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1

1
Introduction

Christopher Barner-Kowollik

The reversible addition–fragmentation chain transfer (RAFT) process is the most
recent of the living/controlled free radical methodologies that have revolutionized
the field of free radical polymerization. It was invented in 1998 by the Common-
wealth Scientific and Industrial Research Organization (CSIRO) in Melbourne,
Australia, by a team of several researchers [1]. Almost simultaneously, a group of
researchers in France patented a process they termed macromolecular design via the
interchange of xanthates (MADIX) [2], which employed xanthates as controlling
agents but proceeds by an identical mechanism as the CSIRO-reported RAFT pro-
cess. Both processes are based on earlier developed chemistries, such as the small
radical reactions pioneered by Zard and coworkers [3]. Equally, polymerizations em-
ploying reversible addition–fragmentation chain transfer principles, which showed
some of the characteristics of living polymerization, were first reported in 1995 by
the CSIRO group [4]. The RAFT process employs a fundamentally different con-
ceptual approach compared to nitroxide-mediated polymerization (NMP) and atom
transfer radical polymerization (ATRP) in that it relies on a degenerative chain
transfer process and does not make use of a persistent radical effect to establish
control. Such an approach has the important consequence that the RAFT process
features quasi-identical rates of polymerization – apart from deviations caused by
the chain length dependence of some rate coefficients – as the respective conven-
tional free radical polymerization processes. Among the other unique features of
the RAFT process is its high tolerance to functional monomers – such as vinyl
acetate and acrylic acid – which can be polymerized with living characteristics with
ease. The RAFT process is an equally powerful tool for the construction of com-
plex macromolecular architectures via variable approaches – i.e. the so-called Z-
and R-group designs – that allow for almost limitless possibilities in the synthetic
protocols in terms of the low molecular weight scaffolds that support the complex
structure.

The popularity of the RAFT process has steadily increased since the first report
in 1998. Figure 1.1 gives the number of RAFT-related papers as function of the year
(up to April 2007). It is clear that the research interest in the RAFT process contin-
ues to be very strong. The present book aims at collating the current state of the art
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Fig. 1.1 RAFT publications as function of publication year (ISI Web of
Science Database, 24.04.2007, search for ‘reversible addition
fragmentation chain transfer polymerization’).

in RAFT and MADIX. It assembles a cross-section of the world’s leading experts on
the RAFT/MADIX process, with the view of providing an encompassing picture. It
ranges from the underpinning fundamental rate coefficients and equilibrium con-
stants obtained via high-level quantum chemical approaches (Chapter 2) as well as
the – sometimes complex – kinetics and mechanism of RAFT and its employment
as a powerful kinetic tool (Chapters 3 and 4) to the uses of the process for the
formation of simple, yet well-defined polymers in bulk (Chapter 6) to the synthesis
of highly complex star and block copolymer structures (Chapter 9). As the MADIX
process – although essentially identical to RAFT from a mechanistic perspective –
was developed simultaneously, it seems apt to cover its particular strengths and
applications in a separate chapter (Chapter 10) accompanied by a contribution on
the small radical chemistry of thiocarbonylthio compounds (Chapter 5). The ratio-
nale for including a chapter solely on small radical chemistry early in the book is
to provide synthetic depths and insight into thiocarbonylthio chemistry from the
perspective of an organic chemist. Further chapters highlight the strengths and
limitations of RAFT in the context of emulsion and miniemulsion polymerization
(Chapter 8) and in homogeneous aqueous systems (Chapter 7). The RAFT process
has also been frequently employed to successfully functionalize surfaces as well as
micro- and nanoparticles, and Chapter 11 is dedicated to this topic. The controlled
functionalization of surfaces is of high importance for a range of applications, in-
cluding diagnostic kits and tissue engineering. Chapter 12 examines the functional
variety that is achievable in RAFT-controlled end groups as well as the stability of
RAFT-made polymers. One of the most outward looking chapters aims to examine
the materials that have been prepared via the RAFT process for applications ranging
from drug delivery to optoelectronics (Chapter 13).
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The reader may ask: where to from here? Synthetically, further improvements
can be made, especially with a view to generating (complex) block copolymers of
monomers with very disparate reactivities, such as styrene and vinyl acetate. While
theoretical and some practical advances have been made toward a universal RAFT
agent, more research is required in this area. Alternatively, the fusion of RAFT
chemistry with highly orthogonal pericyclic reactions (click chemistry) is only now
emerging and further combination and clever exploitation of these concepts will
allow for the construction of extremely well-defined complex polymer systems.
Kinetically, the ongoing fruitful discussions about the mechanism of the RAFT
process – stimulated by the formation of an IUPAC working party on its mecha-
nism – have led to some clarifications, yet important questions remain to be more
fully investigated: How does the size of the equilibrium constant vary with chain
length and substitution? If cross-terminations occur, are they reversible and what
is the value of the associated termination rate coefficient? Are such side reactions
a consequence of slowly fragmenting intermediates or do short-lived adduct rad-
icals react with large termination rate coefficients? Some of the answers to these
questions are emerging now and it will be fascinating to follow the progress in
this field. However, it is important to note that complex kinetic situations – includ-
ing the often-quoted rate retardation and inhibition effects – do not occur in the
majority of RAFT processes. Ultimately, the application of the RAFT process in
materials that benefit society has yet to come to full fruition. We are seeing encour-
aging trends where RAFT chemistry is employed in variable areas including drug
and gene delivery, diagnostic applications, tissue engineering and regenerative
medicine, membrane science, bioconjugation as well as the preparation polymers
with optoelectronic properties. Yet, more work is required to enhance the existing
materials and enable RAFT chemistry to deliver tangible benefits for society.

It is an interesting observation that the RAFT process – although it is in many
aspects an extremely powerful living/controlled free radical technique – has still not
attracted the overall popularity of living/controlled polymerization based on atom
transfer concepts. It is a sometimes advanced notion that this is correlated with the
fact that RAFT/MADIX agents are (as of April 2007) not commercially available
(except one) and have to be synthesized prior to polymerization. Although this is
largely correct, read in Chapter 3 of this book: “While a wide variety of RAFT agents
have been made featuring variable Z and R groups, it is important to point out that
in principle it should be possible to control polymerization of all monomers using
just two RAFT agent structures (e.g. a cyanoisopropyl dithiobenzoate) for styrenics,
acrylates, methacrylates, acrylamides and a xanthate or dithiocarbamate (e.g. O-
ethyl-S-cyanomethyl xanthate) for vinyl acetate, N-vinyl pyrrolidone and similar
monomers.”

The current compilation of fascinating RAFT chemistry will further widen its use
as a versatile tool in the toolbox of living/controlled polymerization and enhance
further collaborative efforts between theoreticians, organic chemists, kineticists,
polymer chemists, physical chemists, material scientists and industry. Concomi-
tantly, the current book aims at advancing applications of RAFT for the generation of
advanced materials that will positively impact on the lives of all of us.
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2
Quantum-Chemical Studies of RAFT Polymerization:
Methodology, Structure-Reactivity Correlations and
Kinetic Implications

Michelle L. Coote, Elizabeth H. Krenske, and Ekaterina I. Izgorodina

2.1
Introduction

Controlled/living free-radical polymerization techniques such as reversible
addition–fragmentation chain transfer (RAFT) [1, 2] rely upon a kinetic strategy for
controlling the molecular weight and architecture of the resulting polymer. Rather
than eliminating the radical–radical terminations entirely, their frequency is in-
stead minimized with respect to the number of growing polymer chains through
the reversible trapping of the growing polymeric radical as a dormant species.
In the RAFT process this is achieved using dithioester compounds, known as
RAFT agents. The propagating radical adds to the thiocarbonyl sulfur center of
the dithioester to produce an intermediate carbon-centered radical. This carbon-
centered radical can then undergo β-scission, either to re-form the propagating
radical or to liberate a new carbon-centered radical (the ‘leaving group’) (equation
2.1).

+
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R Pn
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S
R

Z
+
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Z
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Pn

M

kadd

k
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k –

kp
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k i
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Propagating
radical

RAFT
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RAFT-adduct
radical

Poly–RAFT
agent
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group

–add (2.1)

The R group of the RAFT agent is chosen so that it undergoes β-scission from the
RAFT-adduct radical in preference to the propagating species, but is still capable
of reinitiating polymerization. As a result, the initial RAFT agent (S C(Z)SR) is
rapidly converted to the poly-RAFT agent, R• is converted to more propagating
species, and eventually there is a symmetrical equilibrium established between the
propagating radical and dormant poly-RAFT agent (equation 2.2).
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To achieve control, a delicate balance of the rates of these various reactions is
required, so as to ensure that the dormant species is orders of magnitude greater
in concentration than the active species, but the exchange between the two forms
is rapid. The reactivity of the RAFT agent must be tailored to match the reactivity
and stability of the polymeric propagating radical; information on the mechanism,
kinetics and thermodynamics of these individual steps can greatly assist in the
selection of appropriate RAFT agents and reaction conditions.

As in any complex multistep process, the kinetics and thermodynamics of the
individual reactions are difficult to study via experimental approaches without re-
course to kinetic model-based assumptions. This is because the experimentally
observable properties of the process are not the rates and equilibrium constants
of the individual reactions, but rather the overall polymerization rate, the average
molecular weight distribution of the resulting polymer and the concentrations of
some of the major species. To infer the individual rate and equilibrium constants
from these measured quantities, one has to assume a kinetic scheme and often
make additional simplifying assumptions (such as the steady-state assumption).
This problem is exacerbated in controlled radical polymerization processes such
as RAFT because there are tens or even hundreds of reactions that are potentially
kinetically distinct and should thus be considered in a complete kinetic model
of the process. For practical kinetic models it becomes necessary to restrict the
number of adjustable parameters via further simplifying assumptions such as the
neglect of chain length effects and side reactions. However, while some such sim-
plifications are probably justifiable under certain circumstances, they can also be a
potentially large source of systematic error. For example, depending upon the type
of data measured and the associated model-based assumptions used, alternative
experimental values for the equilibrium constant in cumyl dithiobenzoate- (CDB-)
mediated polymerization of styrene at 60 ◦C differ by 6 orders of magnitude [3–5].

Computational quantum chemistry offers an attractive solution to this prob-
lem, as it allows the individual reactions to be studied without recourse to kinetic
model-based assumptions. Using ab initio molecular orbital theory, it is possible
to predict the kinetics and thermodynamics of chemical reactions from first prin-
ciples, assuming only the laws of quantum mechanics and a few fundamental
physical constants (such as the masses and charges of the electron, proton and
neutron). Moreover, such calculations yield a range of additional properties such as
the geometries and vibrational frequencies of the reactants, products and transition
structures, and the distribution of charge and spin density within them. Indeed,
as noted by Paul Dirac in 1929, “the underlying physical laws necessary for the
mathematical theory of a large part of physics and the whole of chemistry are thus
completely known, and the difficulty is only that the exact application of these laws
leads to equations much too complicated to be soluble” [6]. Therein also lies the
problem: there is no analytical solution to the many-electron Schrödinger equation;
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instead, numerical simplifications and approximations must be made. A variety of
methods exist, differing principally in the size of their basis set and their treat-
ment of electron correlation. The most accurate methods reliably deliver ‘sub-kcal
accuracy’ but require enormous computational resources, their computational cost
scaling exponentially with the size of the system; cheaper methods can be used to
study much larger systems but are much less reliable.

To apply quantum-chemical methods to reactions of relevance for free-radical
polymerization processes necessarily involves a compromise in which, on the one
hand, we select the most computationally efficient methods that still deliver accept-
able accuracy, and, on the other, we design small model systems that still mimic
the kinetic behavior of the polymeric reactions. Recently we have shown that a
successful compromise is now possible for the prediction of propagation rate coef-
ficients in free radical polymerization [7] and, on the basis of extensive assessment
studies [7–12], we have designed a methodological approach that delivers ‘chemical
accuracy’ for a variety of radical reactions including radical addition to dithioester
compounds. Already, computational calculations have helped to provide an insight
into structure–reactivity patterns in RAFT polymerization [3, 9, 13–22] and have led
to the design of a new class of RAFT agent [23, 24]. Moreover, computational chem-
istry is also making a contribution to our understanding of other controlled radical
polymerization processes, such as atom transfer radical polymerization [20, 25–27]
and nitroxide-mediated polymerization [28, 29], as well as conventional radical
polymerization [30–41]. With continuing advances in computer power, more appli-
cations are anticipated and computational chemistry will take its place along side
experimental methods as a practical kinetic tool.

In this chapter, which updates an earlier review article [42], we show how quan-
tum chemistry can be used to study the RAFT polymerization process. We begin
with a description of the types of methods that are used, and discuss their accu-
racy and their outstanding problems. We then show how computational chemistry
can be used to clarify and improve models for reaction kinetics, and indeed how
computational calculations can be used directly in kinetic simulations to predict
the macroscopic outcome of a process. Finally, we examine the RAFT process
at a deeper mechanistic level, using computational data to model and explain
structure–reactivity trends, and show how these insights can be applied to the
practical problem of RAFT agent design.

2.2
Methodology

To select reliable yet cost-effective theoretical procedures, assessment studies are
performed. In essence, one takes a small prototypical example of the class of
chemical reaction under study and calculates the geometries, frequencies, barriers,
enthalpies, rate coefficients and other properties at a variety of levels of theory,
ranging from the extremely accurate but highly computationally intensive down
to those that are computationally inexpensive but potentially subject to very large
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errors. For each type of property, one compares the results at the lower levels of the-
ory with the highest-level results and (where possible) also with reliable gas-phase
experimental data. For the case of addition–fragmentation processes, assessment
studies have been performed for the prototypical reactions •CH3 + S C(R)R′

→ CH3SC•(R)R′ (R, R′ = H, CH3) [8] and also the more RAFT-related systems,
R′SC(Z) S + •R → R′SC•(Z)SR (various combinations of R, R′ = CH3, CH2CH3,
CH2CN, C(CH3)2CN, CH2COOCH3, CH(CH3)COOCH3, CH2OCOCH3, CH2Ph,
CH(CH3)Ph, and Z = CH3, H, Cl, CN, CF3, NH2, Ph, CH2Ph, OCH3, OCH2CH3,
OCH(CH3)2, OC(CH3)3, F) [10]. In addition, the accuracy of the harmonic oscilla-
tor approximation [9, 18] and the applicability of standard (rather than variational)
transition state theory have been explored [9]. On the basis of these studies, the
following guidelines for performing theoretical calculations are suggested.

2.2.1
Electronic-Structure Calculations

In general, it is possible to conduct reliable geometry optimizations and frequency
calculations for the stationary species (i.e. the reactants and products) in the RAFT
process at relatively low levels of theory, such as B3-LYP/6-31G(d) or HF/6-31G(d)
[8]. For example, provided the energies are calculated at a consistent level of theory,
the reaction enthalpies for •CH3 + S CRR′ (R, R′ = H, CH3) vary by less than
1 kJ·mol−1, regardless of whether low levels such as B3-LYP/6-31G(d) or HF/6-
31G(d) or higher levels such as CCSD(T)/6-311+G(d,p) are used for the geometry
optimizations [8]. Likewise, provided the recommended scale factors are used [43],
the zero-point vibrational energy (and hence the frequency calculations) at these
lower levels of theory agrees to within 1–2 kJ·mol−1 of the CCSD(T)/6-311+G(d,p)
calculations [8]. However, for transition structures, extra precautions are required.
In particular, density functional theory (DFT) methods such as B3-LYP signifi-
cantly overestimate the length of the forming bond in the transition state, finding
transition structures that are too early. HF fares somewhat better, but does under-
estimate the forming bond length, finding transition structures that are too late.
To address this problem, the transition structures should be corrected to higher
levels of theory via IRCmax [8]. In the IRCmax method [44, 45], one calculates
the minimum energy path of the chemical reaction at a low level of theory and
then calculates single-point energies along this reaction path at a higher level of
theory, such as RMP2/6-311+G(3df,2p). The IRCmax transition structure is then
identified as that species corresponding to the maximum point of the minimum
energy path, as calculated at the higher level of theory. In essence, one optimizes
the most sensitive part of the geometry optimization (i.e. the reaction coordinate)
at the higher level of theory, at a fraction of the cost of a full geometry optimization
at that level. For the case of radical addition to C S bonds, the IRCmax transition
structures have forming bond lengths within less than 0.05 Å, and provide reaction
barriers within 1 kJ·mol−1, of those obtained using full geometry optimizations at
the CCSD(T)/6-311+G(d,p) level [8].
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In contrast to geometries and frequencies, accurate calculations of the energet-
ics of these types of chemical reactions require very high levels of theory. Ideally,
such calculations should be performed using W1 theory or better. W1 aims to
approximate coupled cluster energies [URCCSD(T)] with an infinite basis set via
extrapolation, and includes corrections for core correlation and relativistic effects
[46]. It has been shown to deliver ‘kJ accuracy’ when assessed against a large test
set of gas-phase experimental data [46], and has performed well in assessment
studies for the prototypical system •CH3 + S CH2 [8] as well as other types of
radical reaction such as radical addition to C C bonds [11] and hydrogen atom
abstraction [12]. Unfortunately, such calculations are very computationally inten-
sive and currently only practicable for up to approximately 5 nonhydrogen atoms.
The G3 family of methods provides a lower-cost alternative to W1. Like W1, they
attempt to approximate coupled cluster energies with a large basis set, but achieve
this via additivity approximations at the MP2 and/or MP4 levels of theory. As
a result, they are less expensive than W1 but also less reliable. They have been
shown to deliver ‘kcal accuracy’ when assessed against a large test set of experi-
mental thermochemical data [47, 48] and to provide good agreement with W1 for
a variety of radical reactions [11, 12]. For the specific problem of radical addition
to C S double bonds, the G3 methods provide excellent agreement with W1 for
the reaction barriers; for reaction enthalpies, the errors are slightly larger (ca. 10
kJ·mol−1) but are likely to be reasonably systematic for a class of reactions and
therefore suitable for studying substituent effects [8]. Nonetheless, they are also
currently too computationally intensive for all but the simplest RAFT systems,
being currently only feasible for systems of up to approximately 17 nonhydrogen
atoms.

For practical RAFT systems, lower-cost procedures are necessary and unfor-
tunately these procedures can be subject to large errors. In particular, cur-
rent DFT methods fail comprehensively to model the effects of substituents in
addition–fragmentation processes [10]. Moreover, this failing has also been ob-
served for other radical reactions such as R X bond-dissociation reactions (R =
Me, Et, i-Pr, t-Bu; X = H, CH3, OCH3, OH, F) [49], propagation rate coefficients
[7] and even simple closed shell systems such as the cyclization energies of alkenes
[50] and alkane isomerization energies [51, 52]. Restricted open-shell second-order
Møller–Plesset perturbation theory (RMP2), which is slightly more expensive than
DFT but can still be practically applied to relatively large systems, has been shown
to fare much better than DFT. It generally provides reasonable absolute values
(within 10 kJ·mol−1) and excellent relative values (within 4 kJ·mol−1 or better) for
the barriers and enthalpies of the addition–fragmentation processes [8, 10] as well
as a variety of other radical reactions [7, 11, 12, 49]. However, it breaks down when
the attacking radical is substituted with a group (such as phenyl or CN) that de-
localizes the unpaired electron, with errors of over 15 kJ·mol−1 being reported in
some cases [9, 10]. Since such radicals are common in practical RAFT systems, this
severely compromises the utility of RMP2.

Given these problems, we have designed an alternative approach that is based
on the ONIOM procedure [53]. In the ONIOM method, one first defines a ‘core’
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section of the reaction that, in the very least, contains all forming and breaking
bonds and would preferably include the principal substituents attached to them.
In forming the core system, deleted substituents are replaced with ‘link atoms’
(typically hydrogens) chosen so that the core system provides a good chemical
model of the reaction center. One then calculates the core system at both a high
level of theory and also a lower level; the ‘full system’ is calculated at only the lower
level. The full system at the high level of theory is then approximated as the sum of
(a) the core system at the high level and (b) the substituent effect measured at the
low level of theory. The approximation is valid if the low level of theory measures the
substituent effect accurately; this in turn depends upon the level of theory chosen
and the way in which the core system is defined.

For the RAFT systems, we know from above that W1 provides accurate
absolute values of barriers and enthalpies, and G3(MP2)-RAD provides excellent
relative values. For small systems, such as reaction 2.3, the W1 enthalpy could thus
be approximated as the sum of the W1 enthalpy for the core reaction 2.4, and the
difference in the G3(MP2)-RAD enthalpies for 2.3 and 2.4.

•CH2Ph + S C(CH3)SCH3 → PhCH2SC•(CH3)SCH3 (2.3)

•CH3 + S CH2 → CH3SCH2• (2.4)

For larger systems, where G3(MP2)-RAD calculations are not currently feasible,
we add an additional ‘ONIOM layer’ in which the full system is calculated using
RMP2/6-311+G(3df,2p), the core system is calculated using G3(MP2)-RAD and
the ‘inner core’ is studied at W1. For example, one could approximate the W1
enthalpy for reaction 2.5 as the sum of the W1 value for the inner core (2.4), the
G3(MP2)-RAD difference for the core (2.3) and inner core (2.4), and the RMP2/6-
311+G(3df,2p) difference for the full (2.5) and core (2.3) systems.

•CH(Ph)CH2C(CH3)2CN + S C(CH2Ph)SC(CH3)2Ph

→ (CH3)2C(CN)CH2CH(Ph)SC•(CH2Ph)SC(CH3)2Ph (2.5)

The ONIOM procedure provides an accurate alternative to high-level calculations
on the full system, provided that the lower level of theory measures the substituent
effects accurately. While the RMP2/6-311+G(3df,2p) method normally provides
excellent relative values of barriers and enthalpies, it does break down in situations
where the unpaired electron is highly delocalized. It is therefore extremely impor-
tant to partition the full and core systems carefully, such that the delocalized radical
is treated at the G3(MP2)-RAD level of theory and the RMP2/6-311+G(3df,2p)
method is used only to measure remote substituent effects. Based on a careful as-
sessment study, the following general guidelines are suggested [10] for partitioning
the core and full systems: in the addition–fragmentation reaction (2.6), a suitable
core system should include all α-substituents on the attacking radical R• but could
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replace the R′ group with a methyl substituent and, if necessary, also replace the Z
group with a methyl substituent.

•R + S C(Z)SR′ → RSC•(Z)SR′ (2.6)

Even when the Z group is itself a substituent capable of delocalizing the unpaired
electron in the RAFT-adduct radical, its replacement with CH3 in the core system
does not introduce substantial error [10]. This is presumably because the radical
is already highly delocalized by the thiyl groups (which are of course included in
both the core and inner core systems), and the additional delocalization by the Z
substituent is not as significant as in an ordinary carbon-centered radical [19]. This
ONIOM-based procedure allows one to study quite large RAFT systems (ca. 30–40
nonhydrogen atoms) with kcal accuracy [10]. Similar performance has also been
demonstrated for a range of other radical reactions including the bond dissociation
energies of a range of organic compounds, propagation, hydrogen and halogen
atom transfer reactions and radical ring opening [54].

2.2.2
Kinetics and Thermodynamics

Having obtained the geometries, energies and frequencies of the reactants, products
and transition structures, it is possible to calculate the rates k(T) and equilibrium
constants K(T) of chemical reactions, using the standard textbook formulae [55, 56]:

k(T ) = κ(T )
kBT

h
(c◦)1−m e (−�G‡/RT )

= κ(T )
kBT

h
(c◦)1−m Q‡∏

reactants Qi
e (−�E ‡/RT ) (2.7)

K (T ) = (c◦)�n e (−�G/RT ) = (c◦)�n

(∏
products Q j∏
reactants Qi

)
e (−�E/RT ) (2.8)

In these formulae, κ(T) is the tunneling correction factor, T is the temperature
(K), kB is Boltzmann’s constant (1.380658 × 10−23 J·mol−1·K−1), h is Planck’s
constant (6.6260755 × 10−34 J·s), c◦ is the standard unit of concentration (mol·L−1),
R is the universal gas constant (8.3142 J·mol−1·K−1), m is the molecularity of
the reaction and �n the change in moles upon reaction, Q‡, Qi and Qj are the
molecular partition functions of the transition structure, reactant i and product
j respectively, �G‡ is the Gibbs free energy of activation, �G is the Gibbs free
energy of reaction, �E‡ the 0-K, zero-point energy corrected energy barrier for
the reaction and �E is the 0-K, zero-point energy corrected energy change for the
reaction. The value of c◦ depends on the standard-state concentration assumed in
calculating the thermodynamic quantities (and translational partition function).
For example, if these quantities were calculated for 1 mol of an ideal gas at 333.15
K and 1 atm, then c◦ = P/RT = 0.0365971 mol·L−1. The tunneling coefficient
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κ(T) corrects for quantum effects in motion along the reaction path [57–60]. While
tunneling is important in certain chemical reactions such as hydrogen abstraction,
it is negligible (i.e. κ ≈ 1) for the addition of carbon-centered radicals to thiocarbonyl
compounds at typical polymerization temperatures (such as 333.15 K) because the
masses of the rearranging atoms are large and the barriers for the reactions are
relatively broad [9].

The molecular partition functions and their associated thermodynamic functions
(i.e. enthalpy, H, and entropy, S) can be calculated using the standard textbook for-
mulae [55, 56], based on the statistical thermodynamics of an ideal gas under
the harmonic oscillator/rigid rotor approximation. These formulae require knowl-
edge of the point group, multiplicity, geometry and vibrational frequencies of each
species; the accuracy of the results depends upon both the accuracy of the calculated
geometries and frequencies and the validity of the harmonic oscillator/rigid rotor
approximation. As noted above, the geometries and frequencies are well described
at relatively low levels of theory, such as B3-LYP/6-31G(d), provided that transition
structures are corrected via IRCmax and frequencies are scaled by appropriate scale
factors. However, the use of the harmonic oscillator/rigid rotor approximation can
lead to errors of 1–2 orders of magnitude in both the kinetics and thermodynamics
of the addition–fragmentation equilibrium [9, 18]. To address this problem, the
partition functions for the low-frequency torsional modes (<300 cm−1) should in-
stead be treated as hindered internal rotations. Full details of these calculations are
published elsewhere [9], but a short description is provided below.

For each low-frequency torsional mode, one first calculates the full rotational
potential V(θ ). This can be calculated at a relatively low level of theory, such as
B3-LYP/6-31G(d), and is performed as a relaxed (rather than frozen) scan in steps
of 10◦ through 360◦. The potential is then fitted with a Fourier series of up to 18
terms, so that it can be interpolated to a finer numerical grid (typically 300 points
instead of 36). The corresponding energy levels are found by numerically solving
the one-dimensional Schrödinger equation 2.9 for a rigid rotor [31, 61, 62].

− h2

8πIr

∂2�

∂θ2
+ V (θ )� = ε� (2.9)

The reduced moment of inertia (Ir) is calculated using the equation for I2,3, as
defined by East and Radom [63]. The resulting energy levels εi are then summed to
obtain the partition function at the specified temperature:

Qint rot = 1

σint

∑
i

exp
(

− εi

kBT

)
(2.10)

where σ int is the symmetry number associated with that rotation. It should be noted
that in this method, the low-frequency torsional modes have been approximated
as one-dimensional rigid rotors, while in practice these modes can be coupled
with another. However, a recent study of coupled internal rotations in another
radical addition reaction (ethyl benzyl radical addition to ethene) indicated that
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the errors incurred in using a one-dimensional treatment are relatively minor,
particularly when compared with the errors incurred under the harmonic oscillator
approximation [64].

In evaluating the rate coefficients, the method for identifying the transition struc-
ture is also important. Standard geometry optimization algorithms identify the
transition structure as a first-order saddle point in the potential energy surface; that
is, as the structure having the maximum internal energy (E) along the minimum
energy path. However, ideally the rate calculations should be performed using the
structure having the maximum Gibbs free energy (G). At nonzero temperatures,
E and G are nonequal and thus the geometries corresponding to their maximum
values are not necessarily equivalent. The corresponding methods for calculating
the rate coefficients are known as standard transition state theory and variational
transition state theory, respectively [65]. Variational transition state theory is more
accurate but also more expensive, as it entails the calculation of the energies and
partition functions at not just at the transition structure but at several points along
the minimum energy path. In practice, for reactions with significant energy barri-
ers, the differences between transition state theory and variational transition state
theory are relatively minor, and the lower-cost standard method can be used. How-
ever, for barrierless reactions (and also for some low-barrier reactions), variational
effects can become important.

