction heat, aluminum

concentration, and monomer concentration. By optimizing these parameters, living

polymerization of acrylates can be performed at roughly �10 �C, and at roughly

+50 �C in methacrylate by using the LA system.

3.4 Initiator and Block Copolymerization
with 1,3-Diene Monomers

Alkyl lithium compounds can be used as the initiators of LA system polymeriza-

tion. The initiator efficiency depends entirely on the structure of the alkyl group.

For example, branched alkyl lithiums, such as sec-butyl lithium and tert-butyl

lithium, work with high initiator efficiency, while n-butyl lithium does not generate

any polymer. This kind of selectivity is also observed in anionic polymerization of
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Fig. 7 SEC chart of poly

(n-butyl acrylate) (PnBA)

initiated by the PMMA

living anion in the flow tube

reactor at 0 �C. (a) PMMA

living anion initiator,

Mw¼ 1,980, Mw/Mn¼ 1.13,

(b) PnBA, Mw¼ 7,240,

Mw/Mn¼ 1.13
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methacrylate with trialkyl aluminum. The LA system increases the available range,

which is significant from a manufacturing economics standpoint [13].

Block copolymers can be made by using living anions of living polymerization

as initiators. Unsurprising, the LA system is applicable to block copolymerization

of (meth)acrylates and other kinds of anionic polymer monomers, such as 1,3-diene

and styrene monomers. For such cases, the polymer living anion used to initiate

living polymerization of the (meth)acrylates must also be carefully selected. When

poly(1,3-dienyl)lithiums are used as the carbanion species, the block copolymer

ratio is high. On the other hand, use of poly(styrenyl)lithium generates no block

copolymers [17].

These kinds of block copolymers are reportedly applicable as compatibilizers of

nonpolar and polar materials. For example, the diblock copolymer of polyethylene

(PE) and PMMA obtained by hydrogenation of polybutadiene (PBD) block PMMA

have outstanding properties for applications of polyvinyl chloride (PVC) and PE alloys

[18, 19]. The triblock copolymer of polystyrene (PS), PBD, and PMMA (SBM), works

not only as a compatibilizer, but also as an impact modifier of poly(styrene-co-

acrylonitrile) (SAN) and polyphenylene ether (PPE) [20]. PE-b-EB-b-PMMA, a

hydrogenated block copolymer composed of 1,4-structure PBD, 1,2-structure PBD,

and PMMA, has unique properties, such as superior solvent resistance [21].

4 Characteristics of Acrylic Block Copolymers Produced
Using the LA System

The acrylic block copolymers (ABCP), “KURARITY™”, are synthesized using the

LA system, and are well-defined, pure PMMA-b-PnBA-b-PMMA triblock

(MnBM) copolymers consisting of sequential polymerization of MMA, nBA, and

MMA. (No homo-PMMAs or PMMA-b-PnBA diblock copolymers are ever

included) (Fig. 9).

Fig. 8 Stereoregularity of PnBA of PMMA-PnBA-PMMA block copolymer and its crystallinity
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An ABCP produced using the LA system has a narrow molecular weight

distribution not only in the triblock copolymer area, but also in each polymer

block segment, which means that the ABCP has a narrow distribution of PMMA/

PnBA composition. As a practical matter, these characteristics hold great advan-

tages over living radical polymerization such as ATRP. The triblock copolymers

produced using living anionic polymerization (LAP) have better mechanical prop-

erties and lower melting viscosities than those produced by ATRP. Jerome

et al. reported that the tensile strength and elongation of ABCPs produced by

LAP are much larger than those produced by ATRP [22].

4.1 Morphologies

ABCP has micro phase separation morphologies. The particle size of the PMMA

domain is less than 50 nm, which is a result of the well-defined structure, and this

small particle size elicits a high transparency property, even though the PMMA and

PnBA domains have different reflective indexes (Fig. 10).

Fig. 9 Structure and SEC curve of “KURARITY™” acrylic triblock copolymer (ABCP)
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The primary market for PMMA is applications that leverage its optically trans-

parent property. An ABCP produced using the LA system is transparent, and so can

be employed in such applications (Fig. 11).

4.2 Flow Properties

Compared with styrenic block copolymers, such as SEBS, ABCP has low viscosity

and high fluidity in melting and solution states owing to its high entanglement

molecular weight (Fig. 12). Furthermore, the Flory–Huggins interaction parameters

Fig. 10 Grade map and TEM photo of “KURARITY™” acrylic triblock copolymer (ABCP) [23]

Fig. 11 Transparency

property of

“KURARITY™” ABCP,

PMMA PC, PS (140-μm
thickness)
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χ of PMMA and PnBA are more similar than those of polystyrene (PS) and

hydrogenated polybutadiene (EB), which is significant in phase separation dia-

grams. As a result, ABCP is softer than PS-b-EB-b-PS (SEBS) at room temperature

[24] (Fig. 13).

Fig. 12 Angular velocity dependence of the complex viscosity at different temperatures for

MnBM, “KURARITY™” acrylic block copolymer (ABCP) and SEBS, and their characterization

table

Fig. 13 Dynamic mechanical properties of “KURARITY™” ABCP and SEBS, temperature

dependence of E0 and tan δ (rate: 3 �C/min, w¼ 11 Hz)
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4.3 Dynamic Mechanical Properties

The PMMA block of ABCP produced using the LA system has 115–120 �C Tg,

which is 15–20 �C higher than the PS block of SEBS [24] (Fig. 13).

4.4 Durability

One of the most significant properties of ABCP compared with other elastomer

materials is weatherability, especially in terms of UV light resistance (Fig. 14).

5 Industrial Applications of “KURARITY™”

Kuraray supplies ABCP produced using the LA system as “KURARITY™” for a

variety of industrial applications. This material features PMMA, optically rigid

plastics, PnBA, a flexible, adhesive material, and a triblock copolymer structure

(Fig. 15).

What is “KURARITY™”?

The products have high block copolymer purity, which are shown in the follow-

ing HPLC chart (Fig. 16). KURARAY produces several grades, ranging from low

to high PMMA content and molecular weight (Fig. 17). These grades can be

employed in a wide variety of applications (Table 1).

Both the PMMA and PnBA polymer blocks of KURARITYTM are either com-

patible or miscible with conventional polar polymer materials. If the blending

Fig. 14 Weatherability test of “KURARITY™” ABCP and other selected materials
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material is rigid, “KURARITY™” works as an impact modifier, softening agent,

fluidity modifier, and/or adhesion modifier. KURARITY™ is applicable to PMMA,

polybutylene terephthalate (PBT), polylactic acid (PLA), and polyvinyl chloride

(PVC). When the blend material is a soft or elastomer material; for example,

styrenic thermoplastic elastomer, thermoplastic polyurethane, or soft PVC, mixing

with “KURARITY™” can improve the material’s paintability and adhesion

properties.

Fig. 15 Concept of “KURARITY™”

Fig. 16 HPLC chart of “KURARITY™” acrylic triblock copolymer and its precursor diblock

copolymer
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Fig. 17 Grade map of

“KURARITY™”

Table 1 Grades and properties of “KURARITY™”

<Kuraray in-house data>

Hardness [Type A] ISO 7619-1 32 32 65 95

Hardness [ Type D] ISO 7619-1 <5 <5 18 46

Specific gravity (–) ISO 1183 1.08 1.08 1.08 1.11

Modulus at 100 % (M Pa) ISO 37 0.3 0.3 3.7 19

ISO 37 8.0 7.2 9.0 19

ISO 527-2 19

ISO 37 570 490 380 140

ISO 527-2 90

MFR [190 °C 2.16 kgf/cm2] ISO 1133 31 3.7 25 1.5

MFR [230 °C 2.16 kgf/cm2] ISO 1133 >350 42 330 31

Charpy impact (notched:1eA) (KJ/m2) ISO 179-1 NB NB NB 28

Flexural modulus (M Pa) ISO 178 650

Transmittance[3mmt] (%) ISO 13468-1 91< 91< 91< 91<

Haze[3mmt] (%) ISO 14782 2-6a 2-6a 2-6a <2

For PSA + + +
 Suitable applications For molding - - +b +

For compound, additives +b +b +b +
a) The HAZE value is normally worse due to the anti-blocking agent dusted onto the material
b) These grades can block or bridge while feeding into the extruder

Some solutions to break it should be implemented

LA4285

Tensile strength (M Pa)

Tensile elongation (%)

LA2140e LA2330 LA2250

(g/10 min)

(–)

Property Units Test method

- - -

- - -

- - -



5.1 Controlling the Modulus

One of the advantages of “KURARITY™” is a characteristic where each of PMMA

and nBA block of the ABCP is miscible with the others (Fig. 18). This makes it

possible to control the modulus or softness by blending two different grades.

Figure 19 shows the temperature dependence of E0 and tan δ of each Flexible-

“KURARITY™”/Rigid-“KURARITY™” blend. It was observed that the modulus

of the rubbery plateau changes according to the amount of Rigid-“KURARITY™”

content. Additionally, E0 values at the end of the glassy plateau and the end of the

rubbery plateau are the same for the blends. This indicates that the each blend has

the good heat resistance and good low temperature properties. In addition, the

transparency of each blend is not lost [24].

Fig. 18 Possible

combinations of

“KURARITY™” with

plastic materials

Fig. 19 Dynamic mechanical properties of deferent PMMA/PnBA “KURARITY™” blends;

temperature dependence of E0 and tan δ at w¼ 11(Hz) and a heating rate of 3 �C /min
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5.2 Compounding

“KURARITY™” blends with other materials can be designed to match the require-

ments of an application. A “KURARITY™”–PBT compound provides a good

example of a designed blend that maintains a balance between oil resistance and

flexibility [23, 25] (Figs. 20 and 21).

Another outstanding feature of “KURARITY™” is good affinity with inorganic

materials. This property allows loading of higher amounts of inorganic filler than

other olefinic elastomers. Thanks to the “KURARITY™” property of high fluidity

at low temperature, it can be combined with Al(OH)3 (Fig. 22). This compound

material exhibits high flame retardancy while retaining its soft and flexible proper-

ties [26] (Table 2).

Fig. 20 Phase separation of

a “KURARITY™”–PBT

compound. (particles: PBT,

Matrix: “KURARITY™”)

Fig. 21 Oil resistance of a “KURARITY™”–PBT (¼50/50) compound according to ISO1817,

200 mm*50 mm*2 mm specimen
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5.3 Film

Film is another appropriate application of “KURARITY™” (Fig. 23). Through the

use of “KURARITY™”, it is possible to produce highly transparent film that

exhibits high UV resistance. This is achieved with the “KURARITY™” compound

mentioned above or with a “KURARITY™”–PMMA compound by controlling the

morphology of the alloy [27]. “KURARITY™” film can be used in light guide and

outdoor applications as a flexible PMMA.