Radical addition to the sulfur atom of a C S double bond is typically a fast
reaction, having a low or even negative barrier (�E‡) in most cases. The positive
Gibbs free energy barrier results from opposing enthalpic and entropic effects [9].
In other words, both �E and �H decrease along the reaction coordinate but −T�S
increases and its opposing interaction leads to the maximum in �G. Under these
circumstances, one might have expected variational effects to be very important for
these systems. However, in a recent assessment study for the prototypical RAFT
systems R• + S C(Z)SCH3 (R = CH3, CH2Ph, CH2COOCH3, C(CH3)2CN; Z =
CH3, Ph, CH2Ph), it was found that provided the transition structures were cor-
rected via IRCmax, the use of variational transition state theory had little or no
effect on the reaction barriers [9]. The effects on the entropies and hence reaction
rates were somewhat larger (up to a factor of 16) in the case of the •CH3 addition
reactions, but for the reaction of the substituted radicals (which are more indicative
of real polymerization systems), they remained relatively small (ca. a factor of 2).
Thus, while variational transition state theory should always be used when possible
for these systems, standard transition state theory may be adopted for large systems
without incurring significant additional error.

2.2.3
Solvent Effects

The methodology described thus far is designed to reproduce chemically accu-
rate values of the rate and equilibrium constants for gas-phase systems; how-
ever, the majority of RAFT polymerizations occur in solution. The development of
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cost-effective methods for treating the solvent in chemical reactions is an ongoing
area of research [66, 67] and there have not yet been any benchmarking studies
for the specific case of RAFT polymerization. However, it is worth making a few
general comments on the types of solvent models that are currently available. The
simplest and most computationally efficient methods are continuum models, in
which each solute molecule is embedded in a cavity surrounded by a dielectric
continuum of permittivity ε [67]. Some of the more sophisticated continuum mod-
els, such as the ab initio conductor-like solvation model [68] and the polarizable
continuum model (PCM) [69], also include terms for the nonelectrostatic contri-
butions of the solvent, such as dispersion, repulsion and cavitation. Continuum
models are designed to reproduce bulk or macroscopic behavior, and can fare ex-
tremely well in certain applications such as the calculation of the solvation free
energies [70] and pKa values [71] of various organic molecules. However, the re-
sults obtained using continuum models are highly sensitive to the choice of cavities
(which are typically parameterized to reproduce the free energies of solvation for
a set of small organic molecules), and the choice of appropriate cavities for weakly
bound species such as transition structures can be problematic [70]. Moreover,
their description of important electronic effects is not generally adequate, partic-
ularly if there are explicit solute–solvent interactions such as complex formation
and hydrogen bonding. Although this problem can be overcome by including a
small number of explicit solvent molecules in the ab initio calculation, as in a
cluster-continuum model [72], this adds significantly to the cost of the calculation.
Such explicit solute–solvent interactions might be expected to be particularly im-
portant when studying aqueous-phase polymerizations and monomers capable of
undergoing strong hydrogen-bonding interactions (such as acrylic acid).

Of greater concern for the study of the kinetics and thermodynamics of associ-
ation and dissociation processes (as in RAFT) is the fact that continuum models
completely ignore the changes to the (ideal gas) vibrational, translational and rota-
tional partition functions upon solvation [73]. In the gas phase, the reactants and
products have translational and rotational entropy, whereas in the solution phase
this entropy is effectively ‘lost’ in collisions with the solvent. In place of the transla-
tional and rotational motion, the solution-phase molecules have additional internal
degrees of freedom corresponding to their interaction with the solvent. However,
these additional modes generally contribute less to the total entropy of a molecule
than the corresponding external translational and rotational modes in the gas phase.
The difference between the gas-phase and solution-phase entropy is significant in a
bimolecular association reaction (i.e. A + B → C), because three translational and
three rotational modes are converted to internal modes on reaction. Since these
lost modes contribute less to the total entropy in the solution phase, the solution-
phase reaction is expected to be less exentropic than the corresponding gas-phase
reaction, and thus it should have a larger equilibrium constant and a faster rate
coefficient. Clear evidence for this ‘entropic’ solvent effect can be found in compar-
isons of corresponding experimental gas-phase and solution-phase rate coefficients
for radical addition to alkenes. In these cases, the solution-phase rate coefficients
generally exceed the gas-phase values by an order of magnitude [74].
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Unfortunately there is no straightforward manner in which to quantify these en-
tropic contributions to the solvent effect. Normally, one must include many explicit
solvent molecules in the calculation and try to reproduce bulk behavior via molecu-
lar dynamics or Monte Carlo simulations, combined with the imposition of periodic
boundary conditions [75]. Such calculations are hampered by problems such as the
lack of potentials that can adequately describe both cluster and bulk behavior and
the rapid increase in the conformational possibilities as number of individual com-
ponents increases. Nonetheless, there is a growing body of work toward addressing
these problems. In particular, the effective fragment potential method, in which the
Coloumbic, induction and repulsive interactions are included as one-electron terms
in the ab initio Hamiltonian, is showing promise as an accurate yet cost-effective
method for developing potentials for any solute–solvent combination [76]. There is
also some progress toward the ultimate goal of formulating a dynamical correction
to gas-phase transition state theory rate coefficients [66, 77]. An examination of
the accuracy and applicability of the various solvent models for radical reactions
such as RAFT is currently underway, but until general guidelines for the accurate
treatment of solvent effects are derived, gas-phase calculations are preferred. With
the exception of systems displaying strong direct interactions, it is expected that
the neglect of the solvent will not introduce substantial errors to the trends in the
calculated rates and equilibrium constants, but may affect the absolute values. In
particular, as noted above, the use of gas-phase calculations may lead to an under-
estimation of the solution-phase values of the rate and equilibrium constants for
bimolecular association reactions by at least an order of magnitude.

2.2.4
Accuracy and Outstanding Challenges

Normally, one might establish the accuracy of ab initio calculations through com-
parison with reliable experimental data. However, in the case of the RAFT process
this is difficult as there is no model-free manner in which to measure experimen-
tally the rates and equilibrium constants of the individual addition–fragmentation
processes. Even if one makes the assumption that addition and fragmentation are
chain length independent beyond the dimer stage, a complete kinetic model would
need to contain in excess of 100 adjustable parameters (see Scheme 2.1 [78]). As
a result, various simplifications and approximations are made in obtaining ex-
perimental measurements, and these are a potential source of error. Alternative
experimental measurements for ostensibly the same system can differ by several
orders of magnitude, and choosing the ‘correct’ experimental value for comparison
with the theoretical data is problematic. For example, although there is excellent
agreement between calculated equilibrium constant of 4.2 × 106 L·mol−1 (the
originally reported value of 7.3 × 106 L·mol−1 [3] corrected to W1 theory) for CDB-
mediated polymerization of styrene at 303.15 K and experimental values (1.06 ×
107 L·mol−1) obtained from model fitting to low-conversion kinetic data [3], both
the experimental and theoretical values are in conflict with those estimated from
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electron paramagnetic resonance spectroscopy data (8 × 101 L·mol−1) albeit under
different polymerization conditions [4].

Nonetheless, there is greater consensus amongst the various experimental
groups with regard to measurements of the rate constant for addition to the RAFT
agent, and the values obtained thus far (ca. 106 L·mol−1·s−1) also appear to be
relatively insensitive to the nature of the dithioester and attacking radical (see, for
example, Table 3.2 of Chapter 3). These experimental values are in excellent agree-
ment with the theoretical calculations for related small radicals; for example, the
calculated values for addition of R• to S C(CH3)SCH3 are 1.2 × 106 and 3.8 × 106

L·mol−1·s−1 for the typical R groups C(CH3)2CN and CH(Ph)CH3, though slightly
faster values are obtained (ca. 107–108) for more reactive small radical species (such
as CH2COOCH3 and CH(CH3)OCOCH3) [42].

Support for the accuracy of the computational predictions was also recently pro-
vided in a kinetic modeling study of the initialization period in cyanoisopropyl
dithiobenzoate-mediated polymerization of styrene [79]. In this work, ab initio pre-
dictions of the equilibrium constants for the first eight addition–fragmentation
reactions of the RAFT process were combined with reliable experimental values
of the rate coefficient for radical addition to the RAFT agent and the rate coeffi-
cients for initiation, propagation and termination in styrene homopolymerization.
These parameters were then used to predict, without any additional model fitting,
the overall monomer conversion and individual concentration profiles of the low-
molecular-weight thiocarbonyl compounds formed during the early stages of the
process. These ab initio predictions showed excellent agreement with previously
measured experimental data (obtained under the same reaction conditions used in
the kinetic simulation), despite the fact that no adjustable fit parameters were used
[79] (see Fig. 2.1). This work will be discussed in more detail in Section 2.3.4.

Other strategies have also been used for testing the accuracy of the theoretical
calculations. To begin with, we recall that the levels of theory have been selected
on the basis of assessment studies, and their accuracy established through com-
parison with high levels of theory, themselves benchmarked against gas-phase
thermochemical data [8–10]. On the basis of these assessment studies, it is con-
cluded that the selected procedures can model the absolute barriers and enthalpies
for radical addition C S double bonds to within approximately 4 kJ·mol−1. It is
also possible to benchmark the calculations against (relatively model-free) solution-
phase experimental data for related small systems. For example, Scaiano and Ingold
[81] have studied the addition of tert-butyl radicals to di-tert-butyl thioketone via laser
flash photolysis, obtaining an equilibrium constant of 1.2 × 106 L·mol−1 at 25 ◦C.
This is in very good agreement with the corresponding theoretical value (7.9 × 105

L·mol−1) [82], the latter being slightly lower due to the neglect of the solvent in the
calculations.

The computational methodology can also be benchmarked against experimen-
tal data for polymeric systems for the case of the propagation rate coefficients.
Although not chemically identical to an addition–fragmentation reaction, a propa-
gation reaction is still a radical addition reaction and has the advantage that reliable
experimental data can be obtained using pulsed laser polymerization [83]. A recent
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Fig. 2.1 Experimental (McLeary et al. [80],
symbols) and simulated (Coote et al. [79],
lines) evolutions of the initial RAFT agent
(cyanoisopropyl dithiobenzoate, IRAFT, full
line), and the RAFT agents having one
monomer unit (IMRAFT, dashed line) and

two monomer units (IMMRAFT, dotted line)
inserted. The concentrations of the reagents
were c◦

IRAFT = 0.736 mol·L−1, c◦
AIBN =

0.10 mol·L−1, c◦
Styrene = 3.65 mol·L−1 and

c◦
C6D6 = 5.4 mol·L−1, and the temperature

was 70 ◦C.

computational study of the propagation of vinyl chloride and acrylonitrile yielded
values within a factor of 2 of the experimental polymeric values, and demonstrated
that the rate coefficient for the polymeric propagating species was adequately mod-
eled using the corresponding rate coefficient for the dimer [7]. Further studies of a
wider range of monomers are currently underway, but it does seem that ‘chemical
accuracy’ is now attainable.

Despite this success, a number of challenges remain. In particular, as noted
above, the treatment of solvent effects is not yet satisfactory, and larger errors
might be expected for solvent-sensitive systems such as acrylic acids. It should also
be stressed that the above methodology is not suitable for studying the diffusion-
controlled termination processes. In principle, one could calculate the chemically
controlled component of the termination reaction using computational chemistry,
and this could be extremely helpful in some situations. For example, there is cur-
rently a debate about whether the RAFT-adduct radical is capable of undergoing
termination [3, 4, 84–92]; establishing whether the chemically controlled compo-
nent is fast or slow would be an important contribution to this debate. However,
the above methodology, which makes use of methods with single-reference wave-
functions, is not likely to be suitable for studying the transition structure of a
radical–radical process. Unfortunately, multireference methods are considerably
more computationally intensive and further work is needed to identify reliable
low-cost alternatives for such systems.
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Even in the case of the addition–fragmentation reaction, the computational cost
of the calculations remains an issue. Although the ONIOM-based approach fa-
cilitates the calculation of accurate energetics for relatively large systems, other
computational bottlenecks are now emerging. Larger systems (such as the reac-
tions of dimer radicals with RAFT agents) have a high degree of conformational
complexity, and finding the minimum energy conformations of these species can
be very computationally demanding. We currently identify these via a complete
conformational search; that is, we optimize geometries for every (nonunique) con-
formation about every bond (or forming bond) in the molecule (or transition struc-
ture). For example, in a relatively simple species such as (CH3)2C(Ph) CH2

CH(Ph) S C•(Ph) S C(CH3)2Ph, we might need to consider 324 possible con-
formations. Inserting just one extra styryl unit increases the number of possible
conformers to 2916 and the calculations rapidly become impractical. To address this
problem we have recently developed a more efficient algorithm for exploring confor-
mational space called energy-directed tree search [93]. Preliminary indications are that
it is possible to find the global minimum reliably at the cost of approximately 10%
of a full search for typical RAFT systems, but further savings would be desirable.
A related computational bottleneck stems from the need to treat the low-frequency
torsional modes as hindered internal rotations. As explained above, this entails the
calculation of full rotational potentials (typically 36 geometry optimizations) for
each mode considered. This too can rapidly become computationally infeasible,
and strategies for reducing this computational expense are currently being investi-
gated. Nonetheless, despite these problems, it is now possible to perform accurate
calculations on systems that are large enough (ca. 30–40 nonhydrogen atoms) to
be of relevance to practical polymerization systems.

2.3
Computational Modeling of RAFT Kinetics

One of the main advantages of a computational approach to studying RAFT poly-
merization kinetics is the ability to determine the rate and equilibrium constants
of individual reactions directly, without having to fit a kinetic model to data. This is
particularly useful for complex processes such as RAFT because the kinetic mod-
els for these processes potentially can contain more adjustable parameters than
can practically be estimated from the available experimental data. For example, as
noted above, even if we make the assumption that the addition–fragmentation equi-
librium becomes chain length independent beyond the dimer stage, a ‘complete’
kinetic model for the process would need to contain 49 addition rate coefficients
and 49 fragmentation rate coefficients [78] (see Scheme 2.1), in addition to vari-
ous reinitiation rate coefficients, and the usual initiation, propagation, termination
and transfer coefficients. Since this is impractical, experimental studies typically
make simplifying assumptions—such as replacing all 98 rate coefficients by just
2 or 4—and these are a potential source of error. In particular, such simplifica-
tions are likely to affect the description of subtle yet important effects such as the
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concentration profiles of the various species during the early stages of the process
[80, 94].

Computational chemistry can assist the kinetic modeling of RAFT in a number
of ways. Firstly, it is possible to study the effects of chain length and other remote
substituents on the addition–fragmentation equilibria. This information can be
used to identify which simplifying assumptions are justifiable in a kinetic model,
and thereby assist experimental studies. The same information can also be used to
assist the computational studies by identifying which substituents can be replaced
with smaller groups without affecting the calculated results. Secondly, it is possible
to use computational chemistry to establish whether side reactions (such as alter-
native fragmentation pathways) are likely to be operative in particular systems, and
thus whether they need to be taken into account in the kinetic modeling schemes.
Finally, it is possible to calculate the rate and equilibrium constants for many of the
early reactions in the RAFT process, and thereby help to minimize the number of
adjustable parameters that need to be measured experimentally. Indeed, provided
suitable small models for the polymeric reactions can be designed, it is possible in
principle to calculate all chemically controlled rate coefficients for a RAFT process,
so as to evaluate the performance of new RAFT agents prior to experimental studies.
(One would need to use experimental data for the diffusion controlled termination
rate coefficients but these could be obtained from a single homopolymerization
of the specified monomer in the absence of RAFT agent.) These aspects are now
examined in turn.

2.3.1
Simplified Models for Theory and Experiment

Both theoretical and experimental studies of radical polymerization processes rely
heavily on the fact that in a chemically controlled reaction, the effects of substituents
diminish rapidly with their distance from the reaction center. From an experimen-
tal perspective, it allows one to treat the reactions of species differing only in their
remote substituents as identical, thereby reducing the number of adjustable param-
eters in kinetic models. From a theoretical perspective, it allows one to replace these
unimportant remote substituents with smaller chemical groups, thereby reducing
the computational cost of the calculations. For example, in free radical copolymer-
ization, the reactivity of the propagating radical is determined solely by the nature
of its terminal and penultimate units, and is independent of the chemical compo-
sition of the remainder of the polymer chain [95]. As a result, kinetic models for
copolymerization need only to consider the propagation reactions of four types of
propagating radical instead of thousands, while computational studies can deter-
mine the radical and monomer reactivity ratios using dimers as chemical models of
the propagating species. This has been confirmed in both experimental [96, 97] and
theoretical [7] studies of the homopropagation rate coefficients, which indicate that
the rate coefficients have largely converged to their long chain limit at the dimer
radical stage and completely converged well before the decamer stage.
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In the RAFT process, there are two key areas where simplifications to kinetic and
theoretical studies are desirable. In the generic addition–fragmentation process R•
+ S C(Z)SR′, it is important to discover whether the kinetics and thermodynamics
are affected by the nature of the ‘attacking group’ (R•) and the ‘nonparticipating
group’ (R′) and, if so, at what point the remote substituent effects become negli-
gible. Recent experimental [1, 13, 14] and theoretical [9, 18–20, 78, 98] studies of
the effects of substituents on the RAFT process indicate that the kinetics and ther-
modynamics are extremely sensitive to the nature of the attacking radical and the
Z group of the RAFT agent (S C(Z)SR′). For example, the equilibrium constant
(at 333.15 K) for •CH3 addition to S C(CH3)SCH3 increases by approximately 6
orders of magnitude when the CH3 Z group is replaced with a phenyl substituent,
and decreases by 7 orders of magnitude when the methyl attacking group is re-
placed with the initiating radical derived from 2,2′-azobis(isobutyronitrile) (AIBN),
•C(CH3)2CN [18]. It is therefore essential that reactions differing in the nature
of their Z groups and/or the primary substituents of their R groups are treated
as being kinetically distinct. The influence of the R′ is less significant and some
simplifications are possible. For example, the calculated equilibrium constants
for •CH3 addition to S C(CH3)SR′ for R′ = CH2X, CH(CH3)X, C(CH3)2X and
X = H, CH3, CN, Ph, COOCH3, OCOCH3 range over 3 orders of magnitude (see
Table 2.1) [78]. However, this effect is mainly steric in origin, the bulky R′ groups
destabilizing the thiocarbonyl compound to a greater extent than the more flexible
RAFT-adduct radical. As a result, the K values for individual classes of mono-, di-
and trisubstituted R′ groups fall into much smaller ranges and, depending on the
nature of the monomer and initial R′ group, it may be possible to ignore the effect
of R′ in some kinetic models.

Given that the R, Z and, to some extent, the R′ groups all affect the addition–
fragmentation equilibrium, it is not surprising that the addition–fragmentation
equilibrium is also affected by the chain length of the R and R′ groups. Figure 2.2
shows the effects of chain length (n) on the equilibrium constants for addition of
styryl radicals of varying chain length, (NC)C(CH3)2 (CH2CHPh)n• (n = 0, 1, 2, 3),
to S C(Ph)SCH3, and the addition of •CH3 radicals to the corresponding poly-
RAFT agents, S C(Ph)S (CHPhCH2)n C(CH3)2CN [78]. The C(CH3)2CN end
group is that imparted by the initiating species, when AIBN is used as the initiator.
It should be noted that in the case of the trimer species, this end group is omitted
entirely, owing to the large computational cost of the calculations. Not surprisingly,
the equilibrium constants change by several orders of magnitude when the first
monomer unit is inserted into the respective chains, as the primary substituents on
the respective R and R′ groups are altered. In the case of the attacking radical (i.e. the
R group), the equilibrium constants continue to change as successive styryl units are
inserted into the chain. Thus from Fig. 2.2, it is seen that the equilibrium constant
increases by a factor of 73 when the first styryl unit is inserted, increases by a further
factor of 672 when the second unit is inserted, but increases by less than a factor of
4 when the third unit is inserted. Since the end group was omitted in calculating the
latter species, it is possible that when the full trimer is investigated larger deviations
will be observed, but the indications are that reasonable convergence occurs at the
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Fig. 2.2 The effect of chain length (n) on the equilibrium constant
(K; L·mol−1) at 333.15 K for the addition of
(NC)C(CH3)2 (CH2CHPh)n• to S C(Ph)SCH3 (o) and addition of
CH3• to S C(Ph)S (CH(Ph)CH2)n C(CH3)2CN (•) [42].

trimer stage. In the case of RAFT agent substituent (i.e. the R′ group), the chain
length effects are much smaller but are nonetheless significant. Insertion of the
first styryl unit causes the equilibrium constant to decrease by a factor of 67, while
insertion of the second causes an increase by a factor of 10. Calculations of the full
trimer species are again required in order to establish convergence; nonetheless,
the H-terminated species has converged to within a factor of 3.

In summary, it is clear that in the early stages of the reaction chain length ef-
fects in the attacking radical, and to a lesser extent the RAFT agent substituent,
are significant and their neglect leads a serious oversimplification of the initial-
ization kinetics. Based on the currently available computational results, it seems
reasonable to suppose that reactions of the various primary species (R• and I•),
unimeric radicals (I M• and R M•), dimeric radicals (R M M• and I M M•)
and remaining longer chain species do need to be treated as being kinetically dis-
tinct. It is also possible that chain length effects beyond the trimer position are
also important, and it is also possible that for certain systems chain length effects
are smaller than in the case of styrene polymerization. For highly accurate results,
the RAFT agents derived from each of these species should also be treated as be-
ing kinetically distinct, though the chain length effects in these cases are much
smaller. Nonetheless, a ‘complete’ kinetic model of the addition–fragmentation
kinetics would thus resemble that provided in Scheme 2.1, and would contain far
too many unknown parameters for fitting to experimental data alone. As will be
seen below, computational chemistry offers the prospect of reducing the number of
unknown parameters by providing direct calculations of the relevant values for the
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early small-molecule reactions of the RAFT process, leaving experiment to estimate
a smaller number of parameters corresponding to the longer chain radicals.

2.3.2
Side Reactions

In designing an appropriate kinetic model for RAFT polymerization, it is also
necessary to determine whether additional side reactions need to be incorporated
into the kinetic scheme. In principle, one could use computational chemistry to find
all possible side reactions of a process from first principles. However, this would
entail the calculation of a complete multidimensional potential energy surface
for the chemical system, followed by molecular dynamics simulations for a wide
variety of possible trajectories. Unfortunately, this is currently too computationally
intensive for practical RAFT systems. However, it is possible to study specific
postulated side reactions and test whether they are likely to occur. For example, if
hydrogen abstraction reactions involving the RAFT-adduct radical were suspected to
be a problem in certain polymerization systems, one could calculate rate coefficients
for the various possible reactions (i.e. abstraction of the different hydrogen atoms
on the monomer, polymer, RAFT agent and so forth). By comparing their rates
with the normal β-scission reaction, one could thereby establish which, if any, of
the possible abstraction reactions were likely to be competitive.

To date, only one type of side reaction has been identified computationally [17].
In this work, computational chemistry was used to study the competitive β-scission
of the C O bond of the alkoxy group in xanthate-mediated polymerization of vinyl
acetate. Rate coefficients (333.15 K) for both the normal β-scission of the vinyl
acetate radical and the side reaction were calculated for a series of model RAFT-
adduct radicals, CH3SC•(OZ′)SCH2OCOCH3 for Z′ = Me, Et, i-Pr and t-Bu (see
Scheme 2.2) [42]. It was shown that for the Z′ = Me, Et and i-Pr systems, the
normal β-scission reaction is favored and this is consistent with the experimental
observation that these systems display normal RAFT behavior. In contrast, for the
t-Bu case, the side reaction is preferred, and this provided a suitable explanation
for the experimentally observed inhibition in this system. In general, it would be
worth considering this side reaction when the Z′ substituent of the xanthate is a
good radical leaving group (such as t-Bu) and/or the propagating radical is poor
leaving group (as in vinyl acetate or ethylene polymerization).

Other side reactions might also be conceivable under certain circumstances,
though their feasibility is yet to be confirmed computationally. As noted above,
there is some debate as to whether the RAFT-adduct radical is capable of under-
going irreversible and/or reversible termination reactions (see Scheme 2.3) to any
significant extent in normal polymerizing RAFT systems [3, 4, 84–92, 99]. Re-
cently Buback and coworkers used DFT calculations to study the thermodynamics
of several of these steps, showing that they are thermodynamically feasible [99].
However, calculations of the corresponding rate coefficients would be required to
identify which, if any, of the reactions in Scheme 2.3 are capable of outcompeting
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Scheme 2.2 Competitive β-scission processes in xanthate-mediated
polymerization of vinyl acetate [42].

the β-scission reaction of the intermediate radical under normal polymerization
conditions. Although computational quantum chemistry is not currently capable of
predicting diffusion-controlled rate coefficients, computational calculations could
nonetheless be used to calculate the chemically controlled component of the termi-
nation rate and establish a lower bound to the termination rate coefficient. To this

Scheme 2.3 Possible reversible and irreversible termination reactions
of the RAFT-adduct radical.
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end, work is currently underway to identify cost-effective multireference methods
for studying such systems.

Another side reaction that is worth considering is the attack of the propagating
radical at the carbon center (rather than the sulfur center) of the C S bond to
produce a sulfur-centered radical. Studies of radical addition to simple thiocarbonyl
compounds indicate that this side reaction is actually thermodynamically preferred,
though it is kinetically less favorable by 1–2 orders of magnitude [8, 100]. This is due
in part to the greater steric hindrance at the carbon center and in part to the stronger
early bonding interaction when attack occurs at sulfur (see below) [100]. In RAFT
systems, the steric hindrance at the carbon center is yet greater, and the kinetic
preference for addition at carbon should normally be very small. Nonetheless,
given that addition to the RAFT agent occurs many thousands of times during the
lifetime of the propagating radical, even a low relative rate of addition at carbon
might be sufficient to affect the polymerization kinetics in certain systems. Other
side reactions that have been suggested include reaction of the RAFT-adduct radical
with monomer (i.e. copolymerization), the syn-elimination of tertiary R groups (as
the corresponding alkenes) at elevated temperatures and reactions with oxygen
impurities [1, 2]. Computational calculations of these and other pathways could
help to establish their feasibility and clarify their mechanism.

2.3.3
Computational Model Predictions

Provided calculations are performed at an appropriately high level of theory, com-
putational chemistry can be used to determine the rates and equilibrium constants
for the individual reactions in a RAFT polymerization. The resulting values can
then be used to study structure–reactivity trends, reduce the number of adjustable
parameters in a kinetic analysis of experimental data or, ultimately, predict the
kinetic behavior of a RAFT polymerization system from first principles. Table 2.2
shows a compilation of the main equilibrium constants that have been reported
to date [42]. Owing to their greater computational expense, the reaction rates for
RAFT systems have been less widely studied. However, the rate coefficients have
been reported for a number of small model systems and these are provided in
Table 2.3 [42]. Owing to the significant errors that occur at low levels of theory, only
high-level ab initio values are included in these tables. However, where possible,
the original calculations were improved to the W1-ONIOM level of theory and re-
calculated at a consistent temperature (333.15 K) [42]. Values obtained under the
harmonic oscillator approximation are reported for all systems and where possible
the more accurate hindered rotor values are also reported.

The data confirm that the equilibrium constants (and thus the addition–frag-
mentation kinetics) are very dependent upon the nature of the attacking radical and
the RAFT agent. In a practical RAFT system, it is not valid to treat all of the possible
reactions as having the same rates. Thus, for example, when calculated at a uniform
level of theory, the equilibrium constant for addition of a styryl radical to RAFT
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agents of the form S C(Ph)SCH(CH3)2 vary from 2.9 × 105 to 3.6 × 109, depending
on whether styryl is modeled as a unimer with an H end group, a C(CH3)2CN end
group, a C(CH3)2Ph end group or as a dimer with an H end group. This explains
why simplified models do not appear to be capable of describing the initialization
period in RAFT systems; indeed, as will be shown below, once these effects are
taken into account excellent agreement between the experimental data and model
predictions is obtained [79, 102]. Chain length effects may also help to explain
the large discrepancies in the experimental values for the rates and equilibrium
constants in CDB-mediated polymerization that are obtained by fitting simplified
models to experimental data, though it seems likely that additional factors (such as
missing side reactions) may be required to resolve the problem fully [5].

Secondly, although the equilibrium constants vary considerably, this variability
arises mainly in the fragmentation reaction. For most substituents, the addition
rate coefficients fall into a relatively narrow range (105–107 L·mol−1·s−1). In these
cases, it may be reasonable to treat all (or most) of the possible addition reactions
in a specific process as having the same rate coefficients, provided the rates of
their reverse fragmentation reactions are allowed to vary. However, there are a few
important exceptions. In particular, the addition of propagating radicals to xanthates
is typically much slower than to dithioesters (Z = alkyl, aryl) unless the propagating
radical is highly reactive (as in vinyl acetate polymerization). As a result of their
slow addition rate, monomers with stable propagating radicals (such as styrene) are
not normally well controlled by xanthates. Moreover, within the xanthate reactions
themselves, there is a large variation in the addition rate coefficient depending
on whether the propagating radical is capable of undergoing hydrogen-bonding
interactions with the alkoxy group of xanthate in the transition structure (see below).
Indeed, this hydrogen-bonding interaction may be partially responsible for the
success of xanthates in controlling vinyl acetate. In this regard, it is worth noting
that the xanthates have been less successful in controlling ethylene polymerization,
another system in which the propagating radical is relatively unstable but for which
the hydrogen-bonding interaction is absent. From Table 2.3, it is seen that even
for the methyl radical, which might reasonably be expected to be more reactive than
the ethyl propagating species, the addition rate coefficient for the xanthate agent is
relatively low (ca. 104 L·mol−1·s−1).

Finally, the data indicate that slow fragmentation of the RAFT-adduct radical can
help to explain the experimentally observed inhibition periods in CDB-mediated
polymerizations [3]. Kinetic studies indicate that rate retardation is likely to be
significant when K is greater than or equal to approximately 106 L·mol−1 [103].
The equilibrium constants for addition of unimers of methyl acrylate (3.6 × 107)
and dimers (3.6 × 109) of styrene satisfy this condition, while that for addition
of cumyl (2.5 × 105) and the styrene unimer (6.6 × 105) lie within the level of
possible error. In contrast, fragmentation of •C(CH3)2CN from the RAFT-adduct
radical is not predicted to be retarded (7.4 × 104), consistent with the experimental
observation [104] that cyanoisopropyl dithiobenzoate does not display a significant
inhibition period. On the basis of Table 2.2, other retarded processes would include
the fragmentation reactions of the RAFT-adduct radicals bearing a cyano Z group,



c02 December 15, 2007 11:55 Char Count=

32 2 Quantum-Chemical Studies of RAFT Polymerization

and the fragmentation of ethyl radicals and vinyl acetate radicals from the adduct
radicals of dithioesters. Table 2.2 also correctly predicts that in the case of vinyl
acetate this rate retardation is relieved when xanthates are used instead. They also
indicate that similar success is likely with fluorodithioformates (Z = F), the new
computationally designed class of RAFT agents [23]. In this way, such simple
calculations can be used to evaluate quickly whether a polymerization is likely to
be successful.

2.3.4
Ab Initio Kinetic Modeling

It is clear from both computational and experimental studies of RAFT kinetics
that simplified kinetic models, in which side reactions and chain length effects are
ignored, are not capable of providing an adequate description of all aspects of the
RAFT process [5]. However, kinetic models in which these effects are properly taken
into account would contain too many unknown adjustable parameters for fitting
to experimental data. As noted above, computational chemistry offers a potential
solution to this problem by allowing for the rates and equilibrium constants of the
individual steps to be calculated independently. The calculated values could be used
to reduce the number of fit parameters in the kinetic model to more manageable
levels or, ultimately, replace the fit parameters altogether. In the latter case, one
would have a truly ab initio kinetic modeling tool that could allow for predictions
of the macroscopic properties of the polymerization process without recourse to
experimental fit parameters. Such predictions could be compared directly with
experimental data so as to provide a sensitive test of a kinetic model’s validity.
Moreover, having identified a suitable kinetic model, ab inito kinetic modeling
could then be used to test new RAFT agents and optimize reaction conditions prior
to experiment.

Proof of principle for ab initio kinetic modeling was recently provided for
cyanoisopropyl dithiobenzoate-mediated polymerization of styrene at 70 ◦C in the
presence of the initiator AIBN [79]. Based on computational studies of the chain
length dependence of the addition–fragmentation reaction, a kinetic model that
included a chain-length-dependent fragmentation reaction was constructed using
modeling software PREDICI

R©
[105]. In this model, chain length effects in the at-

tacking radical were included up to the trimer stage and chain length effects in the
poly-RAFT agent, which were found to be considerably smaller, were considered
only up to the unimer stage (see Scheme 2.4). Equilibrium constants (at 70 ◦C)
were then calculated for the eight kinetically distinct addition–fragmentation re-
actions and used in conjunction with the chain-length-independent experimental
value for the addition rate coefficient so as to obtain the corresponding chain-
length-dependent fragmentation rate coefficients. These were combined with re-
liable experimental data for the initiation, propagation and termination reactions,
as taken from styrene homopolymerization experiments. A kinetic simulation of
the process was then performed using identical reaction conditions to those in an
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Scheme 2.4 Reaction scheme for ab initio kinetic modeling of
cyanoisopropyl dithiobenzoate-mediated polymerization of styrene in
the presence of AIBN.
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earlier experiment on the same system [80]. The concentration profiles obtained for
the low-molecular-weight thiocarbonyl compounds formed during the early stages
of the reaction, together with the corresponding experimental data, are shown in
Fig. 2.1 [79]. The predicted and measured rates of overall monomer conversion
were also compared [79]. As noted above, there is excellent agreement between
the ab initio kinetic simulation and the experimental data, despite the fact that no
model fitting of any kind was performed, and hence the model and calculations are
sufficiently accurate for predictive purposes. Ab initio kinetic modeling is now a
practical possibility for studying RAFT polymerization and the scope of its potential
applications can be expected to expand further with increasing computer power.

2.4
Structure–Reactivity Studies

Computational quantum chemistry also has an important role to play in providing
an underlying understanding of the reaction mechanism and structure–reactivity
trends. At one level, computational chemistry can be used as a tool for determining
the rate or equilibrium constants of the individual addition–fragmentation pro-
cesses for a variety of RAFT agent and monomer combinations. In this regard,
it offers a complementary approach to experimental techniques, which are better
suited to measuring more practical quantities, such as the extent of control or the
apparent chain transfer constant. At a deeper level, computational chemistry can
also offer convenient access to additional mechanistic information, such as the
geometries, charges and spin densities, and to other relevant energetic quantities,
such as radical stabilization energies of the adduct radical. This information can
greatly assist in the interpretation of the structure–reactivity trends. Based on both
ab initio calculations and experimental approaches, there is now a very good un-
derstanding of why C S double bonds are so effective at addition–fragmentation
reactions, and how the RAFT agent substituents affect this process. In what follows,
these fundamental and practical aspects are summarized in turn, and we then show
how this information can be used to design optimal RAFT agents.

2.4.1
Fundamental Aspects

A key aspect to controlling free radical polymerization by RAFT is the establishment
of an addition–fragmentation equilibrium in which there is rapid exchange between
the propagating species and dormant poly-RAFT agent. This in turn entails that
both the addition of the propagating radical to the RAFT agent and the fragmenta-
tion of the resulting RAFT-adduct radical (which is effectively the reverse reaction)
are sufficiently fast. In radical addition to C C bonds this is normally quite diffi-
cult to achieve. Typically, if addition is fast, the reaction is highly exothermic and
fragmentation is too slow. If instead the addition reaction is not very exothermic,
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then fragmentation becomes relatively facile but addition is then too slow. Al-
though some success has been achieved with macromonomers [106], alkenes are
not generally suitable as practical RAFT agents. The question then arises: why are
compounds containing C S bonds so much more effective, and are there any other
types of double bond that would serve the same purpose?

To understand the high reactivity of thiocarbonyl RAFT agents, it is helpful to
examine a simple curve-crossing model analysis of prototypical radical additions
to C S and C C bonds [100]. The curve-crossing model was developed by Pross
and Shaik [107–109] as a theoretical framework for explaining barrier formation
in chemical reactions. The basic idea is to think of a chemical reaction as com-
prising a rearrangement of electrons, accompanied by a rearrangement of nuclei
(i.e. a geometric rearrangement). We can then imagine holding the arrangement
of electrons constant in its initial configuration (which we call the reactant con-
figuration) and examining how the energy changes as a function of the geometry.
Likewise, we could hold the electronic configuration constant in its final form (the
product configuration), and again examine the variation in energy as a function of
the geometry. If these two curves (energy versus geometry) are plotted, we form a
‘state correlation diagram’. The overall energy profile for the reaction, which is also
plotted, is formed by the resonance interaction between the reactant and product
configurations (and any other low-lying configurations). State correlation diagrams
allow for a qualitative explanation for how the overall energy profile of the reaction
arises, and can then be used to provide a graphical illustration of how variations in
the relative energies of the alternative valence bond (VB) configurations affect the
barrier height.

In radical addition to double bonds (X Y), the principal VB configurations that
may contribute to the ground-state wavefunction are the four lowest-doublet config-
urations of the three-electron–three-center system formed by the initially unpaired
electron at the radical carbon (R) and the electron pair of the π bond in X Y (A)
[74].

CCC C X YX Y X Y
RA RA3 R+A– R–A+

X Y
+–+ – (2.11)

The first configuration (RA) corresponds to the arrangement of electrons in the
reactants, the second to that of the products (RA3) and the latter two (R+A− and
R−A+) to possible charge-transfer configurations. The state correlation diagram
showing (qualitatively) how the energies of these configurations should vary as a
function of the reaction coordinate is provided in Fig. 2.3 [42]. In plotting this figure
we have arbitrarily designated the R+A− configuration to be lower in energy than
the R−A+ configuration.

In the early stages of the reaction, the reactant configuration (RA) is the lowest-
energy configuration and dominates the reaction profile. This is due to the stabi-
lizing influence of the bonding interaction in the π bond of the RA configuration,
which is an antibonding interaction in the RA3 configuration. However, as the
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Fig. 2.3 State correlation diagram for radical addition to double bonds [42].

reaction proceeds, the C· · ·X Y distance decreases and the unpaired electron on
the radical is able to interact with X Y species. This growing interaction desta-
bilizes the RA configuration but stabilizes the RA3 configuration due to the in-
creasing bonding interaction in the forming C· · ·X bond (which is an antibond-
ing interaction in the RA configuration). As the relative energies of the RA and
RA3 configurations converge, the increasing interaction between the alternative
configurations stabilizes the ground state wavefunction, with the strength of the
stabilizing interaction increasing as the energy difference between the alternate con-
figurations decreases. It is this mixing of the reactant and product configurations
which leads to the avoided crossing, and accounts for barrier formation. Beyond
the transition structure, the product configuration is lower in energy and domi-
nates the wavefunction. The charge-transfer configurations of the isolated reactants
and the isolated products are high in energy, but in the vicinity of the transition
structure they are stabilized via favorable Coulombic interactions and can some-
times be sufficiently low in energy to interact with the ground state wavefunction.
In those cases, the transition structure is further stabilized, and (if one of the charge
transfer configurations is lower than the other) the mixing is reflected in a degree
of partial charge-transfer between the reactants.

Using this state correlation diagram, in conjunction with simple VB arguments,
the curve-crossing model can be used to predict the qualitative influence of various
energy parameters on the reaction barrier [107–109]. In particular, the barrier is
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(a) (b) (c)

Fig. 2.4 State correlation diagrams showing the qualitative effect on the
barrier height of (a) increasing the exothermicity, (b) decreasing the
singlet–triplet excitation gap and (c) decreasing the relative energy of
one of the charge-transfer configurations [42].

lowered by an increase in the reaction exothermicity (see Fig. 2.4a) and/or a decrease
in the RA–RA3 separation in the reactants and/or products (see Fig. 2.4b) and/or a
decrease in the relative energies of one or both of the charge-transfer configurations,
provided that these are sufficiently low in energy to contribute to the ground-state
wavefunction (see Fig. 2.4c). Of these parameters, the reaction exothermicity is
of course directly accessible from ab initio molecular orbital calculations. For the
radical addition reactions, the RA–RA3 separation is related to the singlet–triplet
excitation gap of the alkene or thiocarbonyl species. The relative importance of the
charge transfer configurations can be assessed on the basis of the energy for charge
transfer between the isolated reactants, and can be further assessed by examining
the actual extent of charge transfer in the transition structures.

With these simple principles in hand, it then becomes obvious why thiocarbonyls
make much more effective RAFT agents than alkenes. As is well known, the π bond
of a thiocarbonyl is much weaker than that of an alkene, due to the poorer overlap
between the p–π orbitals of the (third row) S atom and the (second row) C atom
[110]. This reduced π bond strength is reflected in a greatly reduced singlet–triplet
gap for the thiocarbonyl species, and hence in lower barriers and earlier transition
structures for radical addition [100]. Indeed, unless there is substantial stabilization
of the C S bond (via, for example, resonance with lone-pair donor substituents at
carbon), radical addition to C S bonds is typically barrierless (i.e. �H‡ ≈ 0), the
free energy barrier (i.e. �G‡ > 0) arising merely due to the opposing enthalpic and
entropic effects [9]. Conversely, in the reverse direction, the transition state is very
late and almost completely dominated by the reaction exothermicity (i.e. �H‡ ≈
�H).

The low singlet–triplet gap not only explains why dithioesters are generally very
reactive to radical addition, it also explains how it is possible to manipulate the
RAFT agent substituents so as to ensure that fragmentation is also sufficiently
fast. The curve-crossing model predicts that the barrier is affected by the reaction
enthalpy: the less exothermic the reaction, the greater the barrier. Indeed, in the
absence of any additional factors (such as steric or polar effects), the well-known
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Evans–Polanyi rule [111] (�H‡ = α�H) will hold. In radical addition to C C bonds,
this raises a problem. If one wishes to promote the fragmentation reaction, one
needs to make the addition reaction less exothermic but, in doing so, this raises
the barrier to radical addition. In radical addition to C S bonds this is also the
case, but there is an important difference. Due to the early transition structures,
the influence of the exothermicity on the addition reaction is greatly reduced (i.e.
the proportionality constant α is much smaller), and there is much greater scope
for manipulating the reverse fragmentation reaction without compromising the
addition rate.

The dominant influence of the triplet configuration of the π bond also helps
to explain the regioselectivity of the radical addition reaction. As explained above,
radical addition to the carbon center of the C S bond is actually the thermody-
namically preferred reaction, though in practice addition occurs at S due to kinetic
factors [8, 100]. The spin density is considerably greater on S than on C in the triplet
configuration of the thiocarbonyl, and there is thus a much stronger early bonding
interaction when addition occurs at this site. Although the preference for attack
at sulfur is countered by the reduced exothermicity, the early transition structure
ensures that influence of the triplet configuration dominates.

Finally, it is worth exploring whether compounds containing other types of dou-
ble bonds would be suitable in RAFT processes. In particular, dithiophosphinate es-
ters have been proposed as possible alternative RAFT agents [112]. In such systems,
the propagating radical would add to the sulfur center of the P S bond, generating
a phosphoranyl radical (instead of a carbon-centered radical) as the intermediate.
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Although there is some experimental indication that styrene polymerization can
be controlled using S P(SCH(CH3)Ph))3 and S P(Ph)2SCH(CH3)Ph [112], the
observed control was by no means perfect and there was clear evidence of hybrid
behavior. Computationally, it was shown that radical addition to the P S bonds
of dithiophosphinate esters was considerably less reactive and less exothermic
than addition to corresponding C S compounds [113]. This is due in part to the
lower inherent stabilization energy of its phosphoranyl radical product and in
part to its stronger double bond [113]. Indeed, unlike the C S double bond of
dithioesters, the P S bond has a significant ionic character (i.e. a large resonance
contribution from P+ S−), which generally renders it less susceptible to radical
addition (unless the attacking radical is highly electrophilic). On this basis it was
concluded that dithiophosphinate esters are likely to have only limited applicability
as RAFT agents, but would be most suited to the control of electrophilic monomers
[113]. The suitability of other types of compounds has yet to be explored compu-
tationally; however, studies of prototypical systems have revealed that C C, C O
and C C bonds all have significantly larger singlet–triplet gaps than corresponding
C S bonds [100, 114]. As a result they are less reactive to radical addition than
C S bonds, and less likely to function as effective RAFT agents.
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2.4.2
Structure–Reactivity in Practical RAFT Systems

Notwithstanding the high reactivity of C S bonds, the precise nature of the other
substituents (R and Z) in a RAFT agent S C(Z)SR is critical to a controlled poly-
merization. The degree of control that can be achieved is reliant on the propensity
for addition of the propagating radical Pn• to the C S bond, and the subsequent
ability of Pn• to be released from the RAFT-adduct radical. Both of these depend on
the steric and electronic properties of R and Z. As a result of numerous experimen-
tal studies [1], there now exists a broad understanding of how effective a given R or
Z group is for a certain class of polymerization. For example, polymerizations of
styrene, acrylates or methacrylates are well controlled by dithioester RAFT agents
having simple alkyl or aryl Z groups, whereas the polymerization of vinyl acetate is
not. For vinyl acetate, control can be achieved with xanthates (Z = OR) or dithiocar-
bamates (Z = NR2). Equally, it is known [14] that a RAFT agent having R = benzyl
would be suitable for polymerization of methyl acrylate, but not for polymerization
of methyl methacrylate: the tertiary R group C(CH3)2Ph is necessary in the latter
case.

Building on the wealth of structure–reactivity data now available from experi-
mental studies, computational chemistry adds a powerful tool that allows these
trends to be explained, and this in turn has predictive power. Our computational
investigations have been founded on the observation that, despite the mechanistic
complexity of RAFT polymerization, the effects of R and Z can in large part be un-
derstood by considering simplified versions of the chain-transfer reaction (equation
2.13).

Pn C

Z

SRS
C

Z

SRPnS
C

Z

SPnS
R (2.13)

To begin with, it is clear from Table 2.3 that as expected on the basis of the
considerations detailed in the previous section, the fragmentation rate constants
generally follow the same order as the fragmentation enthalpies. A useful analysis
of structure–reactivity relationships can therefore be carried out on the basis of
the thermodynamic parameters. Moreover, the analysis can be further simplified
through the use of isodesmic reactions to separate and rank the effects of R and Z
[98]. First of all, the fragmentation efficiency associated with a particular Z group
is measured by the enthalpy change (�Hfrag) for the reaction CH3SC•(Z)SCH3 +
S C(H)SCH3 → CH3SC•(H)SCH3 + S C(Z)SCH3. Next, the chain-transfer ef-
ficiency for a given R group is measured by the enthalpy change (�HCT) for the
reaction CH3• + S C(CH3)SR → S C(CH3)SCH3 + R•. The stabilities of RAFT
agents with different Z groups are compared by considering the enthalpies of the
reactions S C(Z)SCH3 + CH4 → S C(H)SCH3 + CH3Z, while the stabilities of
RAFT agents with different R groups are compared by the reactions S C(CH3)SR +
CH3SH → S C(CH3)SCH3 + RSH. The well-known quantity, the radical stabi-
lization energy (RSE) [19], is used to estimate the stabilities of the radical species. It
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should be noted that the use of radical stabilization energies to compare the stabil-
ities of two radicals R• and R′• is only meaningful if the discrepancy between the
R H and R′ H bond strengths is negligible. In the case of carbon-centered radi-
cals, this assumption is normally reasonable but minor discrepancies can arise due
to noncanceling steric or polar interactions in the closed shell compounds. More
generally, in other types of radical, such as phosphoranyl radicals, this assumption
can break down altogether. For a more detailed discussion of this problem, see, for
example, Ref. [115].

In the overall chain-transfer reaction (equation 2.13), the effect of Z involves both
the RAFT agent (and the poly-RAFT agent) and the intermediate RAFT-adduct rad-
ical. One must therefore consider each addition–fragmentation step separately. In
Fig. 2.5, a variety of Z groups are ranked in order of increasing fragmentation
efficiency −�Hfrag. Shown on the same graph are the stabilities of the two relevant
Z-containing species: the RAFT agent and the RAFT-adduct radical. The fragmen-
tation efficiencies span a range of 100 kJ·mol−1, making it clear that the choice of Z
is critical. We have suggested [98] that in considering the effects of Z, RAFT agents
may be divided into three broad classes based on their values of �Hfrag. In one
class are the agents with Z groups favoring fragmentation (Z = OR or NR2), in the
second are those with low fragmentation efficiencies (Z = CN, Ph or CF3) and in
the third are those with moderate efficiencies (Z = SR, and modified OR or NR2).
As will be discussed below, the different classes are of varying utility depending on
the monomer of interest.
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Fig. 2.5 Effect of Z group on fragmentation efficiency, RAFT agent
stability and RAFT-adduct radical stability [42].
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For the RAFT agents (and poly-RAFT agents), there are two main ways in which
Z affects stability. First, lone-pair donor Z groups such as OR, NR2 and SR enhance
stability, through delocalization of electron density into the C S bond as shown in
equation 2.14.

C

Z

SRS
C

Z

SRS
(2.14)

Second, RAFT agents are destabilized by σ -withdrawal. This property can be clearly
seen with the RAFT agents that have Z = CN or CF3. Within this stability scheme,
the positions of several Z groups are worthy of note. For example, the groups Z =
pyrrole and Z = imidazole confer much less stabilization on a RAFT agent than
do aliphatic amino groups such as NMe2. This is consistent with the notion that
incorporating the nitrogen lone pair into an aromatic system reduces the capacity
for electron delocalization according to equation 2.14 [116].

For RAFT-adduct radicals, the effects of Z are somewhat more complicated.
Here, a major increase in stability is gained if Z is a π -acceptor group such as CN
or Ph. Stabilization by π -acceptor groups is common for carbon-centered radicals,
and in RAFT-adduct radicals the effect can be enhanced because the lone-pair
donor SR groups can engage in captodative effects. In principle, the presence of
a lone-pair donor Z group should be an alternative stabilizing feature (as in other
carbon-centered radicals), but in RAFT-adduct radicals this is not always borne
out. We have shown [19] that the delocalization of electron density from an SR
group onto a carbon radical center places the unpaired electron into a higher-
energy orbital, making further delocalization onto a second SR group much less
favorable. A RAFT-adduct radical has two lone-pair donor SR groups even before
Z is considered, and the capacity for a third interaction involving a lone-pair donor
Z group is therefore small. Only when Z is a stronger lone-pair donor than SR will
there be enhanced stabilization. Making the situation more complicated, RAFT-
adduct radicals are strongly destabilized by σ -withdrawal (as demonstrated when
Z = F), which means that only those Z groups for which lone-pair donation is
stronger than σ -withdrawal (and stronger than the lone-pair donation by an SR
group) will confer enhanced stabilization. In Fig. 2.5, the only Z groups that satisfy
both criteria are the simple amino groups NR2 (R = H, Me, Et). The alkoxy groups,
although being strong lone-pair donors, are unable to enhance stability, because of
their strong σ -withdrawing character.

Considering next the effects of R, we have found that it is usually sufficient to
consider the overall chain-transfer equilibrium without giving separate attention
to the individual steps. Several earlier computational studies have also adopted
this approach. For example, semiempirical methods have been used to show that
the chain-transfer efficiency of dithiobenzoate RAFT agents varied with R in the
order CH2COOEt < CH2COOH < CH(Me)COOEt [21]. A related study [20] of a
wide range of R groups using DFT reached similar conclusions, suggesting that
chain transfer is affected by both steric and polar effects. The overall chain-transfer
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Fig. 2.6 Effect of R on RAFT agent stability, R• stability and chain-transfer efficiency [42].

equilibrium is, of course, a competition between the radicals R• and Pn• for adding
to the C S bond. In most cases, the position of the equilibrium is determined
mainly by the relative stabilities of the radicals R• and Pn•: the group whose release
from the RAFT-adduct radical is favored is the one whose RSE is greatest. The
values of �HCT for a range of common R groups are shown in order of increasing
chain-transfer propensity in Fig. 2.6, together with the stabilities of the relevant
RAFT agents and radicals R•.

Considering first the R• radicals, the RSEs can be largely explained on the ba-
sis of factors normally associated with stability in carbon-centered radicals. Thus,
the presence of π -acceptor groups (such as CN or Ph) as α-substituents within R
leads to enhanced stability, as does the capacity for hyperconjugative interactions
provided by α-CH3 substituents. On the other hand, in the RAFT agents, the pres-
ence of α-CH3 groups or π -acceptor α-substituents in R results in destabilization.
Here, methylation primarily induces unfavorable steric interactions. The π -acceptor
groups destabilize the RAFT agents by reducing the capacity for delocalization of
the sulfur lone pair onto the double bond (equation 2.15).
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The steric and electronic properties of R therefore influence chain transfer in two
reinforcing ways – one effect on the RAFT agent and the opposite effect on the R•
radical. These combined effects render the commonly used R groups CH(CH3)Ph,
C(CH3)2CN and C(CH3)2Ph very good leaving group radicals. However, it is not
correct to assume that a well-controlled polymerization will result if one simply
chooses the best leaving group R = C(CH3)2Ph. If R• is too stable compared with the
monomer, then the subsequent reinitiation step is disfavored, and polymerization
will not proceed past the stage of the unimeric RAFT agent. When faced with a
new polymerization, a sensible initial approach would therefore be first to take into
account the stability of the propagating radical (which is roughly measured by the
stability of the monomeric radicals shown in Fig. 2.6, and could be better measured
using calculations on the dimers), and then choose an R group for which R• is only
slightly more or less stable than M•.

The simplifications involved in deriving the structure–reactivity relationships
just described are accompanied, of course, by a number of exceptional cases. One
important case is where a system does not obey the usual correlation between
kinetics and thermodynamics. For example, by using computational investiga-
tions, we have recently found [17] that in the xanthate-mediated polymerization
of vinyl acetate, the rate constant for fragmentation of the RAFT-adduct radical
CH3SC•(Z)SCH2OCOCH3 (Z = OCH3) is 3 orders of magnitude larger than that
for the radical where Z = OtBu. This result cannot be due to solely to the steric ef-
fect of Z, however, because for the related RAFT-adduct radicals CH3SC•(Z)SCH3,
the rate constants for Z = OCH3 and Z = OtBu are nearly identical. The source
of the discrepancy lies instead in a hydrogen-bonding interaction in the transition
state for fragmentation of CH3SC•(OCH3)SCH2OCOCH3. A close contact takes
place between the carbonyl oxygen and an OCH3 hydrogen, leading to signifi-
cant stabilization, whereas no analogous interactions take place for the other three
species.

A breakdown of the structure–reactivity trends can also occur if there are syn-
ergistic interactions between the groups R, Z and Pn. For example, we have
shown [19] that fragmentation of electron-withdrawing R groups is enhanced by
a homoanomeric effect in which the withdrawal of electron density from sul-
fur toward the R group reduces the ability of sulfur to donate electron density
to the radical center. If the R group contains a π -acceptor substituent, this in-
duces an altered CS R conformation in which the unpaired electron is delo-
calized into a CS R antibonding orbital. This not only weakens the S R bond
but is accompanied by a strengthening of the S Pn bond in compensation. As
a result, altered chain-transfer efficiencies arise that would not have been pre-
dicted on the basis of R• stabilities alone. Moreover, the homoanomeric inter-
action is further modulated by the nature of Z: for example, a fluorine sub-
stituent in the Z position can inhibit the effect of a π -acceptor-containing R group
[24]. This example, and the vinyl acetate example given above, emphasizes the
importance of conducting specific computational or experimental investigations
once one has selected a range of candidate RAFT agents for a particular applica-
tion.
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2.4.3
RAFT Agent Design

The ultimate goal of computational studies of RAFT polymerization is to design
new and improved RAFT agents to tackle any specific control problem. One could
envisage a two-stage approach in which one first utilizes the structure–reactivity
relationships to select promising combinations of substituents, and then tests the
candidate RAFT agents with direct calculations using model propagating radicals.
Having established computationally that a certain RAFT agent was likely to be
successful, one could then pursue experimental testing.

The kinetic requirements of a successful RAFT agent are now fairly well under-
stood: it should have a reactive C S bond (kadd high) but the intermediate radical
should undergo fragmentation at a reasonable rate (typically K = kadd/kβ < 106

L·mol−1); the R group should fragment preferentially from the intermediate rad-
ical in the preequilibrium but also be capable of reinitiating polymerization; and
there should be no side reactions [1, 103]. Computational data shown in Tables 2.2
and 2.3 and in Figs. 2.5 and 2.6 can assist in choosing RAFT agents that satisfy
these criteria. For example, if one predicted that a propagating radical was rela-
tively stable, then, in order to provide good control, its addition to the C S bond
would need to be fast enough to compete with addition to monomer. One could
then select a Z group that destabilized the C S bond, promoting addition (i.e.
�Hfrag in Fig. 2.5 is large). By contrast, if one predicted that the propagating radical
was relatively unstable, then it would be necessary to ensure that the propagating
radical did not become trapped for too long as the RAFT-adduct radical. In this
case, one would choose a Z group that destabilized the RAFT-adduct radical rela-
tive to the C S compound (i.e. �Hfrag is small). Amongst substituents displaying
acceptable �Hfrag values, one could further optimize control by choosing the Z
group that gave the lowest RAFT agent stability, and hence the fastest addition
rates. Likewise, one could use �HCT values (as in Fig. 2.6) to choose the R group
– an optimal group usually having a �HCT value marginally lower than that of the
model propagating radical. Having selected candidate RAFT agents on the basis
of the simplified isodesmic measures, they could then be tested computationally
through direct calculation of the addition–fragmentation kinetics in more realistic
model systems.