5.4 Adhesive

As with styrenic block copolymers such as SEBS and SIS, which are widely used in

the adhesives industry, “KURARITY™” has great potential in adhesives applica-

tions [28]. Acrylic adhesives have good heat resistance and creep properties due to

chemical crosslinking. “KURARITY™”, on the other hand, has physical crosslinks

Fig. 22 Thermal

degradation properties of

“KURARITY™”, Al(OH)3,

and Mg(OH)2

Table 2 Properties of

“KURARITY™”–Al(OH)3
flame retardant compound

LA2140/Al(OH)3 100/100 100/200

Specific gravity (g/cm3) 1.4 1.62

Oxygen index (%) 20.9 51.3

UL-94 V-2 V-0

MFR

180 �C, 2.16 kg (g/10 min) 7.0 1.0

180 �C, 10 kg (g/10 min) 81 19

TB(MPa)/EB(%) 4.5/290 7.0/90

Hardness (A) 61 78
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with high PMMA Tg, making these crosslinks thermally reversible. As previously

explained, “KURARITY™” produced using the LA system exhibits a lower vis-

cosity in its melting and solution states, which is enormously beneficial for formu-

lating high-creep, hot-melt type adhesives, extrusion type adhesives, and high solid

content solution type adhesives (Table 3).

Fig. 23 Sample of “KURARITY™” film

Table 3 Hot-melt adhesion properties of “KURARITY™”

1 CE1 CE2

Formulation

LA2140 100 Hot melt rubber

Adhesive

Double-sided acrylic tape with non-

woven fabric base filmTackifier A (hydroge-

nated rosin ester)

35

Coating thickness (μm) 53 35 165

Rolling ball tack test
(JIS test method)

7 <4 16

Creep test (holding
power at 80 �C)

>1 week 10 min 9.6 h

180� peel adhesion
To stainless steel

(N/25 mm)

16 27 32

To PE (N/25 mm) 8.6 20 14

Viscosity at 180 �C
(mPa/s)

30,000 51,000 (Cross-linked)

Test piece: PET(50 μm)/PSA (casted by Toluene solution)

Test condition: Ball tack test: JIS test method (the larger ball number means better tack)

Creep test: load 1.0 kg, sample size 25 mm� 25 mm, to stainless steel

180� peel test: 300 mm/min at r.t.

Viscosity: measured by “Brookfield viscometer”
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6 Conclusion

The last three decades have brought forth great challenges in achieving living

anionic polymerization and synthesis of block copolymers of (meth)acrylates.

The LA system is the solution. The LA system features an intelligent mechanism

and is supported from a kinetics standpoint. A new acrylic triblock copolymer

(ABCP), product name “KURARITY™”, is now commercially available alongside

styrenic block copolymers. It holds great promise for a wide variety of applications.
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Abbreviations

2EHA 2-Ethylhexyl acrylate

ABCP Acrylic triblock copolymer

BR Polybutadiene rubbers

DME 1,2-Dimethoxyethane

EB Hydrogenated polybutadiene

iBu(BHT)

2Al

Isobutylbis(2,6-di-tert-butyl-4-methylphenoxy)aluminum

IR Polyisoprene rubbers

LA system Living polymerization system of (meth)acrylates using compounds

consisting of a Lewis base and bulky aluminum

LAP Living anionic polymerization

MMA Methyl methacrylate

MnBM PMMA-b-PnBA-b-PMMA triblock

nBA n-Butyl acrylate
P2EHA Poly(2-ethylhexyl acrylate)

PBD Polybutadiene

PBT Polybutylene terephthalate

PE Polyethylene

PLA Polylactic acid

PMMA Polymethyl methacrylate

PnBA Poly(n-butyl acrylate)

PP Polypropylenes

PPE Polyphenylene ether

PS Polystyrene

PVC Polyvinyl chloride

SAN Poly(styrene-co-acrylonitrile)

SBM Triblock copolymer of polystyrene (PS), PBD, and PMMA

Methacrylate-Based Polymers for Industrial Uses 1029



SBR Styrene/butadiene rubbers

SBS and

SIS

Thermoplastic elastomers of block copolymers

SEBS PS-b-EB-b-PS
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The Critical Role of Anionic Polymerization
for Advances in the Physics of Polyolefins

David J. Lohse

Abstract This chapter shows how the great power and versatility of anionic

polymerization, which has been described in the rest of this book, has been used

to develop an improved understanding of the basic physical principles that underlie

the performance of polyolefin materials. When these synthetic tools are employed

to polymerize dienes and are then combined with controlled saturation methods, a

wide panoply of saturated hydrocarbon polymers can be made. These products can

serve as models for commercial polyolefins, which is the most widely used class of

synthetic polymers and which continues to develop at a strong pace. The ability to

make such models with highly controlled chain architectures, plus the ability to

label the molecules for use in techniques such as NMR and neutron scattering, has

provided polymer physicists with means to understand polyolefin physics at a deep

level. This has been used to determine the size of polyolefin chains (both in dilute

solution and in melt state), the ways that polyolefins mix, how their rheology

depends on the chemical structure of the chains, and how long branches control

their performance. This chapter covers not only the scientific results of this

research, but also how these can be applied in the development of novel, useful

polyolefin products.

Keywords Polyolefins • Chain dimensions • Packing length • Blends

• Thermodynamics • Miscibility • Rheology • Entanglements • Long-chain

branching • Polyethylene • Polypropylene • Applications

1 Importance of Polyolefins

Polyolefins, such as polyethylene (PE), polyisobutylene (PIB), and polypropylene

(PP), are by far the largest class of synthetic polymers. More than 100 million

metric tons are produced each year worldwide [1]. These materials have enjoyed

such great success because of a fortuitous combination of useful properties, among
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which are relatively low density, low cost of production, high strength, high

chemical resistance, and low dielectric constant and losses. A wide range of

mechanical properties are possible through the use of copolymerization, blending,

and additives to make products from elastomers to thermoplastics to high strength

fibers. Although they were first produced in the 1930s, important advances are still

being made in improving the process and performance of these materials and their

use is growing at a rate well above the GDP. Several factors have been principally

responsible for the great success that polyolefins have enjoyed: an abundant supply

of cheap and simple monomers; advances in reactor engineering and catalysis; and

the ability to compound these polymers with fillers and other polymers. The

combination of all of these factors has led to the enormous number of ways in

which polyolefins are now being used to improve our lives.

In general polyolefins are defined as polymers made from olefins, which are

principally ethylene and propylene, but also 1-butene, 1-hexene, 1-octene, isobu-

tylene, and other monomers. These are thus fully saturated hydrocarbon molecules

(i.e., much less than one double bond per molecule), which is the fundamental basis

of their properties. The density of all amorphous polyolefins (at 25 �C) is about
0.855 g/cc (the exception being polyisobutylene at 0.917 g/cc), and the density of a

crystalline phase is never more than 1.00 g/cc. This means that a polyolefin will

nearly always be lighter in weight for a given application than any alternative

material. Because they are fully saturated, their interactions are dominated by

dispersive, van der Waals forces. As a result, they have a high degree of chemical

resistance to many of the solvents and liquids encountered in use. The lack of

double bonds means that they are low in reactivity, and so are highly stable to

oxidation. These general properties explain much of the usefulness of polyolefins.

The great interest in polyolefins has two sources. One is simply the practical

importance of these ubiquitous materials, so methods to improve their performance

will clearly be highly beneficial to society. The other is scientific, in that polyolefins

can serve as models for the polymer systems in general. The wealth of data on

properties such as their mutual miscibility provides a test for various theories of

polymer physics. Since the interactions between the chains are dispersive, van der

Waals forces, the influence of chemical architecture can be seen much more clearly

for polyolefins than for other macromolecules. For instance, mutual solubility of

polyolefins turns out to be highly dependent on the details of the chemical archi-

tecture of the polymer chains, especially the degree, length, and location of side

groups. Polyolefins are also the class of polymers that most commonly exhibit long-

chain branching, so the understanding achieved for their branching can help

develop improved performance in other systems. The strong influence of chain

architecture on the characteristics of saturated hydrocarbon polymers gives us not

only a way to probe the predictive power of various theories, but also to design new

materials from an understanding of the intrinsic properties of these polymers.

There is thus a well-founded interest in developing a deep understanding of the

relations between the chemical structures of saturated hydrocarbon chains and the

properties of the materials made from them. The quality of these relations and the

confidence one can have in them depends strongly on the depth of understanding of
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the structure of these polymers, and so synthetic means to control such architecture

precisely are very useful to advance these studies. The original polyolefins made in

the 1930s were generally broadly distributed in terms of their molecular character-

istics, such as molar mass, tacticity, composition, and branching [2]. The develop-

ment of coordination catalysts in the 1950s by Ziegler [3, 4] increased the control of

chain structure, but rarely to the extent that allowed precise control. Single-site

catalysts such as metallocenes and constrained geometry compounds [5–8] have

given much better control. But these methods still have significant limitations.

Fortunately, the ability to make well-controlled macromolecules by the anionic

polymerization schemes outlined throughout this book, combined with methods to

saturate such polymers, has provided ways to make polyolefin-like structures with

very precise control. These techniques were pioneered by the group of W. W.

Graessley, who discovered methods to fully saturate such polydienes without

disturbing the well-controlled architectures made by anionic polymerization

[9]. For instance, the saturation of polybutadienes with varying levels of vinyl

incorporation of the monomer produces structures equivalent to an ethylene-butene

copolymer with corresponding levels of butene [10]. When 2-methyl-1,3

pentadiene is polymerized with 100 % 1,4 incorporation and then hydrogenated,

the structure equivalent to an atactic, head-to-tail polypropylene is achieved

[11]. Many such polyolefinic architectures can be made by the saturation of

polydienes. Moreover, the methods described earlier in this book to make block

copolymers and branched polymers with control of the location and length of the

branches have proven very useful to develop the basic physics of polyolefins. In the

following sections of this chapter, this method will be demonstrated for the sizes of

polyolefins chains in the melt, the mixing thermodynamics of polyolefins, the

rheology of linear polyolefin chains, and the properties of polyolefins with long

branches. Finally, some other areas where the use of these model polymers can

further enhance our understanding of polyolefin performance are outlined.

2 Chain Dimensions

2.1 Measurement of Chain Dimensions in the Melt

The chief way in which flexible polymers differ from other chemical substances is

that they are so long that, in order to fill the available space, the individual

molecules overlap with each other – that is, they entangle [12]. So the measurement

of melt chain dimensions becomes critical to furthering our understanding of the

state of entanglement. The entangled state is fundamentally responsible for the

properties that distinguish polymers from other materials: their extremely slow

dynamics (as seen in diffusion and viscosity), the fact that they are generally in a

nonequilibrium state (e.g., semi-crystallinity), their mechanical performance (e.g.,

viscoelasticity), and so on. In fact, a common definition of the transition from
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“oligomers” to “polymers” is the molecular weight at which the chains begin to

entangle. Thus, in order to see how polymer properties are related to their chemical

makeup and so control the performance of polymeric materials, one needs to

understand how the state of entanglement is determined by the chemical architec-

ture of the chains.