There is a growing interest in using computational calculations as a basis for
RAFT agent design. Matyjaszewski and Poli [20] and Farmer and Patten [21] have
advocated the use of calculated chain transfer energies (equation 2.13) as a ba-
sis for choosing appropriate R groups for specified monomers; Matyjaszewski
and colleagues [20, 25, 26] and Tordo et al. [28] have applied similar strategies
to atom transfer radical polymerization and nitroxide-mediated polymerization,
respectively. Building on this work, the first computationally designed class of
RAFT agents, the fluorodithioformates (S C(F)SR or ‘F-RAFT’), was recently pro-
posed [23]. These were designed as multipurpose RAFT agents capable of con-
trolling monomers with stable propagating radicals and also those with unstable
propagating radicals. Other current RAFT agents for unstable monomers promote
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fragmentation of the propagating radicals by stabilizing the thiocarbonyl product
of fragmentation (i.e. the RAFT agent). As a result, they are not sufficiently reactive
for controlling monomers with stable propagating radicals. In contrast, F-RAFT
promotes fragmentation by destabilizing the RAFT-adduct radical without deacti-
vating the C S bond of the RAFT agent. The fluorine Z group achieves this through
its strong σ -withdrawing capacity, which contributes a destabilizing influence to
both the radical and the C S bond, and helps to counterbalance the stabilizing
influence of its lone-pair donor capacity. It can be seen in Fig. 2.5 that the stabil-
ity of the fluorinated RAFT agent is comparable to other dithioesters, and much
lower than that of the xanthates. On this basis, it is predicted that the RAFT agent
is sufficiently reactive for controlling stable propagating radicals, and calculated
addition rate coefficients (1.8 × 106 L·mol−1·s−1 for a styrene unimer adding to
CH3SC(F) S at 333.15 K) seem to confirm this [101]. Although the reduced stabil-
ity renders fragmentation less facile, this is counterbalanced to some extent by the
reduced stability of the RAFT-adduct radical. As a result, the equilibrium constant
for fragmentation of a model vinyl acetate radical (3.4 × 104 L·mol−1 at 333.15 K)
[101], though higher than that for xanthates, is still considerably lower than the
threshold above which rate retardation occurs (ca. 106 L·mol−1 [103]). The compu-
tational calculations thus predict that F-RAFT should function as a multipurpose
RAFT agent.

Experimental testing has already indicated that benzyl fluorodithioformate is ca-
pable of controlling styrene polymerization, though testing of vinyl acetate (and
indeed other ‘unstable’ monomers such as ethylene) is still underway [24]. For
these monomers, RAFT agents with alternative leaving groups are required; ben-
zyl fluorodithioformate is not likely to be suitable for controlling vinyl acetate
polymerization, due to the slow rate of reinitiation by the benzyl leaving group.
Instead, based on further computational calculations [101], we predict that a RAFT
agent with a CH2CN leaving group would be more suitable, and this is now being
prepared and tested by experimental collaborators. With successful practical appli-
cations such as this, it is clear that computational quantum chemistry is showing
promise as a kinetic tool for studying complicated radical polymerization processes
such as RAFT.

2.5
Abbreviations

AIBN 2,2′-Azobis(isobutyronitrile)
B3-LYP A DFT method with the Becke’s B3 exchange and the correlation func-

tional of Lee, Yang, and Parr
CDB Cumyl dithiobenzoate
DFT Density functional theory
G3 Gaussian-3; a family of high-level composite methods, e.g. G3, G3B3,

G3(MP2)
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G3-RAD A family of G3 methods designed for radical chemistry, e.g. G3(MP2)-
RAD

HF Hartree–Fock
MP2 Second-order Møller–Plesset perturbation theory
ONIOM Our own N-layered integrated molecular orbital + molecular mechanic
PCM Polarizable continuum model; a method for incorporating solvent ef-

fects
RAFT Reversible addition–fragmentation chain transfer
VB Valence bond (theory)
W1 Wiezmann-1; a high-level composite method
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3
The Mechanism and Kinetics of the RAFT Process:
Overview, Rates, Stabilities, Side Reactions, Product
Spectrum and Outstanding Challenges

Graeme Moad and Christopher Barner-Kowollik

3.1
History

RAFT is an acronym for reversible addition–fragmentation chain transfer. Radical
addition–fragmentation processes have been exploited in synthetic organic chem-
istry since the early 1970s [1–3]. Allyl transfer reactions with allyl stannanes and the
Barton–McCombie deoxygenation process with xanthates are just two examples.
Chain transfer to monomer in vinyl chloride polymerization may be considered
as the first reported example of addition–fragmentation chain transfer in a poly-
merization context. However, the first reports of the use of deliberately added
addition–fragmentation transfer agents in controlling polymerization appeared in
the late 1980s [4–10]. Polymerizations with reversible addition–fragmentation chain
transfer which showed some of the characteristics of living polymerization were
first reported in 1995 [11]. The macromonomer RAFT agents used in that work are
described in section 3.1.2. The term RAFT polymerization was coined in 1998 when
the use of thiocarbonylthio RAFT agents was first reported in the open literature
[12].

Unsaturated compounds with general structure 1 may act as transfer agents
by a two-step addition–fragmentation mechanism, as shown in Scheme 3.1. In
structure 1, C X is a reactive double bond (X is most often methylene or sulfur). Z
is a group chosen to give the transfer agent 1 (and 3) an appropriate reactivity with
respect to the monomer(s) and stability for the intermediate (2). In this chapter
we are primarily concerned with agents that provide living characteristics to the
polymerization. That is, the polymers formed by the RAFT process retain the
propensity for chain growth given the presence of monomer and a source of free
radicals.

Thus, an essential feature of RAFT is that the product of chain transfer (3) is also a
RAFT agent and, for living characteristics to be associated with the polymerization,

Handbook of RAFT Polymerization. Edited by Christopher Barner-Kowollik
Copyright C© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31924-4
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X A X A AX

Z

R

Z

RPn

Z

Pn
R

Reactive
double bond ‘Z’ activating group

Weak single bond

'R' good free radical leaving
group, good initiating radical 

Pn kadd

k −add

kβ

k−β

1 2 3

Scheme 3.1 Reversible addition–fragmentation chain transfer (RAFT) mechanism.

this transfer agent must have activity that is similar to or greater than that of the
precursor transfer agent (1). For this reason, A will also usually be methylene or
sulfur and identical to X. The RAFT process has also been termed a degenerate
or degenerative chain transfer since the polymeric starting materials and products
have equivalent properties and differ only in molecular weight.

In Scheme 3.1, R is a radical leaving group and must be effective in reinitiating
polymerization for chain transfer to be effective and R of the initial RAFT agent
should be rapidly converted to a propagating species.

In proposing the RAFT mechanism, several alternative schemes whereby com-
pounds of generic structure 1 might provide living characteristics were considered.
These mechanisms include (a) reversible addition–fragmentation, (b) reversible
homolytic substitution chain transfer and (c) reversible coupling.

The reversible addition–fragmentation mechanism is shown in Scheme 3.2.
There is some historical precedent for this process in that certain 1,1-disubstituted
ethylenes that are slow to propagate can act as deactivation agents [13]. Examples
include diphenylethylene derivatives (1, X = CH2; Z, A-R = aryl) [14–17] and certain
captodative monomers (1, X = CH2; A-R = S-butyl; Z = CN) [18]. In these examples
the substituents Z and A-R activate the double bond to radical addition and provide
stability for the adduct radical (4) and R is a poor homolytic leaving group. The
kinetics of polymerization in the presence of reagents that provide deactivation by
reversible addition–fragmentation should show similarities to those of nitroxide-
mediated polymerization (NMP) and other processes that provide deactivation by
reversible coupling. Note that polymeric product will be different from that derived
from the RAFT mechanism shown in Scheme 3.1 since Pn are always attached to
atom X and never to atom A. To obtain living characteristics by this mechanism, it

Weak single bond

X A

Z

R
Reactive
double bond ‘Z’ activating group

X A

Z

RPn

Pn kadd

k−add

1 4
Scheme 3.2 Reversible addition–fragmentation mechanism.
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Weak single bonds

X A

Z

R

‘Z’ activating group

Pn
XAPn

Z

Rktr

k−tr

1 5
Scheme 3.3 Reversible homolytic substitution mechanism.

is a requirement that the dormant species are maintained in a high concentration.
For the examples mentioned above, it is also observed that the ‘stable radical’ (4)
undergoes reversible coupling. Recently, it has been suggested that the control
exerted by certain thioketones (X = S; A-R, Z = alkyl or aryl) over free radical
polymerizations may proceed via such a mechanism [19–21].

Scheme 3.3 shows a process that involves reversible homolytic substitution chain
transfer. One feature distinguishing the products of this process from that shown in
Schemes 3.1 and 3.2 is that R and Pn are always attached to A, never to X. However,
since A and X are normally identical, this is not easily established but might be
detected by isotopic or other labeling of A and/or X. Iodine-transfer polymerization
[22] and controlled polymerizations mediated by organoselenides, tellurides [23]
and stibines [24] are believed to provide reversible homolytic substitution. Chain
transfer to disulfides may proceed by this mechanism and the process was thought
at one stage to be involved in the control of polymerization by dithiocarbamate
photoiniferters. If it occurs during these polymerizations, it is only a minor path-
way. It was also proposed that such a process might be involved in controlling
polymerization via NMP [25].

A fourth process to be considered is reversible coupling–dissociation (Scheme
3.4). This is the main mechanism thought to be involved in the control of poly-
merization by dithiocarbamate and xanthate photoiniferters. Most species consid-
ered as RAFT agents are thermally stable at temperatures usually encountered in
polymerization processes (<150 ◦C) and thus this mechanism can be discounted.
While there are reports that tertiary dithiobenzoate [26, 27] and cyanoisopropyl
1H-pyrrole-1-carbodithioate [28] undergo slow dissociation at lower temperatures,
the process is still likely to be, at best, a minor pathway.

Weak single bond

X A

Z

R XA

‘Z’ activating group
Z

Rkact

kdeact

1 6
Scheme 3.4 Reversible coupling–dissociation mechanism.
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While it should not be concluded that the processes described in Schemes
3.2–3.4 do not operate, a variety of experimental and theoretical evidence attests to
addition–fragmentation chain transfer being dominant mechanism in controlling
polymerization in the RAFT process.

3.1.1
Macromonomer RAFT Agents

Certain macromonomers (where X is CH2) have been known as transfer agents
in radical polymerization since the mid-1980s [4]. However, radical polymeriza-
tions which involved a reversible (degenerate) chain transfer step for chain equi-
libration and which displayed some of the characteristics associated with living
polymerization were not reported until 1995 [11, 29]. One of the best-known
examples of macromonomer RAFT agents is the methyl methacrylate (MMA)
macromonomer 7.

H2C CH2

CO2CH3
CO2CH3

R

n

7

The term macromonomer is a misnomer since, in acting as a control agent, it
does not function as a monomer. Rates of addition to transfer agents (where X is
CH2) are similar to and are determined by the same factors that determine the
rates of addition to monomers. The double bonds of the transfer agents often have
a reactivity toward propagating radicals that is comparable with that of the common
monomers they resemble, and with efficient fragmentation, transfer constants can
be close to unity. The radicals formed by addition should have a low reactivity
toward further propagation and other intermolecular reactions because of steric
crowding about the radical center. For this reason, the macromonomer RAFT
agents are most used, and are most effective, in polymerization of methacrylic
monomers. Copolymerization of the macromonomer is a significant complication
in polymerizations of monosubstituted monomers.

Efficient transfer requires that the radicals formed by addition undergo facile
β-scission to form a new radical that can reinitiate polymerization. The driving
force for fragmentation of the intermediate radical is provided by cleavage of a
weak CH2 R bond and/or formation of a strong C CH2 bond. If fragmentation
partitions in favor of the starting materials then the transfer constant will be low, as
they are for the case of the MMA dimer (7, n = 1, R = H) [30] and other methacrylate
dimers in MMA polymerization [31]. If the overall rate of β-scission is slow relative
to propagation, then retardation is the likely result. The adducts then have greater
potential to undergo side reactions by addition (e.g. copolymerization of the transfer
agent) or radical–radical termination. Retardation is an issue, particularly for high-
kp monomers such as vinyl acetate (VAc) and methyl acrylate (MA). In designing
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transfer agents and choosing an R group, a balance must be achieved between the
leaving group ability of R and reinitiation efficiency by R•.

3.1.2
Thiocarbonylthio RAFT Agents

The use of thiocarbonylthio RAFT agents (where X and A are both sulfur) to
control polymerization was introduced in 1998 when patents covering the process
were published by CSIRO [32] and shortly afterward by Rhodia [33], and the first
paper on RAFT polymerization appeared in the open literature [12]. Since that
time the literature on RAFT polymerization with thiocarbonylthio compounds has
greatly expanded as evidenced by recent reviews, which include those by Moad and
Solomon [34], Moad and coworkers [35–37], Mayadunne and Rizzardo [38], Chiefari
and Rizzardo [39], Barner-Kowollik and coworkers [40], Perrier and Takolpuckdee
[41] as well as Favier and Charreyre [42]. Many other reviews deal with specific
applications of RAFT polymerization.
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Rate coefficients for addition to thiocarbonyl groups of these RAFT agents depend
strongly on the substituent Z and are typically several orders of magnitude higher
than those for analogous carbon–carbon double bonds of the macromonomer RAFT
agents mentioned above. As a consequence, transfer constants and the potential
for precisely controlling radical polymerization are also higher. Effective control
can be achieved with most monomers polymerizable by radical polymerization.
Thiocarbonylthio compounds used in this context include aromatic (8) and aliphatic
dithioesters (11), trithiocarbonates (9), xanthates (12) and dithiocarbamates (10, 13).
Rate constants for addition and transfer constants of the RAFT agents increase in
the series 8 > 9 > 10 > 11 > 12 > 13 and the potential for retardation tends to
decrease in the same series (see later discussion) [28, 43]. Factors governing the
choice of R are similar to those already mentioned for macromonomer RAFT agents
requiring that a balance between the leaving group ability of R and reinitiation
efficiency by R• be achieved [44].

3.1.3
Kinetic Features of RAFT Polymerizations: Phenomenological Observations

Radicals are neither formed nor destroyed as a consequence of the RAFT equilibria.
Once a steady state is established, the RAFT agent can behave as an ideal transfer
agent such that its presence in a polymerization medium does not affect the rate
of polymerization. The RAFT process does not rely on a persistent radical effect
to induce living characteristics [45]. In this respect, the control mechanism in
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RAFT is fundamentally different from that associated with NMP or ATRP (atom
transfer radical polymerization), in which retardation is inherent and the dormant
species is also the polymerization initiator. Thus, the RAFT mechanism does not by
itself always induce any inherent rate retardation, provided that the fragmentation
of the RAFT adduct radical and subsequent reinitiation are rapid and not rate
determining.

The RAFT process generates short propagating chains that progressively in-
crease in size as the conversion of monomer increases. Therefore the chain length
dependence of the kinetic rate coefficients (in particular, of termination and propa-
gation) can affect the rate of polymerization and cause the polymerization kinetics
to be different from that of an analogous conventional radical polymerization. For
example, it is established that the (diffusion-controlled) termination rate coefficient
is chain length dependent and increases with decreasing length of the terminating
macroradicals [46]. For low-monomer-conversion RAFT polymerizations, the aver-
age chain length of the propagating macroradicals will be short. As a consequence,
termination rate coefficients should be higher than in conventional radical poly-
merization for the same monomer conversion and the rate of polymerization will
also therefore be lower. Indeed, Barner-Kowollik and coworkers [47–51] have made
use of this and employed accurate rate measurements during RAFT polymeriza-
tions to deduce chain-length-dependent termination rate coefficient (see Chapter 4
for a detailed account on employing the RAFT process as a kinetic tool).

Notwithstanding the above discussion, there are situations where the addition
of a RAFT agent to a polymerizing mixture has a profound effect on the reaction
kinetics outside of that induced by the above-mentioned phenomena caused by
chain length dependencies of rate coefficients. Typically, these rate effects are
manifest either as

Ĺ an inhibition period or a period of slow polymerization where no or extremely
little polymerization activity is observed over a defined period of time at the
beginning of the polymerization; or

Ĺ rate retardation, where the rate of polymerization is reduced compared to the
polymerization that does not contain the RAFT agent possibly for the duration
of the experiment [52].

In many cases the inhibition phenomena are associated with the preequilibrium,
otherwise known as initialization, where the initial RAFT agent is converted to a
polymeric RAFT agent (further details appear in section 3.2.4.2). In this context
it is important to differentiate between inhibition periods that are caused by the
RAFT agent itself through its interactions with (propagating or initiator-derived)
radicals and those that are caused by impurities that either arise in low quantities
as by-products of RAFT agent synthesis or are formed subsequently as decompo-
sition products of the RAFT agent. One of the most studied RAFT agents is cumyl
dithiobenzoate (CDB), which carries a stabilizing phenyl Z group and a cumyl R
leaving group. This RAFT agent is known to cause inhibition and its use gives rate
retardation phenomena with a range of monomers. The effect of addition of CDB to
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polymer conversion with reaction time in the
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(full squares). Reproduced with kind
permission from Ref. [53]. Copyright 2004
American Chemical Society.

a low-temperature polymerization of styrene is illustrated in Fig. 3.1 with reference
to the corresponding non-RAFT system. As expected, the rate of polymerization
in the absence of the RAFT agent is constant with time as a steady state is rapidly
established. However, in the RAFT polymerization the rate of polymerization is
initially very small with reference to the non-RAFT polymerization and steadily in-
creases. A period of non-steady-state polymerization is observed [53]. Depending on
the reaction temperature and other reaction conditions, the rate of polymerization
of the RAFT and non-RAFT systems can appear identical for longer reaction times.
Thus, for a higher reaction temperature (>60 ◦C) and similar RAFT agent concen-
tration, it has been shown that CDB induces no discernable retardation following
consumption of the initial RAFT agent [44]. The exact cause of the initially slower
rate of polymerization is still subject of conjecture and there are a number of possi-
ble contributing factors. These include the slow fragmentation of the RAFT adduct
radicals formed during the preequilibrium, termination of the adduct radicals with
themselves or propagating radicals and slow reinitiation. These possibilities will be
discussed in Section 3.2 in detail. In extreme cases, the initial rate of polymerization
may be so slow as to cause complete inhibition.

One way of completely avoiding issues associated with the preequilibrium step
and the process of initialization is to employ a polymeric RAFT or macro-RAFT
agent, e.g. with the aim of generating block copolymers. Rate retardation may
still be observed but often without the pronounced initial period of non-steady-
state polymerization. Such main-equilibrium rate retardation phenomena have
sometimes been rationalized via the concept of fast fragmenting intermediate
radicals and their rapid termination with propagating macroradicals. This should
lead to a steady decrease in the RAFT end group concentration and to the formation
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of significant amounts of terminated (three- and four-arm star) by-products. In
both cases, the situation can be improved by employing a RAFT agent with a more
reactive C S double bond; e.g., by the use a trithiocarbonate or dithiobenzoate.

It is important to note that RAFT agents most prone to causing rate retardation
and inhibition effects are those carrying Z groups that most effectively stabilize the
adduct radicals. Notable amongst these are dithiobenzoate (Z = phenyl) and other
aromatics (e.g. Z = naphthyl). In addition to the Z group, the R group plays an
important role in determining the early (preequilibrium) polymerization kinetics,
as the R group co-determines the stability of the preequilibrium adduct radical and
must efficiently initiate macromolecular growth (see also section 3.2.4.6). A RAFT
agent that carries a very poor leaving group (e.g. ethyl) or one that inefficiently
reacts with monomer will either not control the polymerization process or induce
strong inhibition phenomena.

A further key experimental observation from RAFT-mediated polymerization
is sometimes called hybrid behavior. This behavior is manifest as a high initial
molecular weight which then approaches the molecular weight calculated based on
complete conversion of the RAFT agent as conversion increases. In addition, an ini-
tially broad polydispersity is observed which narrows with conversion. The effect is
caused by the transfer constant of the initial RAFT agent being relatively low. A low
transfer constant can be a consequence of the rate of addition (kadd) being slow or
the intermediate partitioning in favor of starting materials. The behavior is a char-
acteristic of macromonomer RAFT polymerization and is also observed with less
active thiocarbonylthio compounds [44, 54]. The departure of the found molecular
weight from that calculated assuming complete consumption of RAFT agent has
been used as a method of estimating transfer constants (see section 3.2.1) (Fig. 3.2).

Examples include the use of a xanthate to mediate styrene polymerization [28] or
the use of a dithioacetate to mediate the polymerization of MMA where linear in-
crease in molecular weight with conversion is not observed and the polydispersities
are relatively large [57]. The situation can be improved by employing a more reactive
C S double bond containing RAFT agent for styrene as well as for MMA, e.g. by
increasing the stability of the result adduct radical via the use of dithiobenzoates.
The underpinning kinetic details of the hybrid effect will be explored in greater
depth in section 3.2.1.

Generally, the following experimental observations and approximate trends are
valid:

(i) In situations (which are in the majority) where the RAFT adduct radicals are
fast to fragment, the RAFT process should not to induce any rate retardation/
inhibition effects.

(ii) The more reactive a propagating radical (i.e. the less reactive the monomer),
the higher the equilibrium constants in both the pre- and main equilibrium.
While dithiobenzoate RAFT agents are able to effectively mediate polymeriza-
tion styrene or MMA at 60 ◦C under conditions of thermal initiation – albeit
with some small rate retardation depending on the RAFT agent concentration –
they almost completely inhibit the polymerization of acrylate esters (e.g. MA)
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with " = 10−7 (the concentration of active
species), $ (the transfer constant) as

indicated and ( = 605 (the ratio monomer to
transfer agent). Experimental data points are
for MMA polymerization in the presence of
dithiobenzoate esters (0.0116 M) where R =
C(Me)2CO2Et (o) and C(Me)2Ph (�).
Reproduced with kind permission from Ref.
[44]. Copyright 2003 American Chemical
Society.

at ambient temperatures [44]. Dithiobenzoate RAFT agents also control the
polymerization of acrylates or acrylamides (e.g. MA); however, they also dra-
matically slow the rate of polymerization [44]. They inhibit the polymerization
of vinyl esters (e.g. VAc).

(iii) For a given monomer, the potential for the occurrence of inhibition/rate retar-
dation effects increases with an increasing stability of the RAFT adduct radical
and inability of the leaving group to reinitiate the polymerization.

(iv) Less reactive propagating radicals (derived from more reactive monomers, e.g.
styrene or MMA) require a RAFT agent with an increased C S double bond
reactivity to ensure that hybrid behavior is avoided (e.g. dithioester, trithiocar-
bonate).

In the following sections the above experimental observations will be rationalized
in terms of a detailed analysis of the pre- and main equilibrium.

3.2
Preequilibrium Kinetics and Mechanism

The now well-known mechanism of RAFT polymerization as proposed in the first
publication on this topic [12] is shown in Scheme 3.5. The step labeled reversible
chain transfer in which the initial RAFT agent (14) is converted to an analogous
polymeric species (16) is variously known as the preequilibrium or as initialization.
The step labeled chain equilibration is also known as the main equilibrium.
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Scheme 3.5 Mechanism of RAFT polymerization showing the steps of
initiation, propagation, reversible chain transfer (also known as
preequilibrium, initialization), reinitiation, chain equilibration (also
known as main equilibrium) and termination. Note that the indicated
rate coefficients are (potentially) chain length dependent.

3.2.1
Equilibrium Constants/Transfer Constants/Rate Coefficients

3.2.1.1 Equilibrium Constants
In a given RAFT polymerization, there are at least four equilibrium constants that
need to be considered:

Ĺ K (=kadd/k−add) and Kβ = (k−β/kβ) associated with the preequilibrium (Scheme
3.5);

Ĺ KP (=kaddP/k−addP) associated with the main equilibrium (Scheme 3.5);
Ĺ KR (=kaddR/k−addR) associated with the reaction of the expelled radical (R•) with

the initial RAFT agent (Scheme 3.6).

The last reaction (Scheme 3.6) is degenerate and is usually ignored on the pre-
sumption that the lifetime of the intermediate 18 is negligible. If fragmentation
is slow or if there are side reactions which involve the intermediate, this reaction
should not be neglected.
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Scheme 3.6 Reversible chain transfer.

There may be other equilibrium constants to consider when penultimate group
effects are significant. There is both theoretical data and some experimental
evidence to indicate that penultimate group effects can be substantial for short
chain lengths (<5) [58, 59]. Examples of such scenarios will be discussed in Sec-
tion 3.2.3.3. There is also a further series of reactions that needs to be considered
which involve initiator-derived RAFT agents. In principle, RAFT agents of differing
reactivity might be derived from each radical species present.

3.2.1.2 Transfer Constants
It can be shown that the rate of consumption of the transfer agent depends on two
transfer coefficients: Ctr (=ktr/kp) and C−tr (=k−tr/ki), which describe the reactivity
of the propagating radical (Pn•), and the expelled radical (R•) respectively (Ctr =
ktr/kp).

The rate constant for chain transfer can be defined in terms of the rate constant for
addition to the RAFT agent (kadd) and a partition coefficient (φ) which defines how
the adduct is partitioned between products and starting materials (equation 3.1).

ktr = kadd
kβ

k−add + kβ

= kaddφ (3.1)

We can similarly define k−tr for the reverse process (equation 3.2).

k−tr = k−β

k−add

k−add + kβ

= k−β(1 − φ) (3.2)

Where the expelled radical is a propagating chain of sufficiently long chain length,
these will be identical. Thus, Ctr = C−tr, ktr = k−tr, k−add = kβ and the partition
coefficient (φ) will be 0.5.

Many have assumed when estimating transfer constants that C−tr, k−tr, k−β

are zero and that the expelled radical does not react with RAFT agent (polymeric
or initial). These reactions are known to be important particularly with low-kp

monomers (e.g. styrene, MMA), with more reactive RAFT agents (e.g. dithioben-
zoates), with high RAFT agent concentrations, and with more nucleophilic or less
reactive expelled radicals (e.g. benzyl, cumyl radicals). These constants (based on
the assumption that C−tr, k−tr, k−β are zero) should be termed apparent constants
(i.e. Capp

tr , kapp
tr , kapp

add ) [43, 44, 60]. One proposed test for the importance of the reac-
tion of expelled radicals with RAFT agent is the (in)dependence of Ctr, ktr or kadd

[44] on RAFT agent concentration.
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3.2.1.3 Rate Coefficients/Constants
The absolute values of the individual rate coefficients associated with the RAFT
equilibria have proved more difficult to access. Reported values derived from ex-
perimental data generally require assumptions regarding the values of partition
coefficients (φ) and the absence of significant penultimate unit effects both in the
RAFT equilibria and on propagation. These points should be carefully considered
before accepting published rate coefficients data including those reported herein.
An advantage of values derived by theoretical methods (section 3.2.3.2) is that they
do not suffer from these problems.

3.2.2
Molecular Weights and Molecular Weight Distributions

As with living polymerization, the degree of polymerization and the molecular
weight can be estimated from the concentration of monomer and reagents as
shown in equations 3.3 and 3.4 respectively [35, 60]:

Xn = [M]0 − [M]t
[T]0 + d f ([I2]0 − [I2]t )

(3.3)

Mn = [M]0 − [M]t
[T]0 + d f ([I2]0 − [I2]t )

(mM + mT) (3.4)

where mM and mT are the molecular weights of the monomer (M) and the RAFT
agent (T) respectively, d is the number of chains produced in a radical–radical
termination event (d ∼ 1.67 for MMA polymerization and ∼1.0 for styrene poly-
merization) and f is the initiator efficiency. The form of the term in the denominator
is suitable for initiators that produce radicals in pairs but will change for other types
of initiators [44].

The fraction of living chains (L) (assuming no side reactions other than those
associated with initiation and termination) is given by equation 3.5 [35]:

L = [T]0
[T]0 + d f ([I2]0 − [I2]t )

(3.5)

which can be compared with the actual fraction of living chains estimated from
the degree of polymerization obtained and the concentration of RAFT agent used
(equation 3.6).