In recent years, it has become apparent that the entangled nature of polymers is

due to the fact that there are two measures of how “large” polymer coils are in the

liquid or melt state [13–19]. One of these is just the volume “occupied” by each

chain, that is, the total volume divided by the number of molecules. The other is

some measure of the extent of the space “pervaded” by the polymer chain. This can

be related to the radius of the smallest sphere to totally enclose the chain (called the

“span” of the chain) [20], the distance between the chain ends, R, or the radius of
gyration of the chain, rg. For small molecules, such as methane or n-hexane, the
occupied and pervaded volumes are same. The advent of small angle neutron

scattering in the 1970s confirmed Flory’s hypothesis that, when the chains are

long enough, the pervaded volume is much larger than the occupied one

[21]. The part of the pervaded volume that is not occupied by the chain itself is

occupied by other molecules, which gives rise to the state of entanglement (due to

the fact that covalent chains cannot cross each other). The ability to relate chain

dimensions to chemical structure will then allow one to predict how performance

can be derived from the chemistry. This provides the roadmap to realizing the

vision expressed by Flory in his text: “Comprehension of the configurational
statistics of chain molecules is indispensable for a rational interpretation and
understanding of their properties” [22].

In 1949, Flory [23] reasoned that chains should have their ideal, random walk

dimensions in the bulk because the attractive van der Waals forces would be exactly

balanced by the repulsive excluded volume forces. Others contended that there was

little overlap of neighboring chains. In order to test the Flory hypothesis, a method

to measure the dimensions of long polymer chains in the melt state was required.

This was the first problem in polymer physics tackled by small angle neutron

scattering (SANS) and the one which first showed its power. Until the advent of

SANS, however, there was no way to determine the size of polymer chains in the

bulk, because there was no way to distinguish an individual chain from the

surrounding “sea” of its neighbors. The need was for a way to label a chain, so

that it would stand out from the background of the rest of the polymer, without

significantly changing its chemistry. Labeling techniques that work with light or

x-ray scattering seriously disrupt the chemistry of the system, leading to phase

separation. Use of deuterated polymer, however, provided good contrast without

affecting the physical chemistry (see above). This was done first for poly(methyl

methacrylate) by Kirste, Kruse, and Schelten, and for polystyrene by Ballard,

Wignall, and Schelten [24, 25] in 1978. Experiments on several other systems

quickly followed [26–31]. This was also done for model polyolefins, using

polydienes that had been saturated with both hydrogen and deuterium [32, 33]. In

all cases Flory’s hypothesis was proven to be correct; polymer chains in the bulk

assumed their ideal random walk dimensions. The dimensions of the chains were
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the same in the bulk as in a theta solution. The establishment of the Flory hypothesis

has served as the basis for important developments in the rheology, miscibility, and

performance of polyolefins, as will be seen below.

2.2 Chain Dimensions and the Packing Length

There are several ways to describe the chain dimensions of polymer chains. One

that has proven to be very useful for understanding many polymer properties is the

so-called packing length. This parameter can be derived from a comparison of the

occupied and pervaded volumes of a chain, and arises naturally in theories of

polymer blend interfaces [34] and block copolymers [35], as well as entanglements

and rheology [17]. As this is crucial for understanding some of the properties

considered below, the derivation of the packing length will be described in some

detail here.

Consider first the occupied volume, Vocc, which is simply the volume per

polymer molecule. This can be directly determined from the polymer density, ρ,
Avogadro’s number, NA, and the molecular weight of the polymer molecule, M:

Vocc ¼ M

ρNA

ð1Þ

The volume that is pervaded by a polymer chain is related to a measure of the

chain size such as its radius of gyration, rg, or the distance between the chain ends,

R. Due to the Flory hypothesis the average of rg
2 is proportional toM (in the limit of

large M ):

r2g ¼ KM ð2Þ

The value of K depends on temperature and the chemical structure of the polymer,

which control factors such as the probability of trans and gauche rotations of the

backbone bonds. Moreover, R2¼ 6rg
2. Since both Vocc and rg

2 are proportional to

M, their ratio is a parameter independent of molecular weight and thus is a constant

characteristic of the chemical structure of the polymer at a given temperature. This

is called the packing length, lp:

l p ¼ Vocc

r2g
¼ M

r2gρNA

ð3Þ

The packing length is directly related to the statistical segment length of a

polymer, b, defined by R¼ nb2 where n is the number of monomer repeat units

[22]. This quantity is also related to the size of the chain and is given by
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b2 ¼ R

n
¼ 6r2g

m0

M
¼ 6r2gNAρv0

M
¼ 6v0

l p
ð4Þ

where m0 is the molecular weight of a monomer repeat unit, and v0 its volume. Note

that the definition of b requires the specification of a repeat unit, which is often

problematic, especially for copolymers. Moreover, when comparing a number of

different polymers, one needs to define a constant value of v0 as a reference volume,

meaning that it will be arbitrary, and may have no relation to the structure of the

polymers. Because of this arbitrariness, the packing length formulation is more

straightforward and more closely related to the actually measured parameters than

is one using the statistical segment length. Another parameter often used to show

how much larger the chain dimensions are than those expected from an unrestricted

random walk model (Rrw¼ [M/mo]lo
2) is the characteristic ratio, C1 [22] which is

given by

C1 ¼ R2

R2
rw

¼ 6r2gm0

Ml20
¼ 6m0

l pl
2
oρNA

ð5Þ

Here l0 is the length of the repeat unit bond (0.154 nm for C-C single bonds). This

can be very useful in comparing various polymers, as will be seen in the next

section.

2.3 Models of Chain Dimensions

In the following sections it will be shown that several properties of polyolefins

correlate strongly with chain dimensions, and a rationale for this will be given.

While the melt chain dimensions for many polyolefins have been measured by

neutron scattering, the ability to predict performance becomes all the more useful if

ways to estimate the sizes of polyolefin molecules can be found, especially for those

that have not yet been synthesized. This is especially true since SANS generally

requires access to deuterated polymers and a neutron source. Estimates of the bulk

melt dimensions are sometimes possible from dilute solution, theta-state values, but

this only gives a qualitative idea of chain size, and not a numerical value [17]. One

method that often works to calculate polymer dimensions from first principles is the

rotational isomeric state model [22], but for many polyolefins this has given results

at odds with experiment [17]. A promising new correlation of polyolefin chain

dimensions with chemical structure has recently been found [36], and this is

described in the rest of this section.

This correlation comes from an observation of how the dimensions of chains

depend on a simple feature of the chemical architecture, which is mb, the molecular

weight per backbone bond [37]. In Fig. 1 lp is plotted vs. mb at 190
�C for a wide

range of polyolefins. While there is not yet a clear physical model for these
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relations, it has been found that the dimensions of most polyolefin chains obey the

following relations with mb at 190
�C (for lp in units of nm):

l p ¼ 0:0333m1:30
b 14 g=mol < mb < 28 g=mol ð6aÞ

l p ¼ 0:627m0:42
b mb > 28 g=mol ð6bÞ

Of course, the values of lp depend on temperature, but this dependence is fairly

small and of secondary importance to that on mb. Moreover, the temperature

dependence of lp is quite similar for most polyolefins, so the relative rankings are

fairly consistent at all temperatures. Therefore Eq. 6 satisfies the main objective of a

reasonable estimate of lp for most polyolefins in the melt. The clearest outlier is

syndiotactic polypropylene (sPP), which is known to have large chain dimensions

due to a preponderance of trans rotations [37].
The variation of lp with mb is mostly due to changes in the “thickness” of the

chain (i.e., how much of the chain is in the side branches instead of in the

backbone), but also is partly a result of differences in chain stiffness (i.e., the

tendency for trans vs. gauche rotations). A good way to separate out the effects

of stiffness is to look at how C1 depends on mb. This is shown in Fig. 2, and from

Eqs. 5 and 6 one can derive, at 190 �C:

C1 ¼ 16:1m�0:30
b 14 g=mol < mb < 28 g=mol ð7aÞ

C1 ¼ 0:859m0:58
b mb > 28 g=mol ð7bÞ

Another representation of this is to plot C1 vs. f, the fraction of carbons that are in

the backbone. For polyolefins f is simply given by 14/mb. This gives the

corresponding dependence of C1 depending on f, which is shown in Fig. 3:

C1 ¼ 7:29 f 0:30 0:5 < f < 1:0 ð8aÞ
C1 ¼ 4:14 f�0:58 f < 0:5 ð8bÞ

0
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Fig. 1 Dependence of lp on mb at 190
�C. Solid line is from Eq. 6
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In Fig. 3, one can see that C1 reaches a minimum of about 5.9 at f¼½, that is, when

half of the polymer is in the backbone and half is in the branches. This applies to

both atactic polybutene, with an ethyl branch for every two backbone carbons, and

an ethylene-octene copolymer with 33 mol% octene, with a hexyl branch for every

six backbone carbons. One might speculate that this is the point at which the

presence of the branches is most effective at changing the bond rotations of the

backbone, that is, at increasing the proportion of gauche rotations. For f>½, there

are significant long stretches of methylene segments that will favor trans rotations.
For f<½, the branches are longer than the spacing between them, and so the chain

cannot twist enough to avoid eclipsing of the branches with each other. However, it

would be good to put this empirical observation on a firmer foundation of under-

standing. Moreover, it is important to point out the exceptions to this rule, such as

syndiotactic polypropylene (sPP) and polyisobutylene (PIB), as the utility of such

materials depends on their special values of chain dimensions. However, the
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Fig. 2 Dependence of C1 on mb at 190
�C. Solid line is from Eq. 7
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Fig. 3 Dependence of C1 on f at 190 �C. Solid line is from Eq. 8
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relations shown in Eqs. 6, 7, and 8 can be used to give a rough estimate of the

dimensions of most polyolefins, and so an estimate of their melt properties.

3 Miscibility

3.1 Polyolefin Blends Thermodynamics

About one third of all polyolefin materials are produced and used as blends of

several different polyolefins. In some cases these are blended in the melt, after

polymerization, while often the products made in polymerization reactors are

blends because of the presence of multiple catalyst species or multiple reactor

environments. For all of these blends, the state of miscibility is critically important

to their use. The last 30 years have seen a veritable explosion of information about

the thermodynamics of polyolefin blends, which has shown that many of those in

use today – those with molecular weights and compositions of commercial interest

– are near the boundary of miscibility [38]. Blends of polyolefins can have complex

phase diagrams, displaying the same gamut of phase behavior as mixtures of

monomeric liquids.

An important learning from this work is that the key parameter that differentiates

the cohesive and mixing properties of polyolefins is a measure of their chain

dimensions in the melt. In the first section below, a summary of the experimental

results on polyolefin mixing is provided, and also a description about how these fit

into a regular mixing scheme. It will then be shown how polyolefin solubility

parameters correlate with chain dimensions, through the packing length. The

third section describes why one might expect the cohesive energy of a polymer

would depend on the chain size, and how this compares with a prediction of

Schweizer and Singh from a PRISM model [39].