L = (Mn − mRAFT)[T]0
([M]0 − [M]t )mM

(3.6)

Reaction conditions should usually be chosen such that the fraction of initiator-
derived chains (should be greater than or equal to the number of chains formed by
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radical–radical termination) is negligible (i.e. L ∼ 1). In a well-designed RAFT poly-
merization, L will be >0.95 [35]. Under these conditions, expressions for number-
average degree of polymerization and molecular weight (equations 3.3 and 3.4)
then simplify to equations 3.7 and 3.8:

Xn = [M]0 − [M]t
[T]0

(3.7)

Mn = [M]0 − [M]t
[T]0

(mM + mT) (3.8)

These equations suggest that a plot of Mn vs conversion should be linear. A posi-
tive deviation from the line predicted by equation 3.8 indicates incomplete usage
of transfer agent (T) (the phenomenon sometimes called hybrid behavior). Under
these conditions, the [T]0 in the denominator of equations 3.3–3.8 should be re-
placed by [T]0 − [T]t (the amount of RAFT agent consumed). A negative deviation
from the line predicted by equation 3.8 indicates that other sources of polymer
chains are significant (e.g. the initiator, RAFT agent homolysis, chain transfer to
solvent, monomer).

Analytical expressions have been derived for calculating dispersities of polymers
formed by polymerization with reversible chain transfer. Expression 3.9 applies
in circumstances where the contributions to the molecular weight distribution
by termination between propagating radicals, external initiation and differential
activity of the initial transfer agent are negligible [61].

Xw

Xn
= 1 + 1

Xn
+

(
2 − c

c

)
1

Ctr
(3.9)

where c is the fractional conversion of monomer.
The transfer constant governs the number of propagation steps per activation

cycle and should be small for a narrow molecular weight distribution. Rearrange-
ment of equations 3.9 to 3.10 suggests a method of estimating transfer constants
on the basis of measurements of the conversion, molecular weight and dispersity
[61].

(
Xw

Xn
− 1 − 1

Xn

)−1

= Ctr

(
c

2 − c

)
(3.10)

In more complex cases, kinetic simulation has been used to predict the
time/conversion dependence of the polydispersity. Moad et al. [62] first published
on kinetic simulation of the RAFT process in 1998. Many papers have now been
published on this subject. Zhang and Ray [63] and also Wang and Zhu [64, 65] ap-
plied a method of moments to estimate molecular weights and dispersities. Peklak
et al. [66] used a coarse-graining approach while Shipp and Matyjaszewski [67] and
the CAMD group [54, 68–70] used a commercial software package (PREDICI R©)
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[71] to evaluate complete molecular weight distributions. Moad et al. [28, 44, 62]
applied a hybrid scheme in which the differential equations are solved directly to
give the complete molecular weight distribution to a finite limit (Xn < 500) and a
method of moments is then used to provide closure to the equations and accurate
molecular weights and polydispersities. Much of the research in this area has been
carried out with a view to understand the factors that influence retardation. The
main difficulty in kinetic modeling of RAFT polymerization lies in choosing values
for the various rate constants.

3.2.3
Kinetic Data

3.2.3.1 Measurement
A number of methods have been reported for determining values of the rate and
equilibrium constants associated with the RAFT process.

The usual methods for measuring transfer constants, for example, the Mayo
method and the log molecular weight distribution method can be applied but only
when transfer constants of RAFT agents are low (<1). These methods are not
appropriate in the case of more active transfer agents.

The reversibility of chain transfer means that apparent chain transfer coeffi-
cients are dependent on the transfer agent concentration and on conversion of
the monomer and the transfer agent. One of the ways of estimating the transfer
coefficient is to determine the rates of consumption of RAFT agent and monomer.
In the case of RAFT polymerization, the rate of consumption of the transfer agent
depends on two transfer coefficients: Ctr (=ktr/kp) and C−tr (=k−tr/ki), which de-
scribe the reactivity of the propagating radical (Pn•) and the expelled radical (R•)
respectively [28, 44, 60].

d [T]

d [M]
≈ Ctr

[T]

[M] + Ctr[T] + C−tr[P]
(3.11)

where [P] (= [T]0 − [T]) is the concentration of macro-RAFT agent formed from
initial RAFT agent (T). This expression simplifies for the case of macro-RAFT
agents when Ctr ∼ C−tr; if reaction with the initial RAFT agent is irreversible, then
C−tr = 0, and for less active RAFT agents at low monomer conversion, [P] ∼ 0.

d [T]

d [M]
≈ Ctr

[T]

[M]
(3.12)

Ctr = ktr

kp
≈ [M]d [T]

[T]d [M]
= d ln[T]

d ln[M]
(3.13)

In this case, the slope of a plot of ln [M] vs ln [T] yields the transfer coefficient.
Transfer constants based on an assumption that C−tr is zero should be considered
apparent constants (i.e. Capp

tr ) [43, 44, 60] until proven otherwise (see section 3.2.1.2).
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The transfer constant can also be calculated from the discrepancy between the
found molecular weight and that estimated based on complete consumption of the
RAFT agent (T) [28, 44].

Fraction T consumed = [T]0 − [T]t
[T]0

=
{

[M]0 − [M]t
[T]0

}/ {
[M]0 − [M]t
[T]0 − [T]t

}

≈ Xn(calc)

Xn(found)

where Xn(calc) is the expected number-average degree of polymerization assuming
complete consumption of transfer agent and Xn(found) is the measured number-
average degree of polymerization. It is important to correct Xn(found) (using equa-
tion 3.3) to allow for the formation of initiator-derived chains when this fraction is
significant.

Rate constants for chain transfer to RAFT agents can also be calculated if kp

is known. Experimental methods for evaluation of constants for the addition of
radicals to low-molecular-weight RAFT agents (kadd) are strongly model depen-
dent in that they are implicitly or explicitly derived from transfer rate coefficients
(ktr) by assuming a value of the partition coefficient (φ) and often involve other
assumptions.

Barner-Kowollik and coworkers [51] proposed a method for estimating the addi-
tion rate coefficient in the preequilibrium from molecular weight measurements.
The method might be considered equivalent to the method mentioned above that
was introduced by Moad and coworkers [28, 44] to determine transfer constants
but was derived differently. The calculation involves an implicit assumption that
penultimate unit effects on addition (e.g. kp, kadd, kadd P) and fragmentation (e.g.
k−add, k−add P and kβ ) rate constants are either negligible or cancel. If the R leaving
group of the initial RAFT agent behaves identically to the propagating radical, it
is possible to derive a set of equations that can be employed to deduce the addi-
tion rate coefficient kadd in systems that display hybrid behavior. The initial rate of
propagation, Rp, is given by equation 3.14:

Rp = kp[Pn][M]0 (3.14)

where [Pn] is the propagating radical and [M]o is the monomer concentration. The
rate of radical addition to the carbon–sulfur double bond of the initial (or polymeric)
RAFT agent, Radd, can be quantified in a similar fashion via equation 3.15:

Radd = kadd[Pn][T]0 (3.15)

[T]0 is the initial (or polymeric) RAFT agent concentration. In RAFT systems that
display hybrid behavior, both rates are correlated by the degree of polymerization
of the polymer formed instantaneously, X inst

n . X inst
n can be obtained via plotting the
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number-average molecular weight Mn vs the monomer conversion and extrapolat-
ing to zero monomer conversion.

X inst
n = Rp

Raddφ
+ 1 (3.16)

The partition coefficient φ in the denominator of equation 3.16 is associated with the
fact that the reaction product of the addition reaction, i.e. the intermediate macro-
RAFT radicals, can also fragment to yield the starting materials. The probability of
the macro-RAFT radical undergoing a radical transfer (in contrast to fragmenting
back to the starting materials) is 50%, since both fragmentation pathways are as-
sumed to have identical rate coefficients. Thus, in order for equation 3.16 to yield
the correct value for X inst

n , the addition rate Radd has to be multiplied by a factor
of 0.5. When some trithiocarbonates are employed (e.g. dimethoxy carbonylethyl
trithiocarbonate), there exist three different fragmentation pathways with the prob-
ability of a radical transfer being 67%. This can be compensated by multiplying
Radd by a factor of 0.67. Following a similar rationale, a hypothetical ideal RAFT
agent that would only allow fragmentation of the intermediate radical to release
the R group (and never fragment back to the starting materials) would not require
multiplication of Radd by any factor other than unity. In contrast, a RAFT agent that
leads to an intermediate radical that fragments preferentially to the starting material
would have a factor of smaller than 0.5 on Radd. Furthermore, it has to be noted that
the first propagation step already leads to a chain length of 2. Therefore, one needs
to be added to the right-hand side of equation 3.16. Equation 3.16 can subsequently
be rearranged to equation 3.17, which allows for the deduction of kadd, when the
propagation rate coefficient kp, the monomer concentration [M]o, the instantaneous
degree of polymerization X inst

n and the initial RAFT agent concentration [T]0 are
known.

kadd = kp[M]0
(X inst

n − 1)[T]0φ
(3.17)

Since it is very difficult – at least with the data presently at hand in the literature –
to quantify the individual reaction channels of the intermediate radical, the only
reliable avenue to kadd determination is the use of a RAFT agent that features an
R group radical identical to the propagating radical. While the above approach
does not give access to a (potential) chain length dependency of kadd with regard
to the macro-RAFT agent, the length of the adding macroradical varies with X inst

n .
Of course, a similar rationale as outlined above can also be employed to a macro-
RAFT agent that is chain extended with a monomer of its own kind. However,
this approach will invariably give a value for the main equilibrium addition rate
coefficient kadd at the corresponding chain length. A typical set of results obtained
when applying the above procedure in MA polymerizations is given in Table 3.1.
Inspection of Table 3.1 indicates that – as required – the addition rate coefficient is
independent of the initial RAFT agent concentration and also (within experimental
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Table 3.1 Summary of the initial MCEPDA [1-(methoxycarbonyl)ethyl
phenyldithioacetate (23)] and DMCETC [di-(1-(methoxycarbonyl)ethyl)
trithiocarbonate] concentrations in MA bulk-free radical polymerizations
as well as the associated degrees of polymerization of the
instantaneously generated polymer, X inst

n , at 60 ◦C [51]

RAFT reagent [RAFT]0 (mol·L−1) X inst
n kadd (L·mol-1·s−1)

MCEPDA 4.37 × 10−3 103 1.5 × 106

MCEPDA 1.27 × 10−2 46 1.2 × 106

MCEPDA 3.68 × 10−2 (8) (2.6 × 106)
DMCETC 4.31 × 10−3 39 3.1 × 106

DMCETC 1.05 × 10−2 34 1.5 × 106

DMCETC 3.04 × 10−2 11 1.7 × 106

DMCETC 1.02 × 10−1 (7) (0.8 × 106)

The initiator (AIBN) concentration was close to 3.0 × 10−3 mol·L−1. The kadd values have been
deduced via equation 3.17 and the method described in the text.

accuracy) independent of the type of RAFT agent employed. This suggests that the
implicit assumption that the expelled radical does not react with polymeric RAFT
agent to re-form the original RAFT agent is valid (i.e. C−tr is zero) for the case of
acrylate polymerization with these RAFT agents. It must be noted that the accuracy
of the method is determined by the accuracy by which the initial molecular weights
(X inst

n ) can be determined by extrapolating the number-average molecular weight
Mn vs conversion evolution as well as the accuracy of the method employed (usually
size exclusion chromatography) to measure the molecular weights.

Transfer constants may also be estimated via direct kinetic modeling approaches,
where given kinetic scheme is fitted to a set of experimental parameters such as the
full molecular weight distribution evolution and the conversion vs time evolutions
[54, 57]. The kinetic models employed in such fitting procedure are sometimes
simplified (see also section 3.2.3.3) due to difficulty of having to assess a large
number of variable parameters in the more complete models. Thus, the transfer
constants obtained are often average, model-dependent quantities that, however,
agree surprisingly well with the transfer constants assessed by other methods.

3.2.3.2 Calculation
The first application of molecular orbital methods in RAFT polymerization was
reported by Moad and coworkers who applied both ab initio and semiempirical
methods in a qualitative way to gain understanding of the relative effectiveness of
macromonomer [30] and thiocarbonylthio RAFT agents [28, 44]. Matyjaszewski and
Poli [72] have reported the results of density functional theory (DFT) calculations
used to estimate R S bond dissociation energies in thiocarbonylthio RAFT agents
(R S(C S)Z) and suggest these may be useful as a guide for the design of RAFT
agents. Even though some parallels might be expected, it should be pointed out
that it is the bond dissociation energy of R S bond in the radical intermediate
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(R S(C(·) SR′)Z) rather than the RAFT agent (R S(C S)Z) that is important
in determining fragmentation rates. DFT calculations have also been applied in
understanding the properties of radical adducts to phosphoryldithioacetate RAFT
agents [73, 74]. The suitability of DFT methods for calculations relating to RAFT
polymerization has, however, been questioned [58].

Recently, Coote and colleagues have applied ab initio methods to gain quantita-
tive information about the equilibrium and rate constants associated with the RAFT
process. Quantitative information about the kinetics and thermodynamics of chem-
ical reactions can be obtained via ab initio molecular orbital theory [75]. In addition
to the rates and equilibrium constants, the charge distributions, spin densities,
geometries and vibrational frequencies of all species including transition struc-
tures may be estimated by such calculations. Ab initio approaches consequently
represent useful partners to experiment. The principal disadvantage of quantum
chemistry is that the accuracy of the predictions is strongly dependent on the sim-
plifications and approximations introduced in solving the Schrödinger equation.
Given an infinite basis of orbitals, a wavefunction that includes contributions from
all possible configurations of those orbitals and the computer power necessary to
process the data, one could predict the chemical behavior of any chemical system
with absolute accuracy. In practice, of course, this is not feasible and it is neces-
sary to introduce simplifications, which are a potentially large source of error. It
is extremely important to note that there is a range of possible methods to use
and that these vary considerably in their accuracy and their computational expense.
Errors can typically range from the sub-kJ level (for methods such as W1 or W2) to
more than 50 kJ·mol−1 (in some applications of DFT or semiempirical methods),
and are dependent on the type of chemical reaction under investigation. Moreover,
the most accurate methods are extremely time expensive, with their computational
cost scaling exponentially with the size of the chemical system. Hence, applying
computational chemistry to polymeric reactions necessarily involves a compromise
in which reliable low-cost procedures are applied to small chemical models of the
polymeric reaction under investigation. Both the method and the model reaction,
however, must be chosen carefully on the basis of assessment studies.

Such assessment studies have been performed in great detail by Coote and
coworkers, both for the RAFT-relevant case of radical addition to S C bonds
[76–78] and for other reactions of significance in radical polymerization, such as
propagation and chain transfer [78–80]. In general, it appears that geometries and
frequencies can be calculated at relatively low levels of theory such as B3-LYP/6-
31G(d), provided transition structures are corrected via IRCmax. However, very
high level composite procedures such as W1 are essential for accurate absolute val-
ues of the barriers and enthalpies. Low-cost approximations to this level of theory
(to within kcal-accuracy) can be obtained via an ONIOM-based procedure in which
the inner core is studied at W1, the core at G3(MP2)-RAD and the full system at
ROMP2/6-311+G(3df,2p) [78]. It should be stressed that popular DFT methods
(such as B3-LYP and BB1K) fail comprehensively to model the energetics of these
polymerization-relevant reactions, with errors in excess of 50 kJ·mol−1 in some
cases [81]. As in the case of propagation [82], the harmonic oscillator approximation
is not adequate and it is therefore important to treat low-frequency torsional modes
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as hindered internal rotations [76, 83]. It is also advisable to use variational transition
state theory rather than standard transition state theory, though the latter can be
adopted for order of magnitude estimates [76]. Coote and colleagues demonstrated
that when following these recommended procedures, chemical accuracy is achiev-
able for small radical reactions in RAFT systems. For example, the experimental
equilibrium constant for tert-butyl radical addition to di-tert-butyl thioketone at
25 ◦C was recently reproduced to within a factor of 2 [19, 21].

With respect to the RAFT process, the kadd, kβ and K values for a variety of R and
Z groups of small compounds, as occurring in the preequilibrium, have been calcu-
lated by Coote and collaborators using high-level ab initio methods [53, 76, 83–85].
(A complete listing of the data from these various studies, updated to a consistent
level of theory, is provided in Ref. [78] and is in detail explained in Chapter 1 of this
book.) The results demonstrate that kβ and K depend strongly on the nature of R
and Z, and can range over 10 orders of magnitude at 60 ◦C. For Z = Ph, the K for
the RAFT reaction R• + S C(Ph)SCH3 � RS-C(•)(Ph)SCH3 was, e.g., 7.3 × 106

L·mol−1 (30 oC) for R = cumyl [53], 8.8 × 105 L·mol−1 (60 ◦C) for R = benzyl [83] and
1.5 × 106 L·mol−1 (60 ◦C) for R = CH2(COOCH3) [83]. The K values calculated for
these pre-equilibrium-type reactions involving small species generally agree with
those expected for slow fragmentation (typically 106–107 L·mol−1). Most recently,
calculations performed for R groups of different oligomeric chain length indicated
a pronounced impact of the leaving group size on the obtained K values, which
were found going from 2.6 × 104 L·mol−1 when R = C(CH3)2CN (chain length
= 0) to 7.4 × 107 L·mol−1 when R = CH(Ph)CH2CH(Ph)CH2C(CH3)2CN (chain
length = 2) in a simplified model reaction in which the nonparticipating R′ group
is CH3. To date, it is not fully clear which physical effects may be the cause of such a
pronounced effect, making generalization to all RAFT systems difficult. The finding
of a pronounced chain length dependency of K, however, highlights the importance
of considering the preequilibrium and the main equilibrium independently. Ob-
servations such as the chain length dependence of the equilibrium constants –
whether caused by a variation in k−add, kadd or both – make direct comparison
of the quantum chemically obtained rate coefficients sometimes difficult. The ex-
perimental determination of such quantities lacks behind the coefficients that are
obtainable quantum chemically. An example of how rate coefficients determined
via quantum chemical methods can be employed in exploring the RAFT process is
provided in Section 3.2.3.3; several more examples can be found in Chapter 1 of
this book.

3.2.3.3 Kinetic Modeling
Kinetic modeling is an important tool for probing how polymerization reactions
behave under variable kinetic assumptions; in addition, kinetic modeling can be
employed to deduce kinetic rate coefficients by assuming a given model and fitting
it to a set of experimentally observed data. All model-fitting to experimental data
is to some extent model dependent. Section 3.2.1 gave a brief overview about the
groups that have used kinetic modeling to arrive at a deeper understanding of
the RAFT process; in this section, we will consider the approaches of some of
these modeling procedures and the associated advantages and disadvantages in
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the context of the preequilibrium. It is clear that the more detailed the kinetic
data available, the higher the precision with which a model can be fitted, i.e. the
more accurate the derived rate parameters will be. For example, one can attempt
to derive kinetic information solely from the overall rate of polymerization in
conjunction with the molecular weight evolution (including the number-average
molecular weight as well as the polydispersity). In such cases, it will only be possible
to extract (model-dependent) kinetic information from the periods of nonconstant
rates of polymerization [53, 57, 86]. One of the most critical issues in modeling
kinetic rate and molecular weight data is the selection of which reactions should be
included in the model and what simplifications are allowable. High-level quantum
chemical calculations of Coote and coworkers suggest that the equilibrium constant
is strongly dependent on chain length as well as the chemical nature of the groups
adjacent to the adduct radical center [87]. It thus seems that simplification of the
RAFT mechanism into a single pre- and main equilibrium should be avoided in
modeling studies. For example, Moad and coworkers [44, 60, 88] demonstrated
that it was not possible to fit the rate of consumption of the initial RAFT agent as
a function of RAFT agent concentration or the evolution of the molecular weight
distribution with time for styrene and MMA polymerization using a simplified
model.

As a consequence, one should employ a kinetic scheme which incorporates a
highly complex preequilibrium as illustrated in Scheme 3.7. Here, the chain length

Scheme 3.7 Enhanced preequilibrium
reaction scheme for the case that the RAFT
agent leaving group (R in S C(Z)SR) and
initiating species (I) are identical. The
scheme incorporates the standard kinetic
model for RAFT, but is augmented to include

eight addition–fragmentation equilibria
(instead of one or two) in order to model
substituent and chain length effects up to the
trimer in the attacking radical and up to the
unimer in the RAFT agent.
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dependency of the equilibrium constant is taken into account, but only for cases
where the initiating species and the leaving group are identical. Clearly, the scheme
will be more complex if these two entities are nonidentical.

Given the above detailed complexity of the situation in the preequilibrium, it
seems that the fitting of simplified models can only give approximate and average
values for the rate coefficients. Yet, complete modeling of the preequilibrium with
the aim of deducing individual rate coefficients from overall monomer to polymer
conversion time data is difficult. The situation can be improved if individual con-
version versus time trace of each species are available (see Section 3.2.4.2). Indeed,
Klumperman and coworkers have shown that model-dependent kinetic rate param-
eters may be derived by fitting a given model to the individual species evolutions
[123], while Coote and Barner-Kowollik have – in view of the model-dependent
nature of analysis – suggested that rather than a fitting exercise be carried out, all
rate coefficients be calculated by high-level ab initio quantum mechanical methods
and subsequently employed in arriving at an ab initio kinetic prediction of the
experimentally observed species concentration evolutions [58, 89].

The situation in modeling main-equilibrium kinetics for chain lengths exceeding
a certain size should be a much simpler task (see section 3.2.6) as for longer
polymer chains the rate coefficients should be chain length independent and the
adduct radical is essentially symmetrical. At present, it is not possible to provide a
defined number at which chain lengths the chain–length-dependent effects on the
equilibrium constant subside or becomes less significant.

3.2.3.4 Transfer Constants/Equilibrium Constants
Most reported transfer constants for initial RAFT agents should be considered as
apparent transfer constants (Table 3.2).

We have refrained from listing experimentally obtained equilibrium constants
explicitly in Table 3.2, although there is now a considerable body of experimental
and ab initio molecular orbital calculation work carried out on the value of the
equilibrium constants. The reason for not tabulating equilibrium constants lies
in the large discrepancy in their value reported using different experimental ap-
proaches, with up to 6 orders of magnitude difference [97]. The currently published
data on the size of the equilibrium constants also indicates that tabulating single
values for this parameter is highly problematic (and this is shown in greater detail
in Section 3.2.3.3), because for every RAFT agent/initiator/monomer system the
preequilibrium is constituted by a multitude of reactions involving the initiator
fragments, the R group as well as variable chain lengths of the propagating radi-
cal chains. Thus, the equilibrium constant is highly likely not a true constant but
variable with chain lengths as well as highly influenced by the chemical nature
of the substituents on the intermediate radical. As will be explored further below
in this chapter, the seemingly disparate values for equilibrium constants obtained
via variable approaches may in fact be a reflection of the reaction conditions and
chain length regimes under which these values were obtained [97]. It should also
be pointed out that even in situations where the equilibrium constants have been
assessed under main-equilibrium conditions [98, 99] (i.e. employing macro-RAFT
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Table 3.2 Transfer constants, transfer rate coefficients and addition rate
coefficients of select RAFT agents with various monomers (i.e. the
associated propagating radicals)a

Agent M T (◦C) C app
tr Ctr C−tr kadd

a φ Referenceb

24 MMA 60d 140 140 140 — 0.5 [90]
25 MMA 40 40 40 40 — 0.5 [91]
27 MMA 40 0.83 0.83 — — — [91]
20 MMA 60 5.9 56 2500 — — [44]
21 MMA 60 6.8 25 450 — — [44]
26 MMA 60 1.7 — — — — [44]
22 MMA 60 <0.03 — — — — [44]
38 MMA 60 0.04 — — — — [92]
23 MA 60 70c — — 1.3 0.5 [51]
29 MA 60 112c — — 2.1 0.67 [51]
22 MA 60 105c — — — — [44]
29 BA 60 72c — — 1.7 0.67 [93]
29 BA −30 98c — — 0.2 0.67 [94]
36 BA 60 2 — — — — [92]
38 tBA 60 7.2 — — — — [92]
32 tBA 60 2.7 — — — — [92]
29 Dodecyl acrylate 60 98c — — 2.4 0.67 [50]
19 Styrene 60 ∼6000 ∼6000 ∼6000 ∼2 0.5 [90]
27 Styrene 60d 160 160 160 0.05 0.5 [90]
27 Styrene 40 220 220 220 — 0.5 [91]
25 Styrene 40 420 420 — — — [91]
20 Styrene 60 50 2000 10 000 — — [44]
20 Styrene 60 25000c — — 4.0 (1.0) [57]
36 Styrene 60d 3.92 — — — — [95]
34b Styrene 60d 0.67 — — — — [95]
35 Styrene 60d 0.65 — — — — [95]
20 Styrene 110 29 — — — — [28]
30 Styrene 110 18 — — — — [28]
28 Styrene 110 10 — — — — [28]
31 Styrene 110 11 — — — — [28]
32 Styrene 110 2.3 — — — — [28]
33 Styrene 110 0.72 — — — — [28]
37 Styrene 110 0.11 — — — — [28]
34a VAc 80 14 — — 0.5 (0.75) [49]

aEstimated assuming the value of φ shown. The units of kadd are M−1·s−1 × 106.
bNote that a range of experimental protocols have been applied to arrive at these data (see the
indicated references for details).
c Ctr corresponding to value of kadd shown (Ctr = kadd/φ/kp) with kp(MA, 60◦C) = 2.78 × 104 M−1s−1

[98], kp(BA, 60◦C) = 3.5 × 104 M−1s−1, kp(BA, −30◦C) = 3.0 × 103 M−1s−1, kp(DA, 60◦C) = 3.8 ×
104 M−1s−1, kp(S, 60◦C) 160 M−1s−1 kp(VAc, 80◦C) = 47400 M−1s−1 [174].
d Arrhenius parameters are provided in the reference indicated.
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agents as opposed to initial low-molecular-weight RAFT agent), strictly speaking
no single equilibrium constant can be measured, as the employed systems also
make use of low-molecular-weight initiator and its corresponding derived radicals
(i.e. cyanoisopropyl) that react to give intermediate radicals of variable chemical
compositions. For an in-depth overview on the specific problems of reporting
equilibrium constants, the reader is referred to Ref. [97].

3.2.4
Methods for Product Analysis

The above sections have made clear that the RAFT process can be extremely com-
plex. Both from a synthetic point of view and to provide greater understanding of the
kinetics and mechanism, it has become a matter of priority to reliably determine the
product distributions generated during RAFT polymerization. Techniques that have
been applied include high-resolution mass spectrometry, especially soft ionization
mass spectrometry techniques such as electrospray ionization–mass spectrometry
(ESI–MS) and matrix-assisted laser desorption and ionization–time of flight–mass
spectrometry (MALDI–TOF–MS). Mass spectrometry is particularly useful in deter-
mining whether side products (such as three- or four-arm star polymer) have been
formed during the RAFT process. Similarly, nuclear magnetic resonance (NMR)
spectroscopy in both its 1H and 13C variants has been extensively used, especially in
a dynamic fashion to probe the initial phases of the RAFT process. Concomitantly,
electron spin resonance (ESR) spectroscopy has been employed to gain information
about the concentration of the intermediate RAFT radicals that occur during the
polymerization process. In the following, we will highlight in greater detail how
each of these methods have helped in constructing a more comprehensive picture
of the RAFT process.

3.2.4.1 Soft Ionization Mass Spectrometry
Powerful tools to achieve this are soft ionization mass spectrometry techniques,
which have found ample use in the past in elucidating mechanistic issues in a range
of free radical polymerization mechanisms. The most prominent of the soft ioniza-
tion mass spectrometry techniques are ESI–MS and MALDI–TOF–MS, which have
both been applied by many research groups [100–110] to assess the polymer species
formed in RAFT polymerization under conditions that yield good living character-
istics (i.e. typical RAFT agent concentrations in the range of 10−3–10−2 mol·L−1

and initiator concentrations an order of magnitude lower). Barner-Kowollik and
colleagues [111] have recently reviewed the use of soft ionization mass spectro-
metric techniques for the elucidation of radical polymerization mechanisms and
discussed the specific strengths of both ESI–MS and MALDI–TOF–MS for this
purpose. MALDI–TOF–MS has frequently been found to lead to relatively large
degrees of fragmentation of polymer generated in RAFT systems [102] which only
recently could be minimized by careful tuning of the matrix system as well as laser
power and wavelength [110, 112]. However, MALDI–TOF–MS potentially offers
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Scheme 3.8 Bimolecular termination between propagating radicals and
intermediate RAFT radicals in the preequilibrium (upper part) and main
equilibrium (lower part). Note that in principle each intermediate RAFT
radical listed in Scheme 3.7 in section 3.2.3.3 can terminate via the
above reaction pathway.

the possibility to analyze relatively high-molecular-weight polymers. ESI–MS is a
considerably softer ionization procedure, leading to no fragmentation of the poly-
mer chain or end group. In its usual combination with an ion-trap mass analyzer,
however, ESI–MS is limited to relatively small chain lengths of generally below
4000 m/z. While chemical mass bias due to varying ionization potentials can al-
ways cause problems in any mass spectrometric technique (and thus potentially
suppress or exaggerate certain peaks), this problem was considered to be small
in the case of acrylic polymers from RAFT polymerization, which are assumed to
ionize via the polyacrylate backbone, without being affected by the potential end
group. Mass spectrometric techniques should thus be highly useful in establishing
an accurate image of the products generated during the RAFT process and thus
also allow mechanistic deductions.