3.2 Summary of Polyolefin Miscibility Data

The wealth of data on polyolefin blends that has been generated over the last several

years has been compiled in a number of reviews [38, 40]. One of the most

interesting features of polyolefin miscibility that has been discovered in this work

is the great range of phase behavior shown by these systems. Most polyolefin blends

display UCST (upper critical solution temperature) phase diagrams with phase

separation occurring upon cooling, but many are characterized by LCST (lower

critical solution temperature) behavior by phase separating when heated. Some

show both an LCST and a UCST. This great diversity in phase behavior may be

regarded as surprising from saturated hydrocarbon polymers that interact only

through dispersive, van der Waals forces.
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The second interesting feature is that the great majority of these data can be

explained by regular solution theory [41]. This is based on the model of Hildebrand

that the enthalpic part of the free energy of mixing two substances can be derived in

a simple way from the cohesive energies of each substance. The expression for this

is shown in Eq. 11, which relates the interaction energy density of the mixture to the

solubility parameters of the components. It does not always work – for example,

some blends, especially those involving polyisobutylene [42], show negative values

of the interaction energy density, which is impossible to rectify with regular

solution theory. Nevertheless, regular solution theory does describe the miscibility

data of around 90 % of the blends, and for most of the irregular ones the difference

of the data from the regular solution predictions can be used to characterize the

anomalies [43]. So the understanding of the origins of polyolefin solubility param-

eters provides a basis for understanding polyolefin miscibility.

The most critical set of information for polyolefin solubility parameters has been

the direct measure of miscible blend interaction energies from SANS [44–

55]. Important contributions have also come from determinations of phase dia-

grams by nuclear reaction analysis (NRA) [56, 57], light scattering [58–61],

thermal analysis [62], and NMR [63, 64]. Model polyolefins made by saturating

anionically polymerized polydienes were crucial for most of this work. SANS,

NMR, and NRA are techniques that depend on deuterium labeling; the fact that

polydienes can be saturated using either deuterium or hydrogen, giving labeled and

unlabeled polymers that are identical (save for the label) makes these techniques

work well. The thermal analysis work used block copolymers that also relied on the

combination of anionic polymerization and saturation. Measurements of the depen-

dence of specific volume on temperature and pressure (PVT) properties of poly-

olefins [65, 66] have provided data on their internal pressure, which is directly

related to cohesive energy.

A large number of polyolefin solubility parameters have now been derived from

neutron scattering and compiled [67]. Some of these values are shown in Table 1.

These are polyolefins for which there are direct measures of density, melt chain

dimensions [68], and solubility parameters derived from interaction energies mea-

sured on polyolefin blends by small angle neutron scattering. A significant hurdle in

developing the solubility parameter model of polyolefin miscibility is that the

cohesive energies of the polymers cannot be directly measured [41]. However,

the solubility parameter values in Table 1 have been corroborated by measurements

of the internal pressure of pure polyolefin components, which have been determined

from PVT data. The reader is directed to reference 38 (Chap. 8, Sect. II.D therein)

for a fuller discussion of the relation of internal pressure to cohesive energy density,

but it is worthwhile to point out that this relation for polyolefins is very similar to

that seen for low molecular weight alkanes [69] for which both cohesive energy

density and internal pressure can be directly measured. There is thus a great deal of

confidence in these numbers, and as will be shown below, they can be used to

predict the miscibility of polyolefin blends quite well.

It is well known that a chief distinguishing feature of polymer blends is that the

entropy of mixing is very small, due to the large size of macromolecules [70]. This
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can be seen in the Flory-Huggins-Staverman [71–73] expression for the free energy

of mixing ΔGm:

ΔGm ¼ RT
ϕ1ρ1
M1

lnϕ1 þ
ϕ2ρ2
M2

lnϕ2

� �
þ X12ϕ1ϕ2 ð9Þ

where R is the gas constant, ρi is the density of polymer i, ϕi is the volume fraction

of component i, and X12 is the interaction energy density between the two polymers.

The interaction energy density is directly related to the more commonly used Flory

interaction parameter, χ12, by the relation:

X12 ¼ χ12
v0

RT ð10Þ

Table 1 Solubility

parameters for selected

polyolefin δ, in units

of MPa1/2

T (�C)
Polymer 27 51 83 121 167

HPI-75 18.00 17.59 16.91 16.53 15.70

EB97 18.17 17.76 17.08 16.69 15.86

EB88 18.40 17.98 17.29 16.89 16.04

a-PP 18.39 17.98 17.33 16.95 16.11

EB78 18.66 18.24 17.54 17.13 16.27

HPI-50 18.68 18.26 17.56 17.14 16.29

EB66 18.90 18.48 17.77 17.35 16.48

alt-PEB 18.89 18.48 17.79 17.38 16.52

HHPP 18.99 18.55 17.84 17.41 16.53

EB52 19.18 18.74 18.03 17.60 16.72

alt-PEP 19.09 18.67 17.98 17.58 16.74

EB38 18.96 18.24 17.80 16.91

EB35 18.98 18.25 17.82 16.93

EB32 19.10 18.36 17.91 17.01

EB25 18.45 18.00 17.09

EB17 18.06 17.16

EB08 18.23 17.29

Name Description

alt-

PEB

Essentially alternating poly(ethylene-co-1-butene)

alt-

PEP

Essentially alternating poly(ethylene-co-propylene)

a-PP Atactic polypropylene

EBx Ethylene-butene random copolymer with x mole per-

cent butene incorporation

HHPP Head-to-head polypropylene; HPDMBd-100

HPI-x Hydrogenated polyisoprene, x¼ 3.4 content of parent

polyisoprene

The Critical Role of Anionic Polymerization for Advances in the Physics of. . . 1043



where v0 is a reference volume to normalize the value of χ12. When comparing the

interactions for many different blends, the choice of v0 becomes arbitrary. To avoid

confusion when comparing so many polymers and blends, herein the interaction

energy density formulation of Eq. 9 will be used.

The power of regular solution theory is that it provides a way to predict

miscibility in blends from parameters that are determined for the individual com-

ponents. This basic parameter is the so-called solubility parameter for polymer i, δi,
which is just the square root of the cohesive energy density of the polymer [41]. The

cohesive energy is that which holds the molecules of a substance together in the

condensed (liquid) state, and so is given by the heat of vaporization [69]. Obviously,

this cannot be directly determined for most polymers, since they degrade at

temperatures well below those at which they would boil. However, one can get

reasonable estimates of δi from PVT measurements and values can also be derived

by redundancy from a large set of measured values for X12 when the number of

blends is significantly greater than the number of component polymers [38]. One

caution for the reader is that the values of δi from group contribution schemes do not

work for polyolefins, as explained in Ref. [38].

Given the values of solubility parameters, it is quite simple to estimate the

interaction energy density, since:

X12 ¼ δ1 � δ2ð Þ2 ð11Þ

On the other hand, by measuring X12 for many pairs of polymers, one can extract

values of δi for the components, given the value for just one of them. [Herein, the

reference value is taken to be that for atactic polybutene, determined from PVT
evaluation of internal pressure.] Such an assignment becomes more well founded,

the greater the number of blends measured, and the greater the redundancy of

assigning solubility parameters. The values for the 17 polymers in Table 1 come

from measuring X12 for 42 blends over a range of temperatures. These values have

been shown to work well in explaining the mixing behavior for a number of

polyolefin blend systems [74–77]. Note that the derivation of δ’s from X12 needs

to be performed at each temperature separately. Cohesive energy density, and so δ,
generally decreases as T increases, but at different rates for different polymers. This

is the reason that, even under regular solution theory, all kinds of phase behavior

(LCST and UCST) can be seen.

3.3 Dependence of Polyolefin Solubility Parameters
on Packing Length

In Fig. 4, the values of δ are plotted vs. lp for a number of polyolefins at several

temperatures, showing that there is a clear correlation of solubility parameter with

chain dimensions. This correlation of polyolefin miscibility with their chain
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dimensions has been noted by several authors [38, 78], but the explanations for this

have been quite different. Fredrickson, Liu, and Bates [79] have developed a theory

of mixing based on the idea that a mismatch in component values of lp or b will lead
to a loss of configurational entropy upon mixing. This is a different explanation for

polyolefin miscibility than the one described herein [38] based on solubility param-

eters, which emphasizes local enthalpic contributions to the free energy of mixing.

How does one distinguish between entropic and enthalpic contributions to the

interactions controlling miscibility? Since the solubility parameters for different

polyolefins decrease with temperature at different rates (see Table 1), the difference

between any two of them and so X can have any sort of dependence on T, simply

due to enthalpic interactions. It is thus not possible to separate “enthalpic” and

“entropic” contributions to X simply from its temperature dependence.

There are now several pieces of evidence that indicate rather conclusively that

the enthalpic contribution dominates in the case of polyolefin blends. First, the

dependence of the values of δ derived from SANS on branching structure for high

molecular weight polyolefins closely parallels that for the solubility parameters for

saturated hydrocarbons of low molecular weight derived from their heats of vapor-

ization [41]. For example, whether considering the cohesive energy data for a series

of C8 alkanes [69] or the SANS-based solubility parameters for the corresponding

polymers, it is clear that the normal, linear molecules have the highest values of δ,
and that the longer and more frequent the branching, the lower these values become.

Even effects associated with details of the branch architecture, such as higher

values for molecules with methyls on adjacent carbons rather than on alternating

Fig. 4 Solubility parameters of polyolefins versus packing length
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ones, are reproduced with C8 analogs. The C8 alkanes do not have the configura-

tional entropy characteristic of the polymers, so the distinctions within both groups

are most likely due to enthalpic effects.

Second, Maranas et al. [80] have simulated the cohesive energy densities of a

number of polyolefins with interactions based solely on enthalpic interactions.

These results agree very well with the values determined from neutron scattering

or PVT experiments. Finally, the impact of deuterium labeling on miscibility has

also been well explained as due to enthalpy. Bates et al. [81] noted that deuterium

substitution changes the polarizability of a molecule or repeat unit, and so affects its

cohesive energy. Their enthalpy-based model quantitatively explains the effect of

deuteration on interaction strength, so there is no need in that case to invoke

configurational entropy arguments. So the circumstantial case for an enthalpic

origin of the cohesive energy of polyolefins is strong.

But why should the chain dimensions of polyolefins determine the enthalpy of

their interactions? In a qualitative sense, this has to do with the degree to which the

nonbonded neighbors of a monomer or repeat unit are from the same or different

molecules. The overall number of van der Waals interactions per unit volume in a

polyolefin melt does not depend very much on the chemical architecture of that

chain, since the densities of nearly every polyolefin is about the same as that of all

the others. However, the more tightly the polymer is coiled (at a given molecular

weight), the more likely it is that a nearest neighbor is from another monomer on the

same chain, and not from another molecule. The van der Waals, nonbonded

interactions between such intramolecular monomers will not contribute to cohesive

energy. Monomers on more open coils will have larger fraction of close neighbors

from other molecules, which increases its cohesive energy density.

This argument has been made quantitative in the PRISM theory of Schwiezer

and Singh [39]. This is based on a theory of liquids that has been successfully

applied to many polymer problems. The chains are modeled as “threads” with

variable thickness that can be related to lp. A quite simple expression for the

dependence of δ on temperature and chain dimensions comes from this model:

δ ¼ ρNA

m0

2πεa3

1þ l p
2πa

� �
2
4

3
5
1=2

ð12Þ

In Eq. 12, a and ε are parameters that represent the length and energy scales,

respectively, of the interactions between the polymers. To examine how well Eq. 12

works, the experimental data in Fig. 4 are plotted as (δ/ρ) vs. lp in Fig. 5. The fit to

Eq. 12 is excellent and gives a¼ 0.80 nm and ε¼ 6.53� 10�4 eV, or ε/k¼ 7.6 K

(taking m0¼ 14 g/mol for a methylene unit), which are reasonable values for the

van der Waals potential typical of polyolefin blends. The power of Eq. 12 is that it

allows the prediction of polyolefin miscibility from simply knowing chain dimen-

sions. Even when these have not (or cannot) be measured directly by a method such

as neutron scattering, a way to estimate the chain dimensions (say, by a simulation

or a relation such as Eq. 6) can thus lead to a well-founded prediction of the

cohesive energy of that polymer and so its miscibility with other polyolefins.
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3.4 Applications of Polyolefin Blend Thermodynamics

A broad range of polyolefin blends are used commercially, both in the homoge-

neous state and as multiphase materials. The ability of a particular blend to perform

well in a given application depends on whether the melt is phase separated. It can be

shown from the results summarized above that many commercial blend systems are

near a phase boundary at the molecular weights and compositions used. In this final

section the utility of predictions of miscibility in polyolefin blends is shown by

applying the solubility parameter data to two cases taken from the recent literature.

Bensason et al. [74] have studied blends of an ethylene-octene copolymer

(EO) containing 14.6 mole % octene with three other EO copolymers of lower octene

content. All of the EO copolymers had approximately the same molecular weight.

Using the solubility parameters given in Table 1 to estimate the interaction strength

for these EO blends, and then using Eq. 9 allows one to estimate which of these will

be miscible at the melt temperature. This procedure predicts that only an EO with 8.5

mole % octene would be miscible in the melt with the 14.6 % EO; the blends of the

other two with the high octene copolymer are predicted to be phase separated. This is

exactly what Bensason et al. observed using thermal and mechanical analysis of the

blends. The solubility parameter data also do a good job of describing and predicting

phase behavior in many other blends containing ethylene copolymers. Analysis of

this type supports the conclusion that many linear ethylene copolymer blend systems,

whether they contain many components because of deliberate blending or because of

the use of multi-site catalysts, are at or near phase separation.

The second example involves blends of PP with various copolymers of ethylene

with either butene (EB) or hexene (EH). Yamaguchi et al. [75, 82–84] have

investigated the rheological and mechanical properties of several of these blends,

and found remarkable differences based on comonomer content. Using the solubil-

ity parameter and regular mixing ideas in the way described above, one can predict

that at M ~ 100 kg/mol, EB copolymers require at least 58 mol % butene, and EH

copolymers require at least 47 mol % hexene, to be miscible with PP. This agrees

quite well with the observations made by Yamaguchi, in that a 45 % butene EB was

300
350
400
450
500
550
600
650
700

0 1 2 3 4
lp (nm)

(δ
/ρδ/
ρ)

2  [
J-

cm
3 /

g2
]

Fig. 5 Plot of δ vs. lp for
polyolefins. Solid line is the

fit from Eq. 12 with

a¼ 0.80 nm and ε/k¼ 7.6 K
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immiscible with PP, but a 62 % butane EB was miscible. Similar agreement holds

for the EH/PP blends.

Many of the PP blends that have been examined showed irregular mixing effects

[43], and it may be that irregularity also played a role in this second example.

However, both of the examples above clearly show that the regular mixing ideas,

combined with reliable data on how these depend on polymer architecture, can

provide useful guidance in the development polyolefin blends. The miscibility of

saturated hydrocarbon polymers (polyolefins) has been shown to be essentially

controlled by the values of their solubility parameters as determined from SANS

or PVTmeasurements. Moreover, these solubility parameters can be derived from a

knowledge of the chain dimensions of the chains, which is most conveniently

expressed through the packing length, lp. Even when the dimensions are not

known directly, they can be estimated for many cases by a correlation of the

fraction of carbons that are on side branches vs. the backbone. This string of

relations thus allows for a very powerful mechanism to predict which polyolefins

can mix based simply on their chemical structure.

4 Rheology of Linear Polyolefin Chains

4.1 Entanglement Density and the Packing Length

Research on the rheology of linear polymer chains predates the discovery of living

anionic polymerization. However, these synthetic techniques have provided the

ability to make linear chains with excellent control of molecular weight and its

distribution over a very wide range. This facility has been useful in both improving

the quality of rheological data and in extending the class of polymers for which such

data exist. Once again, this has been particularly important for polyolefins, due to

the large number of model polymers that can be made by the saturation of

polydienes. In this section the ways that the availability of such models has been

useful in understanding the basic melt rheology of linear polymers is outlined, and

how this can be applied to develop useful polyolefin materials is shown.

The entanglement molecular weight,Me, is derived from modeling the entangled

state of long, flexible polymers as a physically crosslinked network, on time scales

shorter than relaxation time of the entanglements [85]. Experimentally,Me is found

from the measurement of the plateau modulus. The rubbery plateau is much clearer

and easier to measure the narrower molecular weight distribution, so the availabil-

ity of nearly monodisperse polymers from anionic polymerization has been invalu-

able in extending the range of polymers for which there are good data on the plateau

modulus. Several authors [13–19] have developed successful models that relate Me

to chain dimensions. The relevant result is that Me can be related to the packing

length and density, and is in fact proportional to ρlp
3. The coefficient of propor-

tionality is independent of polymer type and temperature. This has now been shown
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to hold for a wide range of flexible polymers, including polydienes, polyolefins,

styrenic polymers, acrylics, and even polymeric sulfur [67]:

Me ¼ 1:98NAρl
3
p ð13Þ

If one uses ρ in units of kg/m3, lp in nm, andMe in g/mol, thenMe ¼ 1:19ρl3p. Since

the relation between Me and the plateau modulus is defined [86] as Me� ρRT/GN
0,

for the packing length model this means that

G0
N ¼ kT

1:98l3p
ð14Þ

Here k is Boltzmann’s constant with T in units of K, lp in nm, and GN
0 in kPa,

G0
N ¼ 6:97T=l3p. The utility of such a simple expression for a fundamental property

like plateau modulus is clear, as will be demonstrated below.

There are several other parameters that can be used to describe the state of

entanglement for flexible polymers. One of these is the volume per entanglement,

Ve, which is the volume occupied by a chain of molecular weight Me. By Eq. 1 this

means

Ve ¼ Me

ρNA

ð15Þ

Combined with Eq. 13 this gives

Ve ¼ 1:98l3p ð16Þ

The reptation model of polymer rheology was first discussed by deGennes [87]

and fully developed by Doi and Edwards [88]. In this theory the restrictions on the

motions of an entangled chain are modeled by confining it to a tube of diameter dt
formed by the surrounding molecules. This is defined by the relation

d2t
Me

¼ R2

M
ð17Þ

From the packing length model [17] one gets

dt ¼ l pnt=6 ¼ n
1=3
t Ve

1=3 ð18Þ

The numerical coefficient in Eq. 18, nt, is the number of chain segments [14] of

molecular weightMe that can be found in a cube of edge length dt. This is a constant
for all flexible polymers; from the extensive data that exist [89] on many polymers,

this has a value of nt¼ 20.6� 1.8.

There are good data on the plateau modulus (and thus, on Me) for over 50 dif-

ferent polyolefins, mostly at several temperatures [67, 89–91]. The ability to make
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model polyolefins by the saturation of polydienes has greatly increased the amount

of good data for the plateau modulus. This is not only because these polymers are

nearly monodisperse, but also because some of these can only be made by saturat-

ing polydienes. For this reason well-controlled anionic polymerization has been

central to this research. Moreover, as mentioned in the first section, since anionic

polymerization has allowed for labeled versions of these polymers to be made, most

of the data on polyolefin melt dimensions also come from samples made in this

way. It is not an overstatement to say that, without anionic polymerization, there

would not be enough data to derive sound relations entanglement density and chain

dimensions for polyolefins. The data that are available are plotted in Fig. 6 as Ve vs.
lp
3. From the figure, one can see that Eq. 16 (and Eq. 14) works very well to describe

polyolefin rheology over several orders of magnitude in plateau modulus. The

quality of the fit in Fig. 6 is more impressive when one considers that these two

parameters are derived from separate sets of data, lp from SANS-derived chain

dimensions, and Ve from rheology.

4.2 Other Rheological Properties

Several other rheological properties have also been related to the packing length

[18, 19]. One of these is Mc, the critical molecular weight at which the zero-shear

viscosity of a polymer begins to rapidly increase (generally from a linear depen-

dence on M to a power-law function, usually on the order of M3.4) [12]. Here again

anionic polymerization has been very useful. To get a good value forMc, one needs

not just a single sample of a narrow, entangled polymer, which is all that is needed

for Me and GN
0. Rather, what is required is a range of samples covering both the

entangled and unentangled states, on the order of ten (or more) polymers over a

decade or more of molecular weight. So clearly the control of polymerization

1
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Fig. 6 Plot of Ve vs. lp
3 for

polyolefins. Solid line is

from Eq. 16
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provided by anionic techniques is very useful for measuring Mc, and most of these

data come from polymers made by such means. An empirical fit to the data that

exist on Mc (for about a dozen polymers) gives [18, 19]

Mc ¼ Me l*p=l p

h i0:65
ð19Þ

In Eq. 19 lp
* is a constant of value ~ 6 nm. Similarly, Graessley has predicted [92]

that at some large value of M, polymer viscosity should show the M3 dependence

expected from the Doi-Edwards model [88]. This phenomenon has been seen for

several polymers now [19, 67], and this molecular weight, Mr, is given by

Mr ¼ Me l*p=l p

h i3:9
ð20Þ

Equations 19 and 20 can be used to estimate these technologically important critical

molecular weights to model performance in, for instance, extrusion.

4.3 Applications of Linear Polyolefin Rheology

The success of the packing length model for explaining the degree of entanglement

of a polymer can be very useful in the design of new materials. This is because the

plateau modulus and Me are the key to many of the basic performance aspects of

polymers, such as processability, adhesive strength, and crystallization kinetics. For

instance, this model can be used to explain the effects of tacticity on the plateau

modulus of propylene polymers. The observation that syndiotactic polypropylene

(sPP) has a much higher value of GN
0 than isotactic (iPP) or atactic polypropylene

(aPP) was first made in the late 1990s [93, 94]. This is due to the significantly larger

chain dimensions of sPP [95], which is presumably due to a larger probability of

trans over gauche bond rotations in sPP compared to iPP or aPP. A similar

influence of tacticity can also be seen in ethylene-propylene copolymers [96].

It is thus possible to make a good prediction of the plateau modulus for poly-

olefins even before they have been synthesized, as long as there is a way to make a

reasonable estimate of their chain dimensions [22]. This can be a very powerful tool

for modeling polymer material performance since the applications where a partic-

ular polymer will be useful depend to a large degree on its plateau modulus. For

example, the tensile modulus of crosslinked elastomers depends not only on the

number of chemical crosslinks (i.e., on the level of curing), but also on the number

of entanglements that are trapped by those chemical crosslinks [97]. For this reason,

ethylene-propylene elastomers have a higher tensile strength than other rubbers (see

Figure 24 and Table VIII in Ref. [97]). On the other hand, for adhesive applications,

a low plateau modulus is desired, as captured in the well-known Dahlquist criterion

[98]. This states that for a compound to work well as an adhesive, it must have a

plateau modulus below 0.3 MPa. Such a low modulus is needed to ensure that the
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adhesive will flow over all the asperities on a surface and so provide a large bonding

area and good adhesion. These examples show there is a need to provide polyolefins

with a wide range of plateau modulus, and the practical benefit of knowing how this

is controlled by chemical architecture.