One aspect of interest during RAFT polymerization is the question whether three-
arm cross-terminated and four-arm self-terminated star polymers, respectively, are
formed during the polymerization process (for details see section 3.3.2) via the
bimolecular termination reactions depicted in Scheme 3.8.

In monomer-free RAFT model reactions such star polymers have been produced
and it has been demonstrated that they can readily be ionized in soft ionization
mass spectrometry [100, 103]. Monomer-free experiments are considered favorable
for observing termination products, as the spreading of the polymeric termination
products over a wide range of molecular weight, which occurs due to propagation,
is eliminated. The kinetic similarity of the polymerization and the monomer-free
reaction was suggested by similar values for K(kt,cross/kt) obtained in both systems
[100]. Cross- and self-termination products, however, cannot be identified in poly-
mer samples drawn from actual dithiobenzoate-mediated RAFT polymerizations
of acrylates [103, 108, 109] and only trace quantities could be identified in styrene
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systems [110]. Such findings are particularly interesting as the ESR-measured in-
termediate radical concentrations should give rise to very large excesses of three-
and four-arm star polymer over conventionally terminated linear polymer (up to 30
times in excess at any given chain length) in case cross- and self-termination occurs
with a termination rate coefficient similar in magnitude to that of the conventional
termination process [86, 109]. For example, if the RAFT-specific rate coefficients
for the MA/CDB system [86], i.e., kadd = 1 × 107 L·mol−1·s−1 and k−add P = 1 ×
103 s−1, which were derived via modeling rate data, molecular weight evolution,
and ESR-measured intermediate radical concentration, are employed to calculate
the overall concentration ratio of three-arm star polymer to conventionally ter-
minated product, a pronounced cumulative excess of star polymer over linear
termination products is predicted [109]. While the conventionally terminated poly-
mer can be clearly observed by ESI–MS, the forecast excess of star polymer is not
observed [108, 109]. A recent potential explanation of why such three- and four-
arm star polymers cannot be observed – apart from the fact that they may simply
not form in sufficient quantities or form reversibly only – will be discussed in
section 3.3.2.6.

3.2.4.2 NMR Spectroscopy
Real-time 1H NMR has previously been used to study initiation of polymerization
of styrene with 2,2′-azobis(isobutyronitrile) (AIBN) initiator and with cumyl [113] or
cyanoisopropyl dithiobenzoate [114] as the RAFT agent and more recently polymer-
ization of MA [115], VAc [116] NVP [116] and styrene–maleic anhydride [117, 118]
and styrene–acrylonitrile copolymerization [118] with various RAFT agents. Real-
time 13C NMR was also used to study initiation of styrene polymerization with
AIBN initiator and CDB-α-13C as the RAFT agent [119]. Most recently, RAFT poly-
merization of styrene and MMA has been studied with AIBN-α-13C as initiator
and with benzyl dithiobenzoate-α-13C, CDB, cyanoisopropyl dithiobenzoate or do-
decyl cyanoisopropyl trithiocarbonate as the RAFT agent [71]. The in situ NMR
method enables the concentration–time profiles of the various species formed
during the polymerization process to be recorded. Most of the early experiments
were carried out using relatively high RAFT agent concentrations to facilitate the
monitoring of the various reagents and products. High initial RAFT agent concen-
trations result in significant retardation with dithiobenzoate RAFT agents that are
used. Differentiation between the individual oligomeric species is limited to short
chains.

For styrene polymerization at 70 or 84 ◦C with high concentrations of cumyl or
cyanoisopropyl dithiobenzoate, complete conversion of the initial RAFT agent to
a single unit ‘chain’ was observed prior to any significant formation of two unit
and higher chains [113, 114, 119]. This was called ‘efficient initialization’. The pro-
cess has successfully been modeled by kinetic simulation based on assumption of
slow fragmentation and rate constants estimated by ab initio calculations [58] or
with faster fragmentation (so as not to cause retardation directly) and intermediate
radical termination [120]. Moad et al. have shown by kinetic modeling that the ob-
servation of ‘efficient initialization’ is not dependent on slow fragmentation or the
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occurrence of intermediate radical fragmentation. It is observed when initiation by
‘R’ is rapid with respect to further propagation (as is usually the case; see Table 3.3
[44, 121]) and RAFT agent concentrations such that less than one monomer unit is
added per activation cycle. Very rapid reaction of the expelled radical ‘R’ with RAFT
agent is another likely cause of retardation during this conversion regime. Coote
and Barner-Kowollik [58] proposed that the ‘efficient initialization’ and retardation
might be a consequence of slow fragmentation and significant chain length depen-
dence of the equilibrium constant for the RAFT equilibria suggested by ab initio
molecular orbital calculations.

The dynamic 1H NMR technique has also been applied to acrylate systems,
where very strong inhibition periods are often observed [122]. The CDB-mediated
polymerization of MA as a retarding and cumyl phenyldithioacetate (CPDA) as a
nonretarding RAFT agent indicated a limited influence of the stabilizing group
on the initial rate of polymerization in this particular case. The low addition rate
coefficient of the leaving group [123] compared to the propagation rate coefficient
of MA macroradicals was hence concluded to be responsible for the induction
period with both types of RAFT agents [124]. The rate of consumption of the
initial RAFT agent for both the retarding and nonretarding RAFT agents was
almost identical, suggesting that the rate-determining step for both polymerizations
was the same during the initialization period, which supported the conclusions
of the styrene polymerization studies. After the initialization period, the rates of
polymerization were significantly different with the nonretarding RAFT agent,
reaching high monomer conversions within a short period of time, while the rate
of monomer consumption with the retarding RAFT agent showed only a small
change from the rate during initialization [124].

The dynamic NMR experiments clearly indicate that the kinetic behavior observed
during the preequilibrium period is a strong function of the leaving groups and of
the monomer used.

3.2.4.3 Electron Spin Resonance Spectroscopy
The first direct evidence of the presence of the dithioketal radicals as discrete
intermediates and the addition–fragmentation mechanism was obtained by ESR
spectrometry [125] when intermediates were observed during butyl acrylate (BA)
and styrene polymerization with CDB as RAFT agent. The intermediates have now
been observed directly by ESR spectrometry in RAFT polymerizations of styrene
and acrylate esters and in model reactions with dithiobenzoate, trithiocarbonate
and dithiophosphonate RAFT agents [74, 94, 99, 119, 125–132]. Such intermedi-
ates have not been detectable during MMA polymerizations or in polymerizations
with aliphatic dithioester, xanthate or dithiocarbamate RAFT agents. This is at-
tributed to the greater rate of fragmentation and the correspondingly shorter life-
time of the adduct radicals in those polymerizations. In many cases, the initiator
concentration (e.g. AIBN) had to be relatively large (i.e. > 1 × 10−1 mol·L−1) in
order to enable the observation of a sufficiently strong signal (see, for example,
Refs. [99, 125, 126]); the observed spectrum changes with polymerization time/
conversion.
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Quantification of the ESR signals when combined with the rate of polymerization
data and analyzed via kinetic modeling provides an access to the addition rate and
intermediate fragmentation rate coefficients. Intermediate radical concentrations
measured by ESR spectroscopy in both the pre- and main-equilibrium regimes
disagree with those expected on the basis of the equilibrium constants predicted by
quantum mechanical ab initio calculations (see section 3.2.3.2) [97]. This discrep-
ancy is one of the outstanding open questions in the RAFT mechanism (see also
section 3.4).

3.2.4.4 Chromatography
Interaction chromatography (liquid chromatography at the critical point of adsorp-
tion, LC-CC) and two-dimensional chromatography (2D GPC/LC-CC) have also
been applied to establish the presence of RAFT end groups and the quality of RAFT
polymerization. Pasch et al. [133] used 2D GPC/LC-CC to examine a poly(methyl
methacrylate)-block-polystyrene (PMMA-b-PS) prepared by RAFT with CDB as the
RAFT agent and were able to ‘confirm the remarkable molar mass and compo-
sitional homogeneity’ of the sample. Jiang et al. have determined the end group
composition (fraction of RAFT agent and initiator-derived chain ends) of PMMA
[134, 135] and PBA [136] prepared by RAFT with functional RAFT agents by LC-CC
coupled with mass spectrometry.

Size exclusion chromatography in combination with RAFT agents containing
UV chromophores has been used to provide information on the mechanism of
RAFT polymerization of styrene [43] and BA [137]. Ah Toy et al. and Feldermann
et al. have employed coupled SEC–UV–ESI–MS to map end groups generated
during RAFT polymerization [109, 138].

3.2.4.5 Rate of Polymerization
Rate measurements (of the overall rate of polymerization) during the preequilib-
rium sequence provide one of the main avenues for gathering information about
the underpinning mechanistic processes. However, rate measurement can be very
challenging to interpret (see section 3.2.3.3), since the knowledge of several rate
coefficients and parameters is required for deducing the desired information, e.g.
on the size of the RAFT equilibrium constant. However, it can be very instructive
to record time-dependent monomer conversion data in RAFT-mediated polymer-
izations under varying experimental conditions and to analyze these data under
different model assumptions. It has been shown in section 3.1.3 that the addition
of low-molecular-weight (e.g. initial) RAFT agents can lead to periods of non-
steady-state polymerization; the observation of such periods alone suggests that the
propagating radical concentration is not constant. The cause of such nonconstancy
can be multiple: (i) either an apparent non-steady-state behavior induced by rate
coefficients changing with chain length, (ii) a true non-steady-state polymeriza-
tion induced by slowly fragmenting RAFT adduct radicals in the preequilibrium
or (iii) a hypothesized multifaceted situation in which the radical addition rates
of various radicals to both RAFT agent and monomer differ largely, which basi-
cally relates to a composite situation containing the concept of a different stability
of the first intermediate in comparison to that of the main equilibrium, of slow
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Fig. 3.3 Conversion vs time evolution in a CPDA (open circles) and a
CDB (closed circles) mediated styrene polymerization at 60 ◦C initiated
with AIBN as thermally decaying initiator. The reaction conditions are
identical for both polymerizations. Data are taken from Refs. [54, 57],
respectively.

reinitiation and of potentially different cross- and self-termination rates for small
intermediate radicals. It is clear that rate of polymerization measurements with one
RAFT agent and one monomer yields only limited information about the possibly
complex underpinning kinetics. However, rate measurements become particularly
useful when rates of polymerization during the preequilibrium of different RAFT
agents under otherwise identical reaction conditions are compared. For example,
while the CDB-mediated polymerization of styrene is severely rate retarded with
a pronounced period featuring a nonconstant rate of polymerization [57], the cor-
responding polymerization under identical reaction conditions carried out with
CPDA as the RAFT agent displays a constant rate of polymerization (see Fig. 3.3)
[54].

Since both RAFT agents are identical accept for the different Z groups (phenyl vs
benzyl) and all other experimental conditions are identical, too, one can conclude
that the strongly increased stability of the RAFT adduct radical when going from
CPDA to CDB leads to a lowered and nonconstant radical concentration. The cause
of this nonconstancy in the radical concentration has been interpreted differently
by different groups and has largely been correlated with either high equilibrium
constants in the preequilibrium (as foreshadowed by the quantum mechanical cal-
culations described in Chapter 1) or/and selective reactivities of the variable species
occurring during the preequilibrium as mapped by detailed 1H NMR spectroscopy
(see section 3.2.4.2), possibly in conjunction with side reactions of the RAFT adduct
radicals. As has been highlighted in section 3.2.3.3, such rate data from RAFT poly-
merizations can be employed to deduce kinetic rate coefficients via preassumed
kinetic models; however, such approaches are model dependent. Yet, any model
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that is proposed to describe the RAFT mechanism has to describe the overall rate
of polymerization.

3.2.4.6 Radical Storage
It has been established that under certain conditions the addition of a RAFT agent
to the polymerization can not only lead to strong rate retardation effects but also
allow for radicals to be stored – without further propagation activity – in the reaction
mixture. Thus, radical storage experiments are a method to probe for species in
RAFT systems which can store radicals and release them at a later stage. In a
typical radical storage experiment, a mixture of monomer and initial RAFT agent
is exposed to a source of radicals (e.g. γ -radiation) at ambient temperature T1

for a time period t1. Subsequently, the reaction mixture is left without initiation
for a time period t2 and then maintained at a temperature T2 > T1 for a time
period t3. After each step of the sequence, i.e. radical feed at ambient temperature,
waiting period and heating interval, the reaction mixture is analyzed with respect
to monomer conversion and molecular weight distribution of any formed polymer.
This experimental sequence has been applied both to CDB/styrene and CDB/MA
systems [139, 140], as well as to non-rate-retarding RAFT agents [141]. The findings
of these studies, which were accompanied by reference experiments containing
no RAFT agent, indicate that systems containing low-mass dithiobenzoates as
the RAFT agent are capable of storing free radicals for variable lengths of time,
signifying that transient but relatively stable species are formed, which are capable
of inducing monomer to polymer conversion at a later stage without any initiation
source present. While radical storage experiments show that there are long-lived
species present in certain RAFT systems, they were not designed to identify the
nature of the radical sink, i.e. whether it be radical or nonradical in nature. It should
be noted that all reported radical storage experiments relate to the preequilibrium
situation in which only small radicals are involved. To what extent the effect is
occurring in the main equilibrium has yet to be examined.

In a related context, it is noteworthy that low-molecular-weight thioketone com-
pounds (which have been demonstrated to be effective radical spin traps) can form
relatively stable adduct radicals upon reaction with other radicals (giving rise to equi-
librium constants, K = kadd/k−add, between 105 and 108 L·mol−1), with reported
apparent lifetimes are similar to those conceptualized in the slow fragmentation
model [142]. As all RAFT agents are a subset of the thioketone compound class,
the experimental observation [19] that certain thioketones are capable of imparting
living characteristics on a free radical polymerization in styrene [19] and n-BA sys-
tems [21] – possibly by simply acting as effective spin traps – may also be significant
in the context of dithiobenzoate-mediated RAFT polymerizations.

3.2.5
Reinitiation and RAFT Agent Selection – Choice of R

Many thiocarbonylthio RAFT agents have now been described [35, 36]. Transfer
constants are known to be strongly dependent on the Z and R substituents. For an
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efficient RAFT polymerization:

Ĺ both the initial and polymeric RAFT agents should have a reactive C S double
bond (high kadd);

Ĺ the intermediate radicals should fragment rapidly (high kβ , weak S R bond) and
give no side reactions;

Ĺ the intermediate should partition in favor of products (kβ ≥ k−add); and
Ĺ the expelled radicals (R•) should efficiently reinitiate polymerization (ki ≥ kp).

Details of the dependence of RAFT agent activity on R and Z as a function of
monomer are provided in Chapter 6.

The R group of the initial RAFT agent should be chosen such that R• is a similar
or better homolytic leaving group than the propagating radical derived from the
monomer being polymerized. One ideal choice for R would be a propagating radical.
In this case kβ = k−add, kadd is the same for both initial and polymeric RAFT agents
and ki = kp.

For the case of acrylates it has been proposed that a suitable R group is a unimer
of the propagating radical. Thus, MA polymerization is effectively controlled by
RAFT agents with R = 1-(methoxycarbonyl)ethyl (e.g. 1-(methoxycarbonyl)ethyl
phenyldithioacetate, 23). The suggestion that the R group might be chosen to be a
unimer of the propagating radical is unfortunately not general since kβ and k−add

can be subject to substantial penultimate unit effects. This is particularly true for the
case of tertiary propagating radicals. RAFT agents with R = 2-(ethoxycarbonyl)prop-
2-yl (e.g. 2-(ethoxycarbonyl)prop-2-yl dithiobenzoate, 26) provide only poor control
over polymerization of MMA.

It is also important that the expelled radicals (R•) should efficiently reinitiate
polymerization of the particular monomer. The leaving ability of the substituent
R must be balanced with the ability of the radical R• to reinitiate polymerization.
The triphenylmethyl radical, for instance, would be an excellent leaving group but
would be a poor reinitiator of chains and its use would result in retardation of
polymerization [143]. For similar reasons, benzylic species (cumyl, 1-phenylethyl,
benzyl) should not be chosen for vinyl monomer polymerization (e.g. VAc, NVP)
since rates of reinitiation are very low with respect to kp. Retardation in MMA
polymerization when R is CHPh(CN) has also been attributed to slow reinitiation
by R• [144]. Rate constants for the reaction of primary radicals with monomers
are known for many of the species (R•) likely to be encountered. Good sources
of such information are the tabulation by Moad and Solomon [143] and Fischer
and Radom’s [121] review. Values of rate constants for reaction of common R•
with MMA, MA and styrene are provided in Table 3.3. From the point of view
of reinitiation efficiency, tert-butyl (•C(CH3)3) is an excellent choice for R with
MMA, MA and styrene (tert-butyl RAFT agents are not suitable for use in MMA
polymerization as tert-butyl radicals are a very poor leaving group with respect to
the PMMA propagating radical).

As with conventional chain transfer, for no retardation the following relationship
must hold:

ki ≥ [M]0
[T]0

kp (3.18)
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Table 3.3 Absolute rate constants (ki) for primary radical addition to
various monomers*

Rate constant for R• (M−1·s−1)

•C(CH3)3 •C(CH3)2CO2Me •C(CH3)2CN •C(CH3)2Ph •CH2Ph
Monomer (300 K) [145, 146] (294 K) [147] (315 K) [148] (296 K) [145] (296 K) [145]

MMA
a 660 000 3 170 1590 2700 2100
b — — — 10 225 —
c 952 970 9 722 3 291 7 829 8 348

MA
a 110 000 1 150 367 800 430
b — 3 129 — — 2 134
c 1 523 800 3 412 865 2 650 2 042

Styrene
a 132 000 5 500 2 410 1 100 1 200
b 226 622 12 508 4 041 3 803 4 557
c 224 850 13 455 4 896 3 802 4 685

(a) Value provided in original paper for temperature indicated. (b) Value at 60 ◦C calculated using
Arrhenius parameters provided in the reference indicated (— indicates no Arrhenius parameters
given). (c) Value at 60 ◦C estimated using log A 7.5 (tertiary radicals) or log A 8.5 (benzyl radical) and
activation energy as reported [123].
*Data are reproduced from Ref. [44].

Further details of the exact dependence of RAFT agent activity on R and Z as a
function of monomer are provided in Chapter 6.

3.2.6
Structure–Property Correlation – Choice of Z

The chemical nature of the R and Z groups determines the magnitude of the indi-
vidual rate coefficients that govern the preequilibrium for a given monomer. Most
of the variation in the preequilibrium seems to stem from variations in the fragmen-
tation rates. The addition rate coefficient appears largely insensitive to variations
in the RAFT agent structure as evident from the published experimental values
for polymeric systems, which show close agreement with one another, despite sig-
nificant changes in the attacking radical and in some cases also the RAFT agent
and temperature. For example, addition rate coefficients (L·mol−1·s−1) for styrene
propagating radicals adding to a dithiobenzoate at 60 ◦C (4 × 106) [57] VAc propa-
gating radicals adding to a xanthate at 80 ◦C (5 × 105) [49], MA propagating radicals
adding to a dithioacetate (1.5 × 106) at 80 ◦C [51] BA (1.7 × 106) [93] and dodecyl
acrylate propagating radicals (2.4 × 106) [50] adding to a trithiocarbonate at 80 ◦C,
are within an order of magnitude with one another, and are similar to the ab initio
values [149] for the addition of various small radicals to RAFT agents. Temperature
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seems to have a relatively small influence on the addition rate coefficients with
BA propagating radicals adding to S,S′-bis(methyl-2-propionate)trithiocarbonate at
−30◦C (2 × 105) showing only a limited reduction over a wide temperature range
[150]. Such findings are not unexpected as the reaction could potentially come
under diffusion control for longer propagating radicals and macro-RAFT agents;
however, such situations will be primarily found during the main equilibrium (see
section 3.2.3.4).

The fragmentation rate coefficient of the preequilibrium adduct radical is, on
the contrary, highly dependent on the nature of both the Z and R groups as is also
indicated by the quantum chemical calculations mentioned in section 3.2.3.2 and
Chapter 1 of this book. Indeed, it is a simplification to assume a stability for the
preequilibrium adduct radical when the R group, free radical initiator fragment and
propagating radical are of different electronic and/or steric nature. Even in cases
when the initiator-derived radical and the R group are identical, a strong chain
length dependence caused by penultimate effects on the preequilibrium adduct
radicals is likely operational (see section 3.2.3.3 for a detailed example). Thus, it
is preferable to compare the effects of the Z group on the stability of the adduct
radical for given side chains or one specific R group. For a given R group (e.g.
cyanoisopropyl), the intermediate radical stability increases strongly when going
from methyl to phenyl and the polymerization becomes increasingly prone to rate
retardation and inhibition effects. However, the degree by which rate retardation/
inhibition is to be expected is also a function of the monomer. Acrylates for a
given end group will induce a greater degree than styrene, due to the higher
reactivity of the propagating macroradicals. The correlation between propagat-
ing radical reactivity and the stabilizing ability of the Z group is depicted in
Fig. 3.4. For a given Z group and monomer combination (e.g. Z = phenyl and
M = MA), the ability of the R group to fragment off the intermediate radical will
co-determine its stability; i.e., a benzyl R group would lead to a more stabilized
intermediate radical than a tert-butyl R group. Note that the ability of a particular
R group to fragment easily from the intermediate radical (in the preequilibrium)
does not necessarily ensure that the polymerization will not be rate retarded or
inhibited, as the co-condition for an efficient RAFT process is also an effective
reinitiation ability of the leaving group radical (see also section 3.2.5, especially
Table 3.3).

3.3
Main Equilibrium Kinetics and Mechanism

From a kinetic perspective, the main-equilibrium kinetics for RAFT polymeriza-
tions, in which control is exerted by a polymeric RAFT agent of similar composition,
are simpler to study than those of the preequilibrium [97]. This is true since, as
the above discussion illustrates, many of the complexities relate to (poor) selection
of ‘R’. It should be noted that since RAFT polymerization requires a source of
(typically low-molecular-weight) free radicals to maintain the process, preequilib-
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Fig. 3.4 Effect of the stabilizing ability of the Z group and the reactivity
of the propagating macroradical on the stability of the intermediate
macro-RAFT radical for a given R group. An increase in stability in the
intermediate radical is often correlated with the magnitude of rate
retardation and inhibition effects observed during the polymerization.

rium phenomena cannot be completely avoided. In this context, selection of the
initiator for RAFT polymerization is extremely important especially when mak-
ing kinetic measurements. In what follows, we will investigate the RAFT main
equilibrium in great detail, especially with a view to the potential side reactions
that can occur. We will also comment on transfer constants for polymeric RAFT
agents and initiator selection for chain extension experiments (i.e. block copolymer
formation).

3.3.1
Initiator Selection

Radicals are neither formed nor destroyed in the RAFT process. Thus, RAFT poly-
merization, like conventional radical polymerization, requires a source of radicals.
In a well-designed RAFT experiment, the initiator is a minor component of the
reaction mixture (typically the ratio of RAFT agent (or RAFT end group) to initiator
concentration is larger than 10:1). Furthermore, with less active RAFT agents and
during the synthesis of higher-molecular-weight polymers, the initiator-derived
radicals will most likely react preferentially with monomer. For these reasons, the
consequences of poor initiator selection may not be detectable and will often cause
only a minor perturbation of ‘ideal’ kinetics [35].

However, side reactions involving the initiator and the initiator-derived radicals
known to complicate conventional radical polymerization will also occur during
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RAFT polymerization. These reactions include transfer to initiator and primary
radical termination. Since these reactions lead to dead chains, for optimal control it
is important that the initiator should be chosen such that any side reactions of the
initiator or the initiator-derived radicals are minimized. Selectivity in the reaction of
the initiator-derived radical with monomer can also be an important consideration.
The specificity of the reactions of initiator-derived radicals with monomers has
been extensively studied [151].

It is also important to avoid adverse reactions between the RAFT agent and the
initiator and the initiator-derived radicals. For example, some peroxide initiators
(dibenzoyl peroxide, potassium peroxydisulfate) and derived radicals may oxidize
the RAFT agent [152]. Other radicals may react with the RAFT agent to form a stable
product. It is important that the initiator-derived radical is a good leaving group
with respect to the propagating radical. Thus, 2,2′-azobis(methylisobutyrate) is not
a suitable choice for RAFT polymerization of MMA. During RAFT polymerization
of MMA with 2,2′-azobis(methylisobutyrate), formation of the initiating radical-
derived RAFT agent as a relatively stable by-product is observed [60].

The mechanism of AIBN and other azonitriles decomposition is complicated
by the formation of ketenimines as unstable intermediates. In the presence of
high concentrations of RAFT agents, the ketenimine is intercepted and converted
to by-products which reduces the initiator efficiency and the polymerization rate
[71].

3.3.2
Potential Side Reactions

A variety of actual and potential side reactions have been proposed to complicate
the basic RAFT mechanism.

3.3.2.1 Reaction with Oxygen
RAFT polymerizations, like conventional radical polymerizations, are air sensitive.
Both propagating radicals and intermediate radicals should be anticipated to react
with oxygen at diffusion-controlled rates. These side reactions can be avoided by
taking the usual precautions to exclude air. The effect of air on the course of RAFT
polymerization will depend on the system. In the case of solution polymerization of
MMA, substantial retardation and poorer control over molecular weight and poly-
dispersity are observed [35]. Some RAFT emulsion polymerizations are reported
to be unaffected by air (see also Chapter 8 for detailed account of (mini)emulsion
polymerization and RAFT).

3.3.2.2 Intermediate Radical Propagation
Intermediate radical propagation (or copolymerization of the RAFT agent) is
a major issue with the use of macromonomer RAFT agents when used with
monosubstituted monomers such as acrylates and styrene [153]. Intermediate
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radical propagation is unknown with thiocarbonylthio RAFT agents. This is un-
derpinned by the findings in recent thioketone-mediated polymerization, where
copolymerization of the thioketone is not observed [21].

3.3.2.3 Irreversible Intermediate Radical Termination
All radical polymerization including those that go under the heading living radical
polymerization will be complicated by irreversible termination by radical–radical
reaction between propagating radicals. To achieve good control it is important to
choose reaction conditions such that the incidence of termination is negligible.

The intermediate is a radical species and therefore it may also be involved in
radical–radical reaction either by self-reaction or by reaction with propagating rad-
icals or other radical species. Monteiro [154, 155] proposed that what he termed
‘intermediate radical termination’ might explain retardation seen in styrene poly-
merization with CDB. Support for this hypothesis has come from the work of
Fukuda and coworkers [61, 98–100]. Irreversible termination reactions will lead
to a depletion of the initial RAFT agent and can thus affect the efficiency of the
mediation process and – in extreme cases – lead to the loss of molecular weight
control. To what extent truly irreversible cross-termination reactions are opera-
tive in the RAFT main equilibrium remains to be established. Theoretical small
molecule studies (up to the trimer stage) by Coote and coworkers indicate high sta-
bilities for dithiobenzoate-derived RAFT adduct radicals that would lead to a large
rate of intermediate radical termination, while theoretical suggestions by Buback
and coworkers indicate that the potentially generated three-arm star polymers are
intermediates themselves (see section 3.3.2.6).

3.3.2.4 Reversible Intermediate Radical Termination
The possibility of the bimolecular termination reactions discussed in section 3.3.2.3
has been proposed in numerous studies, largely driven by attempts to harmonize
the discrepancy between the observed (via ESR spectroscopy) relatively low in-
termediate radical concentrations and the predicted large equilibrium constants
obtained from the analysis of low conversion RAFT polymerization [53, 86, 111]
and high-level ab initio quantum chemical calculations [156].

Reversible termination of the intermediate possibly proceeds via self-termination
pathways (as well as cross-termination) as depicted in Scheme 3.9.

A termination reaction of intermediate RAFT radicals with their radical centers
being delocalized into the aromatic ring may suffer less steric hindrance and the
stability of the resonance-stabilized radical may allow for reversibility [54, 157].
When using a dithiobenzoate with a substituent on the para position of the Z
group, such as cumyl-para-methyl dithiobenzoate, a significant reduction of the
rate retardation effect has been observed [158]. As the para-methyl group is not
expected to change the stability of the intermediate significantly, but makes the
para position less prone to radical attack due to steric congestion, an involvement
of delocalized radical sites in rate-retarding reactions can be concluded. Direct
evidence for such reactions, however, has yet to be found. The radical storage
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Scheme 3.9 Reversible self-termination reactions between intermediate
radicals during the main equilibrium proceeding via variable resonance
structures.

experiments described above designed to probe the preequilibrium sequence (see
section 3.2.4.6) have been rationalized by invoking the presence of self-reversibly
terminated intermediate radicals, yet they provide no information of the possibility
of such reactions during the main-equilibrium stage. In addition, a satisfactory
embedment of such reaction channels into kinetic schemes has not been achieved
so far.