An example is given in Fig. 7 [67], where the predictions of Eqs. 6 and 14 for the

plateau moduli of ethylene- and propylene copolymers are shown. For the available

data, these descriptions work well (as discussed above). As a class, it is clear that

propylene copolymers have a much lower plateau modulus than ethylene copoly-

mers. The influence of the amount and length of the short braches is also apparent.

The Dahlquist criterion [98] is also shown in Fig. 7, showing where one might

expect good adhesive behavior. It is clear how the kind of information contained in

Eqs. 6 and 14, and Fig. 7, can be used to define promising areas in which to explore

new product opportunities that depend on rheological performance.

5 Polyolefins and Long-Chain Branching

5.1 LCB in Polyethylene

Even though most polymers are found as linear chains, nonlinear, branched mac-

romolecules are also useful materials. The paramount example of this is polyeth-

ylene (PE). The commercial value of long-chain branching (LCB) in polyethylene

(PE) has long been known. Even though most of the physical properties (e.g.,

toughness) of low density PE (LDPE) are generally inferior to those of linear low
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density PE (LLDPE), the former still has a large share of the market due to its

superior processability. The rheological behavior that leads to this enhanced pro-

cessability of LDPE is attributed to the presence of long branches [99]. Here “long”

means a branch with a molecular weight greater than the entanglement molecular

weight, Me, which is around 1 kg/mol for PE [89]. The demand for improved PE

products has driven research on ways to control LCB to optimize both the process-

ability and mechanical performance of these polymers.

Unfortunately, this has proven to be extremely difficult, due to the complex

nature of the branching. The effects of LCB depend on many factors: the number of

branches per molecule, the lengths of the branches, where the branches are placed

along the backbone, and the distribution in each of these parameters. This com-

plexity has required branched model polymers for which the architecture is known

from the way they were synthesized. Nearly all of this work has relied upon the

anionic polymerization techniques described in this book. The structures have

ranged from simple ones, such as three-armed stars, to more sophisticated combs,

pom-poms, and dendritic architectures. Methods have also been developed to vary

the lengths and placements of the branches with a high degree of control. Much of

this work has been on polystyrene [100–104] and polydienes [105–111]. In this

section the work that has been done on model polyethylenes made by saturating

low-vinyl polybutadienes with many levels and kinds of branching will be

described. The application of this to commercial polyethylenes, both in developing

novel characterization techniques and in developing new products, is also covered.

LDPE was discovered by Fawcett et al. at ICI in 1933 and became the first form

of PE to become commercially viable [2, 112]. Although this was an unintentional

consequence of research on general chemical reactions at high pressure, the value

of the new material was quickly realized and exploited as, for example, cable

insulation for radar in World War II. In the 80 years of its history, its use has

grown until its production is now one of the largest of any material in the world.

LDPE is made in a high-pressure free radical process and the polymer molecules

are characterized as having a highly branched structure. This branching is believed

to come about from two main processes [113, 114]. In the first, a free radical on the

growing end of a chain loops back to some other portion of the chain; this loop

breaks at the point of reaction, to which the radical is transferred; and the loop then

becomes a branch off of the chain, which continues to grow from the reaction point.

This backbiting reaction mainly leads to short branches a few repeat units long.

Much longer branches are produced from the second mechanism, in which the

growing end of a chain terminates on another molecule. Several other mechanisms

have also been proposed, and the complete suite of reactions that occur has still not

been firmly elucidated. It is clear though, that these result in a very complicated,

tree-like architecture with both short-and long-chain branches.

These are called “low-density” polyethylenes in contrast to the higher density,

linear versions that were first produced about 20 years later. The reason that the

products of the high-pressure process have lower density is that they are lower in

crystallinity. Only long methylene sequences can participate in the paraffin-like

crystals of PE, so the side branches serve to lower the crystallizability of LDPE.
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This effect is mainly due to the short branches (e.g., ethyl, butyl, and hexyl) that

arise from the backbiting mechanism, simply because there are many more of these.

Since the frequency of such branching can be controlled by various process vari-

ables (T, P, initiators), so can the density or crystallinity of the polymers.

LDPE finds application in a wide variety of markets, but its main application is

in film. The mechanical properties of the resulting films can be varied by control-

ling the density and molecular weight of the polymer, but in general they are not as

tough as those made from linear polyethylenes without long side branches. On the

other hand, these long branches are responsible for the superior ease of processing

of LDPE in comparison to its linear counterparts, and this factor has kept it as an

important product to this day.

The advent of metallocene and other “single-site” catalysts has renewed interest

in LCB for PE and its effects on rheology. There are now many reports of poly-

ethylenes (homopolymers and copolymers) made by such catalysts that clearly

exhibit many of the features of long branches [6, 115]. There is evidence for a

difference in how the sizes of these polyethylene chains depend on molecular

weight compared to linear ones, which can only be due to high levels of branching

[116–118]. Spectroscopic data cannot provide direct proof for the presence of

branches as long as those of interest here, but do lend indirect support to the

formation of long branches [119]. Most importantly, the rheological behavior of

these polymers is highly consistent with the presence of LCB, and they do show

greater ease of processing than linear PE [99, 120–122]. The mechanisms for the

formation of LCB by metallocene and other single-site catalysts are still not

completely clear, and probably differ among the various catalysts and polymeriza-

tion conditions. It is clear, however, that the method of LCB formation is different

from that in free radical ethylene polymerization, which means that the nature of the

LCB is different as well.

Defining the nature of LCB in a particular polymer sample is both a difficult and

complicated task. It is difficult because of the level of branching present in the

polymers of most interest is actually quite low. Since the branches (and the spacing

between the branch points on the backbone) need to have a molecular weight

greater than the entanglement molecular weight of polyethylene, which is about

1 kg/mol, the number of carbons serving as the node of a long branch can be no

more than one in a hundred, and is generally much less. Often the signal from such

branch points can be masked by a large degree of short branching, such as that due

to the incorporation of α-olefins like 1-butene or 1-octene [119]. This makes

spectroscopic identification of LCB highly problematic.

The complication in characterization of LCB arises from the fact that many

variables are needed to completely specify the nature of LCB in a polymer. The first

is the functionality of the branch point – trifunctional, tetrafunctional, or greater.

Second, one also has to specify the length of the branch and the separation between

branches on the backbone. Then there is the number of branches per backbone. One

can also have branches on the branches. Moreover, all of these variables will have

some distribution in values, which may or may not be correlated with each other.
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Thus, precise description of the LCB in a particular sample is a complicated,

daunting task.

It is therefore critical to the development of an understanding of LCB to study

polymers with simple, well-characterized structures so that the basic rules of their

behavior can be established. This has been done primarily on anionically polymer-

ized materials, both for the ability to make polymers that are nearly monodisperse

and also for the availability of various coupling techniques to control the architec-

ture of the polymers made [123]. Model branched PE samples covering a wide

range of branching structures have been synthesized using well-defined anionic

polymerization methods to make branched polybutadienes of low vinyl content

followed by saturation. Much of this sort of work has been done on symmetric stars

(i.e., equal arm lengths) [124–126], as well as stars with various arm lengths made

by the miktoarm techniques of Hadjichristidis et al. [127–130]. Some model PE

polymers with multiple branch points, including some pom-pom structures [131–

134], combs [135–139], and dendritic polymers [140–144], have also been studied

in this regard. All of them have a local structure identical to an LLDPE with 7 to

10 wt% butene (i.e., 2 to 3 ethyl branches per 100 backbone carbons). So a wide

range of structures are now available to help understand branched polyethylenes

made by commercial means.

In the rest of this section, the lessons that have been learned from the work on

these model polymers are summarized. This falls into two main areas: the devel-

opment of methods to more accurately characterize the nature of LCB in poly-

ethylenes, with regard to the level, length, and distribution of the branches [130,

145–147], and then showing how these details control the rheological performance

of such polymers [148–152]. The latter aspect can be related to the effects of

branching on ease of processing them into products such as films or fibers. It is

more difficult to understand the impact of the branching on the mechanical perfor-

mance of such materials, as this relates to the ways that the semi-crystalline

morphology develops during formation, and the response of this to the stresses

they encounter in use. While there is not yet a full understanding of how LCB

impacts the performance and utility of polyethylene products, many advances have

been made, some of which are described herein.

5.2 Effects of LCB on Chain Dimensions

One possible way to characterize LCB is to show how chain dimensions vary with

the nature of long-chain branching for polyethylene. By taking advantage of the

rich ability to make model PE by saturating polybutadienes with low vinyl content,

the effects of short-chain branching can be neglected since the frequency of these is

the same in all cases. One of the best ways to characterize LCB is to combine size

exclusion chromatography (SEC) with multiple angle light scattering [153]. At the

same molecular weight, branched chains are more compact than linear ones. This is

commonly expressed in terms of the Zimm-Stockmayer model [154–158], which

The Critical Role of Anionic Polymerization for Advances in the Physics of. . . 1055



characterizes the radius of gyration of a branched molecule in terms of that of a

linear one of equal total molecular weight:

g ¼
r2g

D E
branched

r2g

D E
linear

ð21Þ

From the chain dimensions and molecular weight data available for linear hydro-

genated polybutadienes [106, 148, 159–161], one can derive an expression for how

rg in the melt depends on Mw for linear polyethylene:

rg ¼ 0:0149M
0:612
w ð22Þ

where rg is in nm and Mw in g/mol. In deriving Eq. 22 only the data for polymers with

Mw > 100 kg/mol were used, so that there is no screening of the excluded volume.

This is in very good agreement with other relations for PE in good solvents

[99]. Equation 22 allows us to estimate the rg for a linear polyethylene that can be

used to calculate the Zimm-Stockmayer g for a branched polymer using Equation 21.

The basic assumption in the Zimm-Stockmayer calculation is that each linear

chain section (i.e., arm, backbone, and connector) has its random walk dimensions.

For an A2B star the predicted value of g is [154, 156]:

gpred ¼ 1� 6s

sþ 2ð Þ3 A2Bstar½ � ð23Þ

where s¼MA/MB is the ratio of molecular weight of the A arm to that of the B arm.

The Zimm-Stockmayer prediction for H polymers was first made by Berry and

Orofino [156]. The more general expression for pom-pom polymers is [145]:

gpred ¼ κ3 þ 3κ2 1� κð Þ þ 3

2

f þ 1

f

� �
κ 1� κð Þ2

þ 3 f � 1

2 f 2
1� κð Þ3 pom� pom½ � ð24Þ

where κ is the fraction of the polymer in the connector and f is the functionality of

the end branch points. The Berry and Orofino expression for combs is [145]:

gpred ¼ λ3 þ 2 pþ 1ð Þ
pþ 1ð Þ λ2 1� λð Þ þ pþ 2

p
λ 1� λð Þ2

þ 3p� 2ð Þ
p2

1� λð Þ3 comb½ � ð25Þ

where λ is the fraction of the molecule in the backbone and p is the number of arms

per comb.
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Another common measure of LCB comes from a comparison of the intrinsic

viscosity, [η], of a polymer with that of a linear chain of the same molecular weight.

This ratio is called g0:

g0 ¼ η½ �branched
η½ �linear

ð26Þ

From the data on model linear polyethylenes [106, 148, 159–161], one can write an

expression for how the intrinsic viscosity varies with molecular weight:

η½ � ¼ 0:000309M0:740
w ð27Þ

where [η] is in dl/g and Mw in g/mol. g0 can be calculated for a branched PE using

Eqs. 23 and 24 and the measured [η].
There has been much less theoretical work to predict g0 for a given branching

architecture than for g. For lightly branched polymers, it is expected that g0 will be
the square root of g [155]. The relation between these two quantities can be

expressed in terms of an exponent, ε:

g0 ¼ gε ð28Þ

For stars and some combs, it has been found that ε� 0.6. For more complicated

structures there is no prediction for ε.
The predictions for stars (Eq. 23) work quite well [145, 148]. This is somewhat

surprising, given that the predictions apply to ideal, theta conditions and the experi-

mental results are for polymers in good solvent (trichlorobenzene at 135 �C).
The effect of the length of the arm can be seen in Fig. 8, which compares the predicted

and measured values for the stars with a centrally located branch s � 1ð Þ.
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Also plotted on this figure are the values for stars where the branch is not at the center

of the backbone (s> 1). Although Zimm-Stockmayer still predicts gwell for the stars
with off-center branches, it is clear from the figure that the greatest effect on chain

dimensions occurs when the branch is located near the center of the backbone.

The data on model polymers [145, 148] show that the prediction of Eq. 24 is

fairly good for the H ( f¼ 2), super-H ( f¼ 3), and pom-pom ( f¼ 5) polymers, but

in each case the value predicted is somewhat too small. This can be understood

qualitatively in terms of the crowding of the arms that occurs for such highly

branched molecules. This is similar to the result for symmetric stars [162]. The

Zimm-Stockmayer prediction works well for three- and four-arm symmetric stars,

but is too small when the branch functionality is greater than four.

A similar result holds for combs [145]. The predictions from Eq. 25 underestimate

g for all of the combs here and the discrepancy tends to be larger as the number and

length of the arms increase. As with the α�ω polymers, this is likely due to crowding

of the arms. Similar behavior has been seen for polystyrene combs by Roovers

[163, 164], although the values of ε for the combs are all approximately one.

For all of the branched polymers discussed herein, the degree to which the

Zimm-Stockmayer model fails to predict the true chain dimensions can be seen in

Fig. 9. Here the measured values of g have been plotted vs. its predicted value. In

general the predictions work fairly well, but tend to fail by predicting the chain

dimensions that are too small. It appears that the greater the amount of polymer that

is in the branches, the larger the discrepancy seen from assuming random walk

statistics for each chain section. A better theory of the dimensions of such highly

branched chains would be useful. It may well be that this would involve a better

model for the effect of the size and geometry of the pores in an SEC column on the

size of multiple-branched polymers [145], as Casassa has shown worked for

symmetric stars [165].
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Another way to characterize branching has been proposed by Beaucage based on

a general scaling model [166]. The basic idea is to compare measures of the various

parts of the molecule over a range of scales, and from this derive a measure of how

ramified it is. This has been tested for model star polyethylenes by SANS measure-

ments on dilute solutions of the polymers in deuterated solvent [147]. The model

has worked quite well. However, it remains to be seen if it can also be useful for

branched polymers with more complicated architectures.

5.3 Effects of LCB on Melt Rheology

In this section the way that our understanding of the melt rheology of branched

polyethylene can be applied both to better characterize these materials and also to

improve their processability will be covered. As this chapter is about the way that

anionic polymerization has been applied to polyolefin physics, for the most part this

section will discuss the studies of model saturated polybutadienes [105, 106, 143,

144, 148–152, 159–161]. (For details of the polymers used and the experimental

methods, please see the particular references.) The extensive literature on the

rheology of branched polyethylene itself will occasionally be referenced, but the

focus will be on the learnings from the model polymers.

Much of the interest in LCB rheology revolves around the response of the

samples under shear. Not only is this the simplest rheological technique to use for

characterization of the nature of the LCB, but it also relates to certain aspects of

processability, such as the energy needed to extrude a product such as film or a

molded part. Two particular parameters that are derivable from small amplitude

oscillatory shear (SAOS) experiments are the zero-shear viscosity, η0, and the

activation energy for flow, Ea [12, 148]. The former is the limiting viscosity at

very long times (i.e., longer than any entanglement relaxation time) and so is related

to the size of the chain in the melt [85]. The latter is derived from the dependence of

the flow on temperature, and reveals more about the dynamics of the chain. The first

part of this section will discuss how these parameters can be related to the nature of

branching in the model LCB polyethylenes.

The first example shows how much branching architecture can impact a param-

eter such as η0. Figure 10 shows the absolute value of the complex viscosity plotted

versus frequency for three simple structures – PEL123, a linear chain with

Mw¼ 123 kg/mol, PES(50)3, a symmetric star with three equal arms of

Mw¼ 50 kg/mol each, and PES50(2)5, an asymmetric star with two arms of

Mw¼ 50 kg/mol and one of 5 kg/mol [148]. All of these were essentially monodis-

perse in molar mass. Effectively, both stars have a backbone of 100 kg/mol (two of

the long arms) and an arm branching from the center of that backbone, in one case

of length 50 kg/mol (PES(50)3) and in the other of 5 kg/mol (PES50(2)5). Both

stars had η0 orders of magnitude larger than the linear chain, even though PEL123

had a higher molar mass than the smaller star. Clearly the length of the branch had a
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great effect as well, but even a small branch (slightly larger than Me) had an

enormous effect.

In fact it has long been observed that η0 for symmetric stars does not depend just

on the total molecular weight, or on the functionality of the stars, but rather

exponentially on the arm molecular weight, Marm [167, 168]. This is in marked

contrast to the power-law dependence on molecular weight seen for linear polymer

chains. From the data on linear saturated polybutadienes [12, 99, 160], it is known

that the zero-shear viscosity depends on molar mass as:

η0 190oCð Þ ¼ 6:04� 10�14M3:33
w linearsð Þ ð29Þ

This occurs because the stress relaxation of stars is controlled by arm retraction,

rather than chain reptation as in the case of linear polymers. One equation which has

been put forth for the Marm dependence of η0 in stars is:

η0 ¼ Aexp γ
Marm

Me

� �
ð30Þ

where γ and A are constants independent of Marm. It has generally been found that

γffi 0.6. Fitting the data on model PE symmetric stars [148, 159–161, 169] to Eq. 26

yields

η0 ¼ 6:96exp 2:63� 10�4Marm

	 

symmetric starsð Þ ð31Þ

which, taking γ¼ 0.6, gives Me¼ 2.28 kg/mol. This result is intermediate between

the values of Me and Mc for polyethylene [89], which suggests a deficiency in the
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current models of arm retraction [170]. Note the marked contrast between the

power-law dependence of η0 on M in Eqs. 29 and 30.

In Fig. 11 the effects of the number of branches on η0 are shown [148]. Here a

comparison is made between a linear chain, PEL243 with Mw¼ 243 kg/mol, the

PES50(2)5 star described above, and PEC(101)-g-(7)30, a model comb polymer

with a backbone of Mw¼ 101 kg/mol and 30 randomly placed arms of Mw¼ 7 kg/

mol. The backbones of the star and the comb had nearly identical molar masses, and

the arms lengths were nearly the same as well; the only difference in architecture

was that PES50(2)5 had a single arm, and PEC(101)-g-(7)30 had thirty arms. Both

of the branched structure again showed η0 well above that of the linear polymer

(even though the molar mass of PEL243 was much larger than that of PES50(2)5,

and about the same as that of PEC(101)-g-(7)30), but the η0 of the comb and the star

were about the same. The big difference in the viscosities of the two branched

polymers occurred at higher frequencies; the viscosity of the comb dropped from its

zero-shear value at much lower frequencies than for the star (reflecting its much

longer relaxation times), and so can be said to have had a greater degree of shear

thinning. The lower viscosities of both the star and especially the comb at frequen-

cies of 100–1,000 rad/s show the importance of branching for processability, as this

range corresponds to the shear rates typical of the extrusion of film, for example.

Given these examples on how η0 depends on the branch length in symmetric

stars (Eq. 26) and the number of branches, one might hope that zero-shear viscosity

alone could be used to characterize the architecture of branched polyethylene. Alas,

this is not the case as can be seen in Fig. 12 [148]. Here the zero-shear viscosities of

many branched polymers are shown along with that of several linear chains. There

is no clear correlation of structure with η0, and in fact there is no correlation with
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arm molar mass either. This is due to two competing forces as branching becomes

more complicated. The longer the branch (and, to a lesser degree, the number of

branches), the more difficult it is for an arm to retract from the entangled melt,

which drives up relaxation times and so zero-shear viscosity. But the denser the

branching becomes, the less the molecule can overlap with neighboring chains,

which make it less entangled with the melt. When the branch lengths become much

larger than the distance between the branch points on the backbone, the molecules

become nearly totally disentangled with their neighbors. These two factors make a

characterization of branching based on zero-shear viscosity alone impossible.

Figure 13 shows Ea for the same set of polymers. While Ea is certainly larger for

the branched polymers than for the linear chains, there is no obvious pattern that can

be used to specify the nature of the LCB from knowledge of Ea alone. The
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activation energy clearly rises with the molecular weight of the branched chain, but

the architecture seemingly plays little role. So this parameter does not give us a

direct means to characterize LCB architecture either.

Shroff and Mavridis [171, 172] have proposed using zero-shear viscosity com-

bined with intrinsic viscosity to characterize the architecture of a branched poly-

ethylene. The basic idea is to first get an idea of the size of the molecule from [η];
although this is measured in dilute solution, the melt state chain size is likely

correlated. This value is then compared to zero-shear viscosity, which as stated

above depends on both chain size and how much the chains overlap with one

another. Since all these polyethylenes will be essentially identical on the monomer

scale, differences in their state of overlap must relate to long-chain branching

[17]. Since both [η] and η0 have a power-law dependence on molar mass for linear

chains (Eqs. 24 and 29), they also have a power-law dependence on each other:

η0
α ¼ k η½ � ð32Þ

where k is a constant to be determined (see below). This allows the definition of a

long-chain branching index (LCBI) by comparing the measured values of [η] and
η0 for a branched polymer with the expectation for a linear chain of the same molar

mass:

LCBI ¼ ηα
0

k η½ � � 1 ð33Þ

Shroff and Mavridis derived such a relation using data on branched polyethylenes,

which worked to a certain extent. But this relied on NMR-based measures of the

level of branching, which can be problematic as mentioned above. Another version

of LCBI was determined from the data on hydrogenated polybutadienes [146],

giving the following formula:

LCBI ¼ η0:2080

3:272 η½ � � 1 ð34Þ

(with [η] measured in dL/g and η0 in kPa∙s). This gave a much better fit to the data

for branched polymers, both those made by saturating polybutadiene and those

made from polymerizing olefins by various means. So this technique can be useful

to give an idea of the degree of branching in a polyethylene sample with reasonably

good accuracy from just rheological data. However, this method clearly does not

provide any information on the nature of the branching, and other methods are

needed to distinguish, for example, stars from combs from pom-poms.