3.3.2.5 Undesired Fragmentation
For some RAFT agents there are multiple pathways for β-scission involving cleav-
age of a bond within the ‘Z’ group. This is true in the case of xanthates where the
substituent on O is a good homolytic leaving group where two possible fragmen-
tation pathways are possible. Examples are O-tert-butyl xanthates [159]. The same
situation may pertain in the case of unsymmetrical trithiocarbonates [137].

3.3.2.6 Other Intermediate Radical Termination
Buback and Vana [160] have proposed another mechanism for disappearance of
the product of intermediate radical termination during RAFT polymerization with
dithiobenzoates. In that it does not lead to by-products, the proposal has the po-
tential of resolving the current impasse regarding the mechanism of retardation
observed in these polymerizations [97]. The proposed mechanism involves the
intermediate radical 39 (or an isomer) reacting with a propagating radical to re-
generate the intermediate 40 and the product 41 as the only by-product, which is
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Scheme 3.10 Intermediate radical termination and subsequent reactivation of star polymer.

identical to the normal product of radical–radical termination. While the process
is thermodynamically favorable being driven by aromatization and formation of a
relatively stable radical, there appears no literature precedent for the reaction of
quinonoid species such as 40 with radicals to proceed as shown in Scheme 3.10.

Another possibility is that the quinonoid species (40), if formed, reacts with
radicals by hydrogen atom transfer. This process would result in formation of a
new intermediate (42) to fragment to a new RAFT agent (44) and a dead polymer
chain (43) (Scheme 3.11). Quinonoid species are well known as excellent hydrogen
atom donors. The effect on kinetics would be similar to the Buback–Vana proposal
[160] but would lead to the formation of a new RAFT agent (44) which might be
detectable under appropriate conditions but, for the case of acrylate polymerization,
may not be readily distinguished from the by-product formed by other processes
such as that described in section 3.3.3.1.

The above processes (Schemes 3.10 and 3.11) are only relevant to RAFT polymer-
izations with dithiobenzoates and closely related RAFT agents. They are not relevant
to RAFT polymerizations carried out with trithiocarbonates, aliphatic dithioesters
and most other RAFT agents, many of which also give retarded polymerization.
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Scheme 3.11 Formation of polymeric RAFT agent from quinonoid structures.

3.3.3
Non-RAFT-Dependent Side Reaction Which Nonetheless Influence the RAFT Process

Side reactions which occur in conventional radical polymerization can be expected
to also complicate RAFT polymerization. These side reactions include transfer
to monomer and both inter- and intramolecular transfer to polymer. It is not
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appropriate to ignore these when trying to understand the kinetics and mechanism
of RAFT polymerization.

3.3.3.1 Backbiting
It is now well established that backbiting occurs during radical polymerization of
acrylates. Backbiting may be followed by propagation or chain scission.

Bimodal molecular weight distributions are often observed in RAFT polymer-
ization of acrylate monomers when polydispersities are less than 1.2 [88]. They
are manifest as a higher-molecular-weight shoulder with peak molecular weight
approximately twice that of the parent peak and are most pronounced for higher
conversion and higher-molecular-weight polymers. Note that if the polydispersity
is greater than 1.2, such bimodal distributions will be masked. They have been
observed for dithiobenzoate, dithioacetate, trithiocarbonate and dithiocarbamate
RAFT agents and are most noticeable for higher monomer conversions (>50%)
and for higher molecular weights (>50 000). Postma and coworkers [137, 161]
have provided evidence that the mechanism of formation is copolymerization of
the macromonomer formed by the propagating radical undergoing backbiting β-
scission (Scheme 3.12). The incidence of long-chain branching by this mechanism
was compared to that of short-chain branching (by backbiting followed by prop-
agation). Since β-scission competes with propagation the number of branches
per molecule is greater for high monomer conversions and for higher molecular
weights. Note that the proposed process does not depend on the RAFT mech-
anism and should complicate all radical polymerizations of acrylate monomers.
The process may also complicate the polymerizations of other monosubstituted
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monomers (e.g. VAc) but is likely to be less prevalent because other monomers
generally display a reduced propensity for backbiting β-scission.

3.4
Mechanisms for Rate Retardation/Inhibition – Outstanding Questions

From the above analysis of the mechanism and kinetics of the RAFT process in
both the pre- and main equilibrium, it has become clear that facets of the kinetics
and mechanism – particularly relating to rate retardation and inhibition effects
in dithiobenzoate-mediated RAFT processes – are not fully established and many
important questions remain unresolved. There is experimental and computational
(see Chapter 1) evidence to indicate that some of the issues are related to the
differences in reactivity between the initial ‘low mass’ and the polymeric RAFT
agent. The staggering complexity of the experimental observations and theoretical
calculations suggests that the RAFT process is probably not explicable via a simple
‘unified’ model. The reactions observed are dependent on the specific RAFT agent.
There are significant differences between the pre- and main equilibrium. The ini-
tiator and initiator-derived RAFT agents are important. The intermediate species
may undergo reactions other than fragmentation. It is likely that other hitherto
unknown mechanistic features of the RAFT process will need to be incorporated.
Indeed, the situation in 2006 has been found to be sufficiently complex that an
IUPAC task group was established to define the dilemma at hand [97]. Since then
some progress has been made in suggesting possible solutions to the outstanding
inconsistencies (including the idea that potentially generated three- and four-arm
star polymers are only intermediates themselves capable of reactivation by prop-
agating radicals; see section 3.3.2.6) as well as the emergence of novel ways to
probe the intermediate radical stability via pulsed laser experiments coupled with
ESR spectrometry [150] as well as the approach to reduce the complexity of the
RAFT system by a structural change leading to thiocarbonyl compounds whose
ability to control polymerizations has been tested [19–21]. However, the summary
conclusions drawn by the IUPAC task force for dithiobenzoate systems still hold
valid:

(a) A model featuring short-lived intermediate RAFT radicals in conjunction with
their irreversible intermediate termination is in agreement with the experimen-
tally determined equilibrium constant and with the observed steady state in the
main equilibrium; it provides a consistent kinetic picture for the main equilib-
rium. However, this model predicts concentrations of intermediate termination
products, which cannot be identified in correct quantities.

(b) The quantum-chemical calculations referred to in section 3.2.3.2 and Chapter 1
of this book, which are performed for small model species, as occurring in the
preequilibrium, predict a very high stability of the intermediate RAFT radicals
resulting in their slow fragmentation. However, the predicted extremely high
intermediate radical concentrations cannot be observed experimentally.
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(c) Mass spectrometric studies reveal the occurrence of intermediate termination
in model systems, indicating the possibility of cross- and self-termination in
dithiobenzoate-mediated polymerizations. In polymerizing systems, however,
the amount of intermediate termination products predicted from the model of
fast fragmentation in conjunction with cross-termination cannot be found (or
can only be found in insufficient quantities) by mass spectrometry.

The unresolved complexity of the RAFT processes, in particular dithiobenzoate-
mediated polymerizations, may seem a substantial disadvantage of the process
over others such as ATRP and NMP. However, the consequences of the variable
mechanistic underpinnings are of relatively low importance for the synthetically
working chemist, as will be highlighted in section 3.7. The resolutions of the
outstanding mechanistic questions, however, are of critical importance on a fun-
damental level as they touch upon more general questions of radical stability (‘how
stable can thiocarbonylthio derived radicals be?’) as well as to the accuracy of high-
level quantum chemical calculations (‘are quantum chemical calculations a true
replacement for experiment?’).

3.5
RAFT Copolymerization: Block and Statistical Copolymers

There are now numerous reports to show that the RAFT process is applicable to
statistical copolymerizations. In most copolymerizations, the monomers are con-
sumed at different rates dictated by the steric and electronic properties of the
reactants. Consequently, both the monomer feed and copolymer composition will
drift with conversion. Thus conventional copolymers are generally not homoge-
neous in composition at the molecular level. In RAFT polymerization processes,
where all chains grow throughout the polymerization, the composition drift is cap-
tured within the chain structure. All chains have similar composition and are called
gradient or tapered copolymers. Thus one difference between copolymers synthe-
sized by RAFT copolymerization and those synthesized by conventional radical
copolymerization is that copolymers formed by RAFT copolymerization are homo-
geneous gradient copolymers whereas those formed by the conventional process
are blends.

High conversion copolymers when formed in the presence of a RAFT agent
have the same overall composition and monomer sequence distribution as those
formed in the absence of a RAFT agent. Reactivity ratios appear unaffected by the
RAFT process. However, for very low conversions when the molecular weight of all
chains is low, copolymer composition may be slightly, yet significantly, different
for that seen in conventional copolymerization because of the specificity shown
in initiation by R and in capture of the propagating radicals by the RAFT agent.
The same phenomenon is observed in radical polymerization with conventional
chain transfer when molecular weights are low [162–164]. This means that the
usual methods for evaluation of reactivity ratios which require low conversions
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and do not take monomer usage during initiation into account are not directly
applicable to RAFT copolymerization. Modified equations which are suitable in
these circumstances have been reported [164].

In the CDB-mediated copolymerizations of MMA–styrene, MA–styrene and
MMA–BA, the polymer mole fraction of the monomer with the larger reactivity ra-
tio is increased compared to the conventional copolymerization [165]. Simulations
demonstrate that the RAFT process itself may alter the macroradical populations
and the copolymer composition.

Note that while RAFT and other chain transfer processes may affect the relative
concentration of the propagating species, this should not have a direct influence
on the copolymer composition [164].

A detailed study of the kinetics of RAFT copolymerization of styrene and MMA
with dithioacetate RAFT agents has been reported by Fukuda and coworkers [91].
Transfer constants at 40 ◦C were reported for the PMMA and polystyrene macro-
RAFT agents in polymerizations of MMA, styrene and the azeotropic copolymer-
ization of MMA and styrene. The data indicate that in styrene polymerization, 50%
conversion of the PMMA macro-RAFT agent is achieved at very low monomer
conversion (∼0.16%), while in MMA polymerization, the polystyrene macro-RAFT
agent is half consumed at a much higher conversion (∼57%). The results provide
further quantitative support to the observation that when preparing block copoly-
mers of methacrylates with styrene (and other monosubstituted monomers) it is
best to prepare the methacrylate block first.

The results also further understanding of the observation that copolymerizations
of monomers may be controlled even though homopolymerization of the same
monomer may be uncontrolled or poorly controlled by particular RAFT agents
[35]. Other examples of these phenomena are copolymerizations of the captoda-
tive monomer ethyl α-acetoxyacrylate with acrylic monomers (BA, acrylic acid
(AA), DMA, DMAEA) and a xanthate RAFT agent [166] (ethyl α-acetoxyacrylate
homopolymerization is not controlled with such RAFT agents), and the above-
mentioned copolymerizations of octadecyl acrylate and other acrylic monomers
with maleic anhydride or NVP with a trithiocarbonate RAFT agent (maleic an-
hydride does not readily homopolymerize and NVP homopolymerization is not
controlled with trithiocarbonates) [167].

While statistical copolymerizations are important examples for the application
of the RAFT process, its true strength – just as the strength of ATRP and NMP –
lies in the formation of block copolymer structures. In this chapter we will not
go into great detail into the various examples of block copolymers that have been
generated (please refer to Chapter 9), but we will briefly remark on the mechanistic
aspects underlying the correct monomer sequence that needs to be employed for
a successful block copolymer formation. The formation of macro-RAFT agents –
polymers with thiocarbonylthio end groups – as a result of a RAFT process is the
key to the successful formation of block copolymers. Two possible mechanisms
can be considered leading to block copolymers of varying chemical compositions:
(i) chain extension of a macro-RAFT agent using a monomer disparate from the
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original monomer and (ii) attachment of a RAFT agent via covalent linkage to a
polymer with functional end groups preferably to combine blocks prepared via
different polymerization techniques. In here, we will focus on the first approach
only, as the second approach will be discussed in Chapter 9.

The final product of the RAFT process is ideally a polymer chain carrying thiocar-
bonylthio end groups, the so-called macro-RAFT agent, which resembles the initial
RAFT agent with a polymeric leaving group. Employing such a macro-RAFT agent
in the polymerization of a new monomer results in chain extension, and hence the
formation of block copolymers. A crucial step for the successful formation of block
copolymers via this method is the evaluation of the stability of the corresponding
propagating macroradical associated with each block: Fragmentation of the RAFT
adduct radical in the block copolymer formation preequilibrium must be able to
proceed toward both sides forming either a macroradical based on the monomer
of the original macro-RAFT agent P(M1) or the macroradical based on the new
monomer P(M2). A preferred fragmentation toward the P(M1) macroradical is cru-
cial. Fragmentation of the radical intermediate generating P(M2) macroradicals
will only result in homopolymers. In general, methacrylate-type monomers should
always be prepared as the first block followed by chain extension with styrene or
acrylate-type monomers. Once the initial transfer from one macroradical to the
second macroradical has succeeded, the formation of well-defined block copoly-
mers structures will only be prevented by competing reaction such as unwanted
terminations and/or chain transfer reactions. The kinetic parameters that lead to
favorable conditions for well-defined block copolymer formation have recently been
explored in a simulation study [168]. For example, when the first dormant block
displays a (idealized) PDI of unity and the attacking propagating radical has a low
reactivity to the initial RAFT end group, the overall polydisperity index (PDI) will
be significantly greater than 1 and vary strongly with the weight fraction of each
block (Scheme 3.13).
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3.6
The Kinetics and Mechanism of Star and Graft Polymer Formation Processes

The possibility of forming complex macromolecular architectures via the RAFT
process is addressed in great detail in Chapter 9 and thus these findings will not
be reiterated here in great detail. Yet, it seems apt in a kinetically oriented chapter
to briefly outline the key factors leading to well-defined star polymers. In principle,
there exist two design options in the construction of complex macromolecules via
the RAFT process in which part of the thiocarbonylthio compound is to be linked
to the scaffold that will serve as the core of the architecture. The question of which
linking strategy should be followed is not trivial and must be considered carefully.

Two key approaches exist: In the Z-group approach [169], the RAFT agent
stays permanently tethered to the scaffold structure (unless hydrolysis reactions
interfere) and consequently the core will not carry any propagating radical func-
tions. Propagation occurs exclusively in the solution surrounding the core. In
contrast, an R-group approach implies that the dithioester moiety leaves the core
structure and mediates the polymerization detached from the core, while the core
itself becomes a radical. As a consequence, the core can undergo coupling reac-
tions and this may in turn prevent the formation of well-defined macromolecular
material. At a first inspection, it may thus seem clear that a Z-group architecture
is always to be preferred over an R-group approach as it avoids the formation of
higher-order coupling products. To some extent, such an observation is correct as
the Z-group approach offers the in-principle opportunity of generating extremely
pure star polymer products up to high monomer to polymer conversions without
the added complexity of cross-coupling reactions. A deeper theoretical analysis of
the difference between R- and Z-group approach architectures, however, reveals
that under certain circumstances the R-group approach is excellently suited for the
generation of very well defined star polymer material that contains virtually no side
products in the form of higher-order couples and/or linear chain contaminants.
It is paramount for the synthetic polymer chemist to have sound guiding princi-
ples that allow for rational decisions regarding which design approach (i.e. Z vs
R) is preferred for a given monomer and set of reaction conditions. Recently, an
approach has been developed for a modeling procedure making use of a combi-
nation of the PREDICI® software package and a probability method to construct
star polymer molecular weight distributions from the chain length distributions of
individual star polymer arms [170]. Subsequently, this methodology was employed
in a combined experimental and modeling study to arrive at a set of design criteria
that should be followed to obtain well-defined star polymers when using R-group
approach polymerizations [171] (Scheme 3.14).

Four key factors can be identified that determine the success of the polymeriza-
tion process in terms of arriving at a large fraction of well-defined star polymer:

Minimal linear chain contaminants: Linear contaminants can be minimized by em-
ploying a monomer with a high propagation rate coefficient while at the same
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time having a low rate of primary radical delivery into the system. However,
having excessively high propagation rate coefficients may lead to an irregular
activation of the RAFT groups contained on the initial multifunctional RAFT
agent.

Minimization of star–star coupling reactions: Star–star coupling is a bimolecular rad-
ical termination event and its minimization can be achieved by (a) minimizing
the number of radicals introduced into the polymerization system to achieve a
given conversion after a given time (as determined by the primary radical de-
livery rate and the magnitude of the propagation rate coefficient). (b) Further,
star–star coupling reactions may be minimized by a reduction of the propagating
radical concentration in the RAFT polymerization via the formation of relatively
stable intermediate RAFT radicals. The conversion of propagating radicals into
intermediate (or adduct) RAFT radicals which may serve as a radical storage
reservoir and undergo bimolecular radical terminations to a lesser extent (pos-
sibly due to steric shielding of the radical center) can offer protection to the
propagating radicals from termination events, thus minimizing the amount of
higher-order couples. (c) In addition, an effective reduction in the amount of
star–star coupling can be achieved by a reduction of the number of arms that
a multifunctional R-group approach RAFT agent carries. Such a reduction in
the number of star–star couples via a reduction in the number of arms can be
understood in terms of there being a fixed probability of one (propagating rad-
ical) arm forming a star–star couple. Thus, a reduction in the number of arms
proportionally lowers the amount of star–star coupling events.

The above R-group approach guidelines have generally been found to hold true for
a wide range of architectural designs and monomer systems. For selected examples
demonstrating the abilities of the above kinetic guidelines to arrive at well-defined
star polymer structures, the reader is referred to Chapter 9.

The situation in the case of the Z-group approach polymerization should –
in principle – be simpler: Z-group approach polymerization should (provided
monomer-induced site reactions such as branching do not interfere) exclusively
yield well-defined and unimodal molecular weight distributions. However, in the
case of the Z-group approach, the RAFT group is permanently bonded directly to
the core (or polymer backbone), while the growing macroradicals are detached. To
undergo transfer to the RAFT agent, the radical has to reach the RAFT functionality
close to the core. With increasing conversion and therefore increasing length of the
(star) arms an effective chain equilibration is increasingly more hindered due to the
shielding effects of the polymer arms. Under certain conditions the propagating
macroradical will rather terminate with another radical – instead of reacting with
the RAFT agent – to generate a dead polymer. As a consequence, the molecular
weight may deviate from the theoretical values as calculated from monomer con-
version. Although the molecular weight development does not necessarily follow
the theoretical values in the system with the core/backbone in the Z group, the
RAFT polymerization often leads to unimodal molecular weight distributions and
therefore – at least in theory – to a better-defined polymer. Termination reactions
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in such systems become less pronounced in core structures that feature a lower
arm density. Here, less steric hindrance occurs and the RAFT process is less influ-
enced by the growing arm size resulting in products following the molecular weight
evolution predicted from the conversion and monomer–RAFT agent concentration
ratio.

3.7
Mechanism and Kinetics as a Guide for the Synthetic Polymer Chemist

The synthetic polymer chemist is confronted with a seemingly complex mechanistic
scenario that governs the RAFT process and the correct choice of RAFT agent for the
monomer to be polymerized seems often daunting. However, it is very important
to note that the RAFT process is arguably the most versatile of the living/controlled
radical polymerization processes with regard to the monomer functionalities that
are tolerated. Despite the fact that much attention has been drawn to the observation
that a few RAFT-mediated polymerizations are strongly rate retarded, can display
variable inhibition periods and may be subject to other kinetic anomalies, it is
important to reiterate the comment that was made at the beginning of this chapter.
Conceptually, the RAFT mechanism possesses no inherent rate retardation or
inhibition phenomena. Thus, the RAFT process has the critical advantage, that it
proceeds at a rate identical to that of a conventional radical polymerization, with
the only difference being a possible mitigation of the gel or Tromsdorf effect.

As a ‘fast guide’ it seems apt to summarize a few key guidelines to enable the
synthetic polymer chemist to carry out a straightforward polymerization leading to
a desired polymeric product with the minimum of fuss (i.e. by avoiding complex
reaction kinetics).

(a) The R group of the initial RAFT agent should be chosen such that R is a
similar or better homolytic leaving group than the propagating radical. Thus, a
tertiary propagating radical should be polymerized with a RAFT agent carrying
a tertiary leaving group. In the case of acrylates the R group might be chosen to
be a unimer of the propagating radical e.g., MA (i.e. methyl acrylate mediated
by methoxycarbonylethyl phenyldithioacetate).

(b) The Z group should be chosen such that it does not ‘more than necessary’
stabilize the intermediate radical. ‘Necessary’ in this context means that the
intermediate radical must be stable enough to allow for a high rate of addition
of the propagating radical to the initial RAFT agent, so that the ratio between the
addition rate coefficient and the propagation rate coefficient is high in order to
avoid hybrid behavior [54]. For example, MMA polymerization cannot effectively
be mediated with CPDA. If the stabilizing effect on the Z group is too great (e.g.
when attempting to mediate VAc polymerization with CDB), large inhibition
periods ensue due to highly stable adduct radicals that are prone – already in
the preequilibrium – to undergo cross-termination reaction with propagating
radicals.
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(c) The ratio of initiator to initial RAFT agent should be kept as low as possible while
still allowing for an adequate rate of polymerization. The yield of termination
products approximates the amount of initiator decomposed.

While a wide variety of RAFT agents have been made featuring variable Z and
R groups, it is important to point out that in principle it should be possible to
control polymerization of all monomers using just two RAFT agent structures
(e.g. a cyanoisopropyl dithiobenzoate for styrenics, acrylates, methacrylates, acry-
lamides) and a xanthate or dithiocarbamate (e.g. O-ethyl-S-cyanomethyl xanthate)
for VAc, NVP and similar monomers [35]. Moreover, if recent theoretical predic-
tions prove correct and synthetic challenges are overcome, there is a prospect of
controlling polymerization of all monomers with a single RAFT agent with Z = F
(e.g. cyanoisopropyl fluorodithioformate) [172, 173].

Acknowledgements

Some sections of this review where indicated are adapted with permission from
the reviews of Moad, Rizzardo and Thang [35, 36] first published in the Australian
Journal of Chemistry ľ 2005, 2006 CSIRO or Moad and Solomon The Chemistry of
Radical Polymerization [34] ľ 2006 Elsevier.

Abbreviations

AIBN 2,2′-Azobis(isobutyronitrile)
BA Butyl acrylate
B3-LYP Becke 3-parameter (exchange), Lee, Yang and Parr
CDB Cumyl dithiobenzoate
CPDA Cumyl phenyl dithioacetate
DFT Density functional theory
DMA Dimethyl acrylamide
DMAEA Dimethylaminoethyl acrylate
ESI Electrospray ionization
ESR Electron spin resonance
GPC Gel permeation chromatography
IRC Intrinsic reaction coordinate
LC-CC Liquid chromatography at the critical point of adsorption
M Monomer
MA Methyl acrylate
MALDI Matrix-assisted laser desorption and ionization
MMA Methyl methacrylate
MS Mass spectrometry
NMP Nitroxide-mediated polymerization
NMR Nuclear magnetic resonance
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NVP N-Vinylpyrrolidone
Ph Phenyl
PREDICI Polyreaction Distributions by Countable System

Integration
SEC Size exclusion chromatography
T RAFT agent
tBA tert-Butyl acrylate
UV Ultraviolet
VAc Vinyl acetate
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4
The RAFT Process as a Kinetic Tool: Accessing
Fundamental Parameters of Free Radical Polymerization

Thomas Junkers, Tara M. Lovestead, and Christopher Barner-Kowollik

4.1
Introduction

Living/controlled free radical polymerization (LFRP) techniques such as
nitroxide-mediated polymerization, atom transfer polymerization and reversible
addition–fragmentation chain transfer (RAFT) polymerization gave rise to new
designs and syntheses of well-defined materials with respect to size, shape, poly-
dispersity and functionality. For example, macromolecular architectures such as
stars, combs, block copolymers, core–shell nanoparticles and branched structures
have become feasible [1–15], rendering these materials ideal for applications in bio-
materials (e.g. drug delivery devices and diagnostic nanoparticles) and molecular
electronics [1, 8, 16–19].

The reason why LFRPs give access to such a vast number of highly spe-
cific microstructure is that they yield materials with high-functionality and low-
polydispersity indices, PDI, as all radical chains nearly grow uniformly with in-
creasing monomer consumption, i.e. polymerization time (see equation 4.1). Ide-
ally, the chain length i depends solely on the fraction of monomer consumed, c0

M X
(where X denotes monomer conversion and c0

M the initial monomer concentration)
and c0

LFRP, which is the concentration of the mediating agent before the reaction
commenced, that is at t = 0 [1, 5–7, 20–24].

i (t) = c0
M X(t)

c0
LFRP

+ 1 (4.1)

This feature is utilized in many ways for synthetic purposes because the chain length
of the polymer product can be conveniently tuned – widely independent from the
outer reaction conditions – simply by changing the monomer and mediating agent
concentrations. Less realized is, however, that the correlation of equation 4.1 can
also be a powerful tool in the hands of a physical chemist for the very same reason:
it gives easy access to reactions and kinetic information of radicals with known,
and moreover, adjustable size.
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All LFRP techniques can be categorized with respect to the underlying mech-
anism involved to achieve close-to living conditions in a radical process; most
techniques are of the kind in which termination of two radicals is avoided by
largely reducing the free radical concentration. RAFT, in contrast, is different in
that the RAFT-specific equilibria (see Chapter 3) governing the process do not
change the radical concentration nor have, at least under ideal conditions, any in-
fluence on the rate of polymerization [25–31]. Thus, RAFT chemistry offers the
advantage (provided that the initial RAFT agent is chosen judiciously) of nominal
impact on the radical concentration and, concomitantly, the propagation and termi-
nation rates [25, 32]. This attribute is unique to RAFT, rendering it an ideal method
for aiding current experimental techniques and developing novel techniques for
ascertaining the chain length dependence of free radical polymerization (FRP)
rate coefficients, especially for the chain-length-dependent termination (CLD-T)
reaction.

Scheme 4.1 presents a typical RAFT-mediated FRP mechanism. Reaction I entails
a two-step initiation mechanism, where the generation of initiating radicals, I• (Ia),
depends on the rate coefficient kd and on the initiator efficiency f . Additionally,
the first addition of a monomer unit to form P1• (Ib) depends on the initiation
rate coefficient ki. Reactions II and IV are unique to RAFT polymerizations and
represent the preequilibrium, where the initial RAFT agent is transformed into
macro-RAFT agent, and the core equilibrium, where the poly-RAFT species grows
uniformly with monomer to polymer conversion. The preequilibrium also entails
monomer addition to the RAFT agent-derived radicals, R•, which proceeds with a
rate coefficient kp,rein. The preequilibrium and the core equilibrium are governed
by the magnitude of the individual addition and fragmentation rate coefficients
kadd and kfrag. Reactions III and V represent the conventional FRP propagation and
termination reactions, respectively; however, only termination by combination is
assumed in the present scheme. Depending on the type of monomer, the reaction
scheme would need to be extended for termination by disproportionation. Both
reactions are usually considered to be chain length dependent, while the degree
of this dependence is smaller for the propagation reaction. Because termination is
a bimolecular reaction, its rate coefficient depends on the length of both radicals;
however, in an effectively functioning RAFT process both radicals are of almost
the same size (i ≈ j). Additional reactions such as termination of the intermediate
radicals (2, 4) could potentially occur. For a more in-depth analysis of the kinetics
and mechanism of the RAFT process, the reader is referred to Chapter 3, where
the underpinning complexities of the RAFT processes are discussed in detail. It is
important for the purpose of employing the RAFT process as a kinetic tool that it
functions ideally, i.e. that the often discussed (yet relatively rare) inhibition and/or
rate retardation phenomena are absent [25]. In particular, it must be ensured that
the intermediate RAFT radicals in the pre- and main equilibrium are fragmenting
rapidly and do not undergo bimolecular termination reactions with themselves or
propagating macroradicals as such reactions would provide an additional radical
loss pathway in competition to conventional bimolecular termination. It can also
not be stated enough that in an ideal RAFT process, the rate of termination is
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Scheme 4.1 Reaction scheme for the RAFT process. Note that in an
effectively working RAFT process, i ≈ j.

not reduced compared to conventional FRP, although this notion is sometimes
propagated in the literature.