Another way to look at the data obtained from small amplitude oscillatory shear

experiments has been proposed by van Gurp and Palmen [173]. The main idea of

the so-called van Gurp-Palmen analysis is to plot δ (¼ tan�1 [G00/G0]) vs. the
magnitude of the complex modulus, |G*|. This form of plotting the data highlights
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the effects of branching, since the data from any linear polymer will lie on a

common line independent of molecular weight (with slight variations for molecular

weight distribution). This method has been shown to illuminate the nature of

branching in many polymer systems [174], including polyolefins [175]. Figure 14

shows this sort of plot for linear polyethylene and several combs [148]. All of the

data for the linear polymers (which have molecular weights from 19 to 800 kg/mol)

fall on one curve, with a very characteristic shape. At low values of |G*|, δ is nearly
90� (corresponding to purely viscous behavior). The point at which the value drops

precipitously to 0� (corresponding to complete elastic behavior) is close to the

plateau modulus. The behavior of the branched polymers is quite different from that

of the linear polymers, and the difference in the area under the curves can be related

to the degree of branching [176]. The comb polymers for which the data are plotted

in Fig. 14 had a variety of structures. PEC(108)-g-(6)12 and PEC(101)-g-(7)30 had

similar backbones with Mw¼ 108 and 101 kg/mol, respectively, and similar arms

with Mw¼ 6 and 7 kg/mol; the major difference was that PEC(108)-g-(6)12 had

12 arms per chain and PEC(101)-g-(7)30 had 30. The backbone for PEC(97)-g-(23)

26 was similar (Mw¼ 97 kg/mol), but with 26 much longer arms (Mw¼ 23 kg/mol).

Note that there was a minimum in δ for PEC(101)-g-(7)30 at 0.160 MPa, which is

much lower than the plateau modulus of PE. This secondary plateau modulus

appeared due to the great separation of relaxation times that arises in comb poly-

mers. In this frequency region, the branches have completely relaxed, but the

backbone has not. An expected value for this secondary plateau can be calculated

by assuming that the arms act simply as a diluent for the backbones [161, 177]. This

was also seen for PEC(108)-g-(6)12. For PEC(97)-g-(23)26, there is a minimum in

δ at a much smaller modulus value, 0.029 MPa. This makes sense, in that the longer
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arms of PEC(97)-g-(23)26 increased the degree of dilution. Obviously, there are no

new data in the van Gurp-Palmen curve than provided by the usual curves of G0 and
G00 vs. ω, but this way of presenting that data shows the LCB features more

transparently and serves as a useful tool for the rheological characterization of

LCB.

Such secondary plateaus have been seen in many kinds of branched polymers

[100, 149–152]. Moreover, when the polymers show a third level of hierarchy (i.e.,

a backbone with branches that themselves have branches long enough to entangle),

a tertiary plateau has also been seen. The outer branches relax first, followed by the

inner branches, and then the core part of the molecule. The ability to distinguish all

three relaxations in SAOS shear data requires a good separation in these relaxation

times and data over a wide range of frequency. The data in Fig. 15 for third-

generation dendritic star polybutadienes offers a good example. (This is done for

polybutadiene to allow for a greater range of temperature and so of frequency, since

the crystallization of saturated polybutadiene reduces the temperatures that can be

accessed.) For 3GDSPBDG(5,6,5) there was an inner core of a three-arm star, with

each arm having Mw¼ 5 kg/mol; at the end of each of these three primary arms

there were attached two chains havingMw¼ 6 kg/mol, and then at the ends of each

of these six secondary arms were attached two more chains having Mw¼ 5 kg/mol.

The only difference for 3GDSPBDG(5,6,32) was that the inner primary arms have

Mw¼ 32 kg/mol; the secondary and tertiary arms had the same lengths as for
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3GDSPBDG(5,6,5). One can see that the two polymers had nearly identical behav-

ior at high frequencies (short times), reflecting the fact that the outer arms of these

molecules, which relaxed first, were identical. But at low frequencies (long times)

the distinction between the two became clear, as the interior core of 3GDSPBDG

(5,6,5) relaxed well before that of 3GDSPBDG(5,6,32). This allowed for the

visualization of three separate plateaus, corresponding to the three branch genera-

tions of these molecules. While the presence of more than one plateau can thus be

seen as a clear proof of a hierarchy in branching, it is clear that this is a difficult

method to use for characterizing commercial polymers that are broadly distributed

in the level of branching, as these plateaus will be smeared out. So there is still a

need for better means to characterize LCB.

Other methods of rheological characterization have been researched. The

nonlinear relaxation of such polymers has been studied using step-strain experi-

ments, and the resulting damping profiles of the polymers used to distinguish

various kinds of branching [151, 152]. Other workers are examining the use of

large amplitude oscillatory shear (LAOS) rheology for such characterization

[178]. Measures of the melt rheology under extension have also been used to

characterize LCB [179]. Figure 16 shows some of this data for model polyethylenes

[148]. Although all kinds of LCB will enhance the shear thinning of a polymer, as

seen above, it has been posited that only polymers with multiple long branches per

chain will exhibit thickening in extension [176]. This was tested by looking at linear

polymers and several blends of linear and model LCB polymers. (It has proved

impossible to measure the extensional rheology of the pure combs, due to their high

elasticity.) The linear polymer used here was a commercial metallocene-catalyzed

ethylene-hexene copolymer with a melt index of about 1 g/10 min and a density of

0.918 g/cm3.

From the shear rheology and the assumption of linear viscoelasticity, one can

predict what the extensional behavior would be in the limit of small strains, which

serves as a baseline for determining the response of the polymer to uniaxial
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extensional deformation. If the measured extensional viscosity is substantially

above the linear viscoelastic limit, then it is said to display extensional thickening.

As seen in Fig. 16, both the pure linear polymer and its blend with 3 % of PES(50)3

showed similar behavior. The extensional viscosity was exactly that predicted by

linear viscoelasticity from the shear data, so neither sample showed extensional

thickening. However, when 3 % of PEC(97)-g-(23)26 was added to the linear

polymer, a dramatic rise in ηext was seen, indicating extensional thickening. That

this can be seen with such a small addition of comb is remarkable. Thus, extensional

rheology is also a powerful technique to characterize LCB, as it can be used to show

the presence of low levels of multiple-branched polymers. But by itself it cannot

fully characterize the nature of LCB. At this stage, the best recommendation to offer

for determining the nature of branching is to use as wide a range of methods as

possible to develop as detailed a picture as needed for the application.

Finally, there has been some recent work to make it easier to produce these

model polymers with LCB [143, 144]. Typical synthesis routes to dendritic poly-

mers with a very precise architecture require many steps and high vacuum tech-

niques to avoid poisoning [135–142]. The time and care required for such

production makes it quite expensive. However, if the requirements for precision

in structural control are relaxed slightly, a less demanding method can be used. The

new method uses some of the anionic polymerization methods described through-

out this book, in a manner that could allow the synthesis of large quantities of

saturated polybutadienes with high control of the nature of their branching to be

done at much lower cost. This takes advantage of the basic silicon chloride coupling

chemistry that has been used to make many star polymers [100, 101], and is

illustrated in Fig. 17 where trichlorosilane, SiCl3(CH3), is represented by the red

Y-shaped unit. The blue lines are polybutadiene chains initiated by dysfunctional

initiators to produce chains with Li atoms at each end of the molecule [128]. Instead

of using many steps to make a precise dendritic polymer, in the methods described

here the dilithium polybutadiene and trichlorosilane are allowed to react randomly

to form many kinds of dendritic molecules, in a manner analogous to the conden-

sation polymerization of A2 and B3 monomers [180]. By carefully controlling the

Fig. 17 Synthesis scheme

for random dendritic

polymers by anionic

condensation
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ratio of dilithium polybutadiene to trichlorosilane, the majority of the product can

have a highly branched structure without producing substantial gel [143, 144]. (The

same result can be achieved using dichlorosilane and trilithium polybutadiene.)

These polybutadienes can then be saturated in the normal way to make highly

branched model polyethylenes. This method may prove to be very useful in future

research on branching in polyethylenes.

6 Future Areas of Study

This chapter has shown how the understanding of the basic physical properties of

polyolefins has been advanced through the use of models made using the tools of

anionic polymerization and hydrogenation. Polymers with a high level of control of

molecular parameters such as molecular weight, composition, long-chain branching

(as well as the distributions of the parameters), have permitted researchers to

discover the physics underlying many measures of performance. This includes

the size of polyolefin chains in the melt state, and the way that two of the most

important parameters that determine the properties of polyolefins – the degree of

entanglement and mutual solubility – are related to the chemical nature of the

chains. These models have also shed light on how the details of LCB in polyolefins

can be used to control processing and mechanical performance. This understanding

has translated into some highly useful tools for designing new materials based on

either existing or novel polyolefins. The fact that this research strategy has been

successful for parameters such as GN
0 and X12 should give one confidence that a

similar degree of understanding can also be achieved for other basic properties. It is

known that some mechanical properties, such as yield stress [181] and tensile

performance [182] can be related to entanglement. One might also hope to relate

other basic properties, such as glass transition temperature, monomeric friction

factor [12, 57, 88, 183, 184], crystallization kinetics, and crystal structure back to

the chemistry of the chains. These model polymers could also be used to probe the

details of the crystalline morphology of polyolefins. Model polymers made by

anionic polymerization have proven extremely useful for the advancement of

polyolefin physics, and may prove to have even greater uses in the future.
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Future Remarks

Nikos Hadjichristidis and Akira Hirao

We hope this book has shown the reader the many accomplishments of the polymer

chemistry community using anionic polymerization. But the potential for further

contributions using these techniques is even greater. For example, the contributors

to this volume have demonstrated the unique advantages of anionic polymerization

in controlling the architecture and microstructure of polydienes. In the near future

post-polymerization reactions on these different structures/microstructures will

create novel polymeric materials for many industrial applications. This important

topic should be further explored in academia and industry.

Another field that should be fully explored is the combination of anionic with

other controlled/living polymerizations. Such techniques hold the promise to pro-

duce many novel polymeric materials. In another area, anionic polymerization is

generally not the first choice of industry for large-scale production due to its

sensitivity to impurities. It is used only when no other industrial method is available

(as in the synthesis of triblock copolymers of polystyrene and polydienes for use as

thermoplastic elastomers). To increase the commercial use of anionic polymeriza-

tion simpler and faster polymerization processes should be explored.
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The chapters in this book show that anionic polymerization has a lot to offer for

the research and development of state-of-the-art materials for high tech applica-

tions. For example, advances in nanolithography will require much lower pitch size.

This will likely be achieved by employing the potential of anionic polymerization

to combine different highly immiscible blocks of low molecular weight and differ-

ent macromolecular architectures.

This simultaneous control of composition, architecture, and homogeneity of

polymeric materials to achieve specific physical, chemical, mechanical, and even

optical properties can only be provided by anionic polymerization. There will be an

increasing need for such well-defined polymers to meet the new and always

demanding applications of polymeric materials. Macromolecules synthesized by

anionic polymerization will assist engineers and industrialists in achieving these

goals for a long time to come.
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