4.2
Chain-Length-Dependent Termination: A Brief Overview

Several decades of research have been aimed at improving the understanding of the
termination processes – arguably the single most complex reaction in chemistry –
in FRPs [33–40]. While, initially, the termination reaction may appear to be a sim-
ple bimolecular reaction between two highly reactive radical species, the scientific
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Scheme 4.2 The complex multistep diffusion-controlled termination process during FRPs.

community has produced many reviews that focus solely on FRP termination
processes and the variety of methods that allow for its quantification [37]. The
termination process is inherently complex to characterize because it is a multi-
step diffusion-controlled event that requires translational diffusion of the center of
masses of large macroradicals and subsequent segmental rearrangement of their
chain ends before chemical reaction can occur (see Scheme 4.2) [41–55]. Addition-
ally, so-called reaction diffusion, which means the approach of two radical sites via
chain growth toward each other, was shown to contribute to the termination rate
[56, 57]. Thus, the termination rate coefficient depends on all factors that influence
the mobility of the radical chain, e.g. viscosity, monomer to polymer conversion,
temperature, pressure, solvent concentration and degree of polymerization to name
only a few. One of the most difficult, because only indirectly accessible, and hence
one of the least understood – at least until recently – aspects of the diffusion-
controlled nature of the termination reaction is the termination rate coefficient’s,
kt, dependence on the terminating radicals’ chain length.

Frequently, bimolecular termination, pseudo-steady-state radical concentration
and termination kinetics that are independent of kinetic chain length (or initiation
rate) are assumed in the kinetic equations describing radical polymerizations [54,
58–60]. When utilized together, these assumptions predict that the polymerization
rate increases with the square root of the initiation rate (equation 4.2),

Rp = kp√
2kt

cM R1/2
i (4.2)

where Ri is the initiation rate, kp is the propagation rate coefficient and kt is the
termination rate coefficient. This relationship represents the classical kinetic rela-
tionship; however, equation 4.2 incorrectly predicts most polymerization behavior.

Often, equation 4.2 fails to predict experimental behavior because, in its current
form, CLD-T is not accounted for. By including CLD-T, radicals diffuse and termi-
nate according to their length, i.e. shorter chain radicals more readily diffuse and
terminate than longer, bulkier chains. Thus, the termination rate, i.e. the termina-
tion rate coefficient, is averaged over the entire distribution of chains. Monomers
that exhibit CLD-T kinetics have an average termination rate coefficient, kavg

t , that
depends on the molecular weight distribution (MWD), and thus any cure condition
that impacts the MWD [34, 41, 42, 50, 58, 60–72]. For example, increasing the
initiation rate will shift the MWD toward shorter average kinetic chain lengths,
and thus when CLD-T is important, the average termination rate will also increase,
resulting in a less than classically expected increase in the polymerization rate,
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i.e. Rp ∝ Rα
i , where α < 1/2. In principle, a discrete termination rate coefficient

exists for each radical chain length combination. However, a continuous function
can be assumed to express the dependency, and a power law dependency of kt on
radical chain length has shown to yield a reasonable description on the basis of an
exponent α:

ki, j
t = k1,1i, j−α/2

t = k1,1
t i−α when i = j (4.3)

It should be noted that equation 4.3 is based on the so-called geometric mean
model to account for reactions between different chain lengths and other forms of
the equation may be used when other weightings are assumed, such as the diffusion
or the harmonic mean model [40, 72, 73]. The drawback of the above equation is
that the power law is – while in principle having a physical background – somehow
arbitrary in that the diffusion mechanism may change during chain growth and
thus may involve a change in the exponent α. To account for such variation, a
so-called composite model was introduced by Russell and Smith [55] on the basis
of earlier experimental data compilations [74], in which α adopts different values
for the short- and the long-chain regime. Therefore, the chain length axis is divided
by the so-called critical chain length ic. When the chain length i (and j, respectively)
is less than ic, equation 4.3 is applied where α is a short-chain-regime-specific
constant. For larger chain length, kt is given by

ki,i
t = k1,1

t i−αs +αl
c i−αl (4.4)

whereby αs denotes the short-chain exponent and αl the long-chain exponent.
Within the composite model, αs = 0.5 and αl = 0.16 have been proposed (for
dilute solution). The value of 0.5 is based on theoretical predictions [75, 76] and on
measurements of (center-of-mass) diffusion coefficients of smaller molecules of
various sizes [77]. The value of 0.16 originates from theoretical predictions carried
out by Khokhlov [78] and by O’Shaughnessy and coworkers [79, 80] based on the
dynamics of macromolecular coils. Although the αs value was recently verified by
experiments [81–83], the value is still the topic of discussion and may be different
for different monomers. The αl value has been confirmed in several experiments
at least for styrene and methyl methacrylate [60, 71, 81, 84–87] and can be regarded
as a good approximation for the long-chain regime in the case of macromolecular
coils in which the radical center is located on the terminal chain unit.

4.3
RAFT Chemistry as a Tool for Elucidating the Chain Length Dependence of kt

Numerous techniques have been developed to quantify the extent that the termi-
nation rate coefficient depends on the radical chain length. Characterization of the
termination rate coefficient’s dependence on chain length is complex as is evident
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from the development of almost as many techniques to measure the conversion
and chain length dependence of kt as there are research groups working in the field
[33, 37]. However, most of these techniques make use of pulsed-laser polymeriza-
tion, or in its somewhat older form of the rotating sector method. Both methods
provide instationary reaction conditions and allow for a situation where the chain
length is to some extent controlled by the frequency of laser pulsing (or dark time
period in the rotating sector, respectively) giving access to chain-length-dependent
rate coefficients.

Among the various techniques, two promising methods have been developed
that exploit RAFT FRP as a tool for determining kt as a function of polymerization
time (i.e. as a function of radical chain length, ki,i

t , where i is the radical chain
length, as given in equation 4.1): the (stationary) RAFT chain-length-dependent
termination (RAFT-CLD-T) technique [88–93] introduced by Barner-Kowollik and
coworkers, and the (instationary) single pulse–pulsed-laser polymerization–RAFT
(SP–PLP–RAFT) procedure developed later by Buback et al. [94, 95]. Once again,
while all LFRP techniques can yield polymer materials with narrow polydispersity,
the RAFT FRP technique adds the advantage that the radical concentration and,
concomitantly, the propagation and termination rates are impacted nominally [25,
32], hence allowing for the determination of ki,i

t by determining kt(X), which is
much simpler to do.

In here, the RAFT-CLD-T method is described in detail, followed by a thorough
discussion of the SP–PLP–RAFT technique and the implications on the RAFT
equilibrium caused by laser pulsing, as well as a section that compares and contrasts
the advantages and disadvantages of each technique.

4.3.1
The RAFT-CLD-T Technique

The RAFT-CLD-T technique is based on the direct and experimentally nondemand-
ing measurement of the polymerization rate as a function of time, Rp(t) (equation
4.5). Thus, the RAFT-CLD-T characterizes the chain length dependence of kt via a
stationary technique that is experimentally very simple.

Rp(t) = −d [M]

dt
= kp[M][P•] (4.5)

The polymerization rate is related to the termination rate coefficient via equation
4.6, which indicates that the radical concentration at any point in time depends on
the initiation rate Ri minus the termination rate Rt [48].

d [P•]
dt

= 2 f kd[I ] − 2kt[P•]2 (4.6)

The factor of 2 is necessary because initiator decomposition results in two initiating
fragments. Solving equation 4.6 for kt provides the termination rate coefficient
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averaged as a function of time (equation 4.7; note that
∫ t

0 RP(t) dt = cM), when the
initiator decomposition rate coefficient, the propagation rate coefficient as well as
the initiator efficiency are available [92, 96].

〈kt〉 (t) = 2 f kd[I ]0 e−kdt −
d

(
Rp(t)

/
kp

(
[M]0−

t∫
0

Rp(t) dt

))

dt

2


 Rp(t)

kp

(
[M]0−

t∫
0

Rp(t) dt

)



2 (4.7)

Additionally, highly reactive radicals may undergo chain transfer to the polymer
backbone forming midchain radicals. Midchain radicals display a lower reactivity
toward monomer addition, leading to an apparent propagation rate coefficient k∗

p

(equation 4.8) that can be expressed on the basis of a virtual monomer reaction
order, ω, that is empirically found to be greater than unity [90, 95, 97, 98].

k∗
p = kp(1 − X)ω−1 (4.8)

Equation 4.8 leaves a virtually conversion-dependent propagation rate coefficient.
Such conversion dependency is taken into account as the probability to form mid-
chain radicals is greatly enhanced with increasing polymer content due to the
increase in intermolecular chain transfer reactions. Indeed, an increase in mid-
chain radicals with conversion in acrylate polymerization has been observed by
electron spin resonance (ESR) spectroscopy [99–101].

Equation 4.9 depicts the important components from the classical polymerization
rate equation that are necessary to evaluate the relationship between the polymer-
ization rate, the initiator and monomer concentrations and the termination rate
coefficient when the assumption of a steady-state radical concentration is made.
The virtual monomer reaction order can be determined by measuring the rate of
polymerization, Rp(t), for varying monomer concentrations up to high conversions
and plotting log(Rp(t)) – log([I]0.5) vs log([M]) [90]. The slope of the resulting graph
is the virtual monomer reaction order, which then translates directly to k∗

p using
equation 4.8 [90, 102].

Rp ≈ [M]ω
(

[I]

ki,i
t

)0.5

(4.9)

log(Rp) − log([I]0.5) − log(iα/2) = ω log([M]) (4.10)

Equation 4.6 makes no assumption of a steady-state radical concentration. The
RAFT-CLD-T method is versatile not only because it is experimentally easy to access
the polymerization rate, but also because it affords the ability to control the chain
length distribution as a function of time and monomer conversion, even though
reliable values for 〈kt〉(t) are accessible only when all of the parameters in equation
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4.7 are known. The initial monomer, initiator and RAFT agent concentrations are
accessible to a high degree of accuracy via measuring the density of the polymeriza-
tion mixture at the reaction temperature. Additionally, the initiator decomposition
rate, kd, for the initiator 2,2′-azobisbutyronitrile (ABIN) is measured with relative
ease and good accuracy using UV/Vis spectrometry [90, 103]. More difficult to
obtain is an accurate initiator efficiency f , a crucial parameter that can affect the
absolute value of 〈kt〉(t) as well as the shape of the 〈kt〉(t) curve since f is a function
of viscosity, and thus often of monomer conversion, f (X); however, the problem of
knowing f (X) can be avoided by restricting the analysis to low conversions where
a constant value might be assumed to good accuracy. A reliable propagation rate
coefficient, kp, can be obtained with good accuracy (for true end-chain propagation)
using the IUPAC-recommended PLP–SEC (pulsed-laser polymerization–size ex-
clusion chromatography) method, and ω and, subsequently, k∗

p can be ascertained
using the procedure outlined in the previous paragraph [90, 102]. While the impact
of chain-length-dependent propagation (CLD-P) on the polymerization kinetics is
currently under investigation, the impact of CLD-P on the polymerization kinetics
is, for the most part, assumed to be nominal, at least in nonliving systems. It will,
however, be shown later that the RAFT process may also be used to assess detailed
information on CLD-P.

The unique attributes of RAFT-mediated FRP, i.e. a linear increase in the average
radical length (i), a nearly monodisperse radical chain length distribution (i ≈ j), and
nominal impact on the radical concentration and, concomitantly, the propagation
and termination rates [25, 32], allow for relating the chain-length-averaged kt directly
to the microscopic ki,i

t at any point in time. Equation 4.11 describes how the average
termination rate coefficient (equation 4.7) correlates with the microscopic CLD-T
kinetic coefficient ki, j

t [59, 68].

〈kt〉 =
∑n

i=1

∑n
j=1 ki, j

t [Pi ·][P j ·](∑n
i=1 [Pi ·]

)2 (4.11)

Here, the numerator is the total termination rate that takes into account a dif-
ferent kt possible for each combination of radical chains, n is the longest radical
chain length that undergoes termination and

∑n
i=1 [Pi ·] is the total radical concen-

tration. Even though a truly monodisperse distribution is impossible to achieve,
RAFT chemistry allows for a nearly monodisperse chain length distribution (i.e.
i ≈ j). It should further be noted that for a successful correlation of kt(X) with ki,i

t ,
no narrow radical distribution is required as long as the average Mn increases
with X as i does not necessarily needs to equal j but only needs to be equal
in average.

Equation 4.1 provides the theoretical kinetic chain length for a RAFT-mediated
FRP where c0

LFRP is the RAFT agent concentration at t = 0, i.e. c0
RAFT. However,

the kinetic chain length depends on the RAFT agent’s kinetic parameters (i.e. the
magnitude of the addition and fragmentation rate coefficients in the pre- and core
equilibrium), and thus equation 4.12 describes the chain length as a function of
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time more accurately in cases where the experimental evolution of molecular weight
does not follow the theoretical change with X .

s (t) = Mex
n

MMon
(4.12)

where Mex
n is the experimentally determined number-average molecular weight

and MMon is the molecular weight of the monomer species.
To summarize, the following procedure is used to determine the evolution of the

CLD-T rate coefficient ki,i
t , i.e. α:

1. Monitor the polymerization rate as a function of conversion/time for the reaction
mixture containing the RAFT agent, initiator and monomer.

2. Determine the MWDs as a function of conversion/time via gel permeation chro-
matography (based on size exclusion principles).

3. Construct a double-log plot of equation 4.3 and obtain a best fit to the slope.

It has been mentioned above that the RAFT-CLD-T method will not be applicable
if the lifetime of the intermediate RAFT radical is very long and/or this radical un-
dergoes significant side termination reactions. The effects of these two scenarios
on the RAFT-CLD-T method have been investigated by Theis et al. [88], conclusively
demonstrating that if slow fragmentation or intermediate radical termination oc-
cur, the RAFT-CLD-T method does not yield consistent results. The solid line in
Fig. 4.1 represents the resulting log ki,i

t vs log i plots for a fragmentation rate
coefficient kfrag = 1 × 105 s−1 (i.e. fast fragmentation, short intermediate radical
lifetime), whereby no rate retardation is observed.

Inspection of Fig. 4.1 clearly indicates that – irrespective of the initial RAFT agent
concentration – the given CLD-T rate coefficient ki,i

t is returned. The dotted line
results for a value of 1 × 102 s−1 for kfrag (slow fragmentation, longer interme-
diate radical lifetime, causing considerable rate retardation), which preferentially
manifests itself at high initial RAFT agent concentrations and in the initial period
of each polymerization. It is evident that the overestimation of the termination
level results from an additional – albeit reversible – radical loss pathway inducing
non-steady-state conditions. Rate retardation as an effect of cross-termination (see
dashed lines in Fig. 4.1) should appear preferentially at high initial RAFT agent
concentrations, but, in contrast to slow fragmentation, in the later stages of the
polymerization. Both effects – slow fragmentation and cross-termination – result
in a severe overestimation of the chain-length-dependent kt and give inconsistent
(i.e. nonmatching) data for the different RAFT agent concentrations.

Originally, the RAFT-CLD-T technique was exemplified on styrene [93] and was
later applied successfully to map the chain length dependence of kt for methyl acry-
late (MA) [91], butyl acrylate (BA) [95], dodecyl acrylate (DA) [90], methyl methacry-
late (MMA) [83] and vinyl acetate (VAc) [89]. Figure 4.2 shows an overview of
the obtained chain length dependencies via the RAFT-CLD-T method for various
monomers at 80◦C along with a structural image of the RAFT agent that was
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Fig. 4.1 Simulated log ki,i
t vs chain length i

plots obtained by analyzing the
time-dependent rate of polymerization data
by equation 4.1 for different RAFT reagent
concentrations at 60 ◦C. The graph depicts
the expected log ki,i

t vs log i plots under the
assumption of slow fragmentation (pre- and
main equilibrium) as well as
cross-termination. Further, a CLD-T rate

coefficient (ki,i
t = 109 L·mol−1 s−1·i−0.4)

and the average experimental determined
kadd of 1.4 × 106 L·mol−1·s−1 for the system
MA/MCEPDA was used. For a list of the
specific simulation parameters, the
reader is referred to Ref. [91]. Reproduced
from Ref. [91], with kind permission
from the American Chemical
Society.

employed in the measurement and the (independently determined) value of ω that
was used in the evaluation procedure. Figure 4.2 reveals that acrylates display signif-
icantly higher α values in the long-chain region (starting from approximately i > 10)
than MMA and, interestingly, VAc. Typically, α values for the acrylates range from
0.36 for MA to 0.22 for BA and 0.28 for DA. In the small-chain regime, α is increas-
ing with increasing chain length of the side chain from 0.36 in the case of MA to
1.2 in DA, which may be attributed to an increased shielding of the radical toward
other polymeric radical chains during the first few propagation steps. At longer
chain lengths, the α value of MA is significantly higher than the ones observed for
BA and DA, indicating a significantly different flexibility and coil structure of MA
compared to BA and DA. The relatively high average α values in acrylate systems
are in good agreement with earlier findings via SP–PLP (α(MA) = 0.32 [86] and
α(DA) = 0.4 [87]). In addition, the results are in excellent agreement with previous
data obtained using pulsed-laser polymerization by de Kock [104, 105] for MA and
BA, where a short-chain α values (i = 6–10) of 0.41 for MA and 0.80–0.85 for BA
as well as long-chain values (i = 50–100) of 0.35–0.36 for MA and 0.17–0.19 for BA
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were found. However, these former results display increased α values above unity
for medium chain lengths of i = 15–30, which may be a result of transfer reactions
being an aspect that was not considered by de Kock.

The overall higher level of α in acrylate systems may be attributed tentatively to
an increased presence of midchain radicals in acrylate polymerizations generated
via inter- and intramolecular chain transfer reactions [106]. Work of Friedman and
O’Shaughnessy suggests that such a concept may indeed be compatible with larger
α values [79, 80]. Thus, it is not surprising that the long-chain values obtained for
monomers with less reactive propagating radicals are significantly lower than those
observed for acrylates, with α for MMA reading 0.15, in excellent agreement with the
theoretical predictions made for systems where no midchain radicals are present.
Nevertheless, the short-chain regime also displays for these monomers larger α

values (in the vicinity of those observed for acrylates), indicating center-of-mass
diffusion to be the dominating process.

It is worthwhile to consider VAc separately from the other monomers. To our
knowledge, the RAFT-CLD-T method was the first method employed to deduce
CLD-T rate coefficients for this monomer. The VAc propagating radicals are highly
reactive and thus it would reasonable to assume a priori that backbiting reactions
(similar to those observed in acrylate systems) occur to a significant extent. Some-
what surprisingly, this is not the case for VAc, which shows a far decreased tendency
to undergo both inter- as well as intramolecular chain transfer reactions [107]. This
notion is underpinned by measurements of the monomer reaction order for VAc,
which lead to an ω of 1.17 (at 80◦C) [89], far lower than the ω values observed for the
homologous series of acrylates (ω ≈ 1.70 at 80◦C). Under such circumstances, it can
thus be expected that the chain length dependence of kt is more in line with those
determined for MMA and styrene. Inspection of the comparative Fig. 4.2 largely
confirms this notion: analysis of kt in the long-chain regime (the short-chain regime
is inaccessible due to hybrid behavior in the RAFT process and overlapping rate
retardation effects) returns α values close to 0.09.

4.3.1.1 The Termination Rate Coefficient as a Function of Chain Length
and Conversion
The RAFT-CLD-T methodology has also been extended to quantify the simultane-
ous conversion and chain length dependence of kt, i.e. kt(X , i), via constructing a
three-dimensional surface of kt as a function of both these variables for MA [88, 92],
MMA [108] and VAc [89]. Figure 4.3 shows a typical (X , i, kt) surface for an MA
polymerization at 80 ◦C using four RAFT agent concentrations [88, 92]. Specifically,
the kt values are plotted vs monomer conversion and chain length P, and are fitted
to a surface plot using arbitrary functions.

To examine Fig. 4.3 in more detail, slash graphs can be constructed for kt vs
either conversion or chain length for various (fixed) chain lengths or conversions,
respectively. For example, Fig. 4.4 shows the kt vs i data from Fig. 4.3 for four
different conversions. Figure 4.4 reveals that kt decreases more with chain length
at higher conversions.
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Fig. 4.3 Three-dimensional surface of the
termination rate coefficient for MA as a
function of both conversion and chain length
P at 80 ◦C. Four initial RAFT agent
concentrations (4.37 × 10−3, 1.27 × 10−2,
3.68 × 10−2 and 1.07 × 10−1 mol·L−1) were
employed using 3.0 × 10−3 mol·L−1 AIBN.
The kt (L · mol−1·s−1) values are plotted vs

monomer conversion and chain length P, and
are fitted to a surface plot using the
TableCurve® 3D software using a correlation
fit of r2 > 0.999 9992 with the lighter and
darker parts of the experimental data
indicating very minor deviations. Reproduced
from Ref. [88], with kind permission from the
American Chemical Society.
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4.3.1.2 RAFT Chemistry as a Tool for ki, j
t Elucidation

The success of the RAFT-CLD-T method for elucidation of the chain length depen-
dence of kt led to investigating the RAFT-mediated FRP as a tool for obtaining the
termination rate coefficient for disparate length radicals, where s and l are arbitrary
chain lengths that differ in magnitude. Modeling is a useful tool for developing new
techniques, and thus was used to demonstrate that reliable information about ki, j

t

can be obtained from direct measurement of the polymerization rate [35, 96]. To the
best of our knowledge, this method and analytical approach is the first thorough
analysis of a method and procedure that quantifies ks ,l

t . de Kock et al. proposed
a similar method that uses PLP rather than RAFT – the ‘TR-echo-PLP’ method;
however, they offered no theoretical or experimental justification [66].

The method is based on the original RAFT-CLD-T method, which was modified
for the parallel polymerization of two RAFT species of disparate average chain
length, s and l. To quantify ks ,l

t , two distributions of disparate average chain lengths
are generated via accounting for two complete RAFT FRPs (see Scheme 4.1). Within
a given RAFT distribution, the individual chain lengths are denoted i and j and are
assumed to be of approximately equal length; however, chains belonging to differ-
ent distributions (denoted s and l for the average of the ‘short-’ and ‘long-’chain
distributions) can have different average chain lengths. To distinguish between
termination events taking place between chains of approximately identical size (ss
or ll) and those of disparate size (sl and ls), we denote the extent of similar size ter-
mination (within macroradicals associated with the same polyRAFT distribution)
αs,s (or αl,l or simply α) and the extent of disparate size termination (within macro-
radicals associated with different polyRAFT distributions) ϕs,l (or ϕl,s or simply ϕ).
Initiation, propagation, macro-RAFT agent and poly-RAFT species generation, as
well as termination occur for each distribution. In addition, the ‘long’ (l) or ‘short’
(s) chain poly-RAFT species and reactive radical, respectively, can enter the core
equilibrium and/or terminate according to the reactions presented in Scheme 4.3.

This methodology was first tested using the model monomer system, styrene,
because it has been modeled extensively and its rate coefficients and material
properties are readily available in the literature. The material properties, kinetic pa-
rameters and rate coefficients for the RAFT-mediated FRP of styrene using AIBN as
the initiator at 80◦C are utilized. The rate coefficients for initiator decompositions,
kd [109], and propagation, kp [110], are available from the literature. An estimation
of the initiator efficiency f [111] for AIBN has also been detailed. Values for the
addition and fragmentation rate coefficients kadd and kfrag [32] are more difficult
to assess; however, when the RAFT agent does not induce significant rate retar-
dation and inhibition phenomena (such as cumyl phenyl dithioacetate in styrene
polymerization), it can be assumed safely that fragmentation is a fast process. For
this work, a fragmentation rate coefficient of 105 s−1 was employed as done before
in the context of the RAFT-CLD-T method. Additionally, the rate coefficients for
initiation and for monomer addition to the RAFT agent-derived radical, R•, kp,rein,
do not impact the model output as long as they are selected to be greater than kp.
All parameters used in the kinetic model are listed in Table 4.1.

To develop a simulation that provides insight into termination kinetics between
disparate length radical chains, the program package PREDICI® can be utilized
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disparate distributions of radical chains generated via RAFT-mediated
FRP.

[112]. A RAFT-mediated FRP is simulated until its poly-RAFT species has achieved
a certain preset chain length. Subsequently, a function is used to add initiator and
RAFT agent to generate the second, ‘short’, poly-RAFT species mid-simulation.
Thus, t = 0 in Fig. 4.5 effectively corresponds to t = 620 s simulation time, i.e.
the time necessary to generate a poly-RAFT species having an average length l
equal to 43. The latter times presented in Fig. 4.5 are 620 s less than the total
simulation time. After the ‘long’ poly-RAFT species is generated, a second RAFT
agent is administered and two distributions of poly-RAFT species coexist. Figure 4.5
illustrates the simultaneous growth of two poly-RAFT species of disparate average
chain and that the long- and short-chain length distributions continue to shift
toward higher degrees of polymerization with increasing polymerization time.

The average chain length of the poly-RAFT species, and concomitantly the av-
erage chain length of the propagating radical distribution, s or l, is assumed to be
equal to the ratio of the first moment to the zeroth moment of the MWD of the
poly-RAFT species. Figure 4.6 illustrates the average chain length of each distribu-
tion (s and l) from Fig. 4.5 as a function of double bond conversion. Initially, only
the long distribution is present and thus its average chain length increases. At 20%
conversion, the second RAFT agent is added and the average of both distributions
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Fig. 4.5 Simulated (radical) MWD evolution
of the two RAFT species having an initial
average chain length l equal to 43 (—) and 0
(. . .) is presented at t = 0, 1880 and 3860 s.
The rate coefficients and other parameters
relevant for the simulation are collated in
Table 4.1. The simulation has been
parameterized on the example of a styrene
bulk polymerization at 80 ◦C. All ϕ input

values, ϕs,s (and ϕl,l) or ϕs,l, are set to 0.16
and the geometric mean is used (see
equation 4.3 for a definition of the geometric
mean). Note that the concentrations of the
individual radical distributions associated
with each poly-RAFT distribution are
identical. Reproduced from Ref. [35], with
kind permission from the American Chemical
Society.

increases albeit the long distribution’s average chain length increases more slowly
than prior to the addition of the second RAFT agent, as is evident from the change
in slope (see Fig. 4.5).

RAFT agents are administered at preselected time points solely to generate dis-
parate length chains as SEC differentiates chains based only on their size, i.e.
molecular weight. However, the model keeps track of each corresponding poly-
RAFT species separately and the core equilibrium reaction (Ic) mixes the chains
generated at early time points with the shorter, younger chains. Even though

Table 4.1 Input parameters used for the kinetic modeling of the
RAFT-mediated free radical bulk polymerization of styrene at 80 ◦Ca

kd (s−1) [109] kp [110] f [111] kadd [32] kfrag(s−1) [32] kt0

1.36 × 10−4 663 0.713 5.0 × 105 1.0 × 105 1.0 × 107

ki kp,rein [I]0 [RAFT]0 [Sty]0 [32] T (◦C)

ki ≥ kp kp,rein ≥ kp 2.0 × 10−2 4.0 × 10−2 8.73 80

aAll rate coefficients are given in L·mol−1·s−1 and all concentrations are given in mol·L−1 unless
otherwise indicated.
Sty = styrene.
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Fig. 4.6 The average chain length of the
prepolymerized poly-RAFT species (l, —) and
of the poly-RAFT species that is initiated at
t = 620 s (s, . . .) as a function of conversion
is presented as predicted via simulation at
80 ◦C. All ϕ and α input values are set to 0.16
and the geometric mean is used (see

equation 4.3 for a definition of the geometric
mean). The rate coefficients and other
parameters relevant for the simulation are
collated in Table 4.1. Reproduced from Ref.
[35], with kind permission from the American
Chemical Society.

disparate distributions of chain lengths are generated, for ease of data presen-
tation and due to the PREDICI internal data output structure, all simulations are
conducted without accounting for the core equilibrium reaction (Ic) in Scheme 4.3.
This simplification does not impact the predicted reaction kinetics and/or kinetic
chain lengths and allows for MWD predictions analogous to that provided by an
SEC experiment.

Accounting for the termination event between propagating radicals from distri-
butions of disparate average chain length requires modification of equation 4.11.
Assuming that the two distributions are represented adequately by their respective
average chain length, equation 4.13 provides the relationship for the average ter-
mination kinetic coefficient and the termination kinetic coefficients for two ‘short’
chains, ks ,s

t , two ‘long’ chains, kl ,l
t , and one ‘short’ and one ‘long’ chain, ks ,l

t .

〈kt〉 = ks ,s
t [Ps •]2 + 2ks ,l

t [Ps •][Pl •] + kl ,l
t [Pl •]2

([Ps •] + [Pl •])2
(4.13)

Here [Ps•] and [Pl•] are the concentration of short and long radical chains, re-
spectively. When equal concentrations of reacting species exist (i.e. [Ps•] = [Pl•]),
equation 4.13 simplifies to the following:

〈kt〉 = 1

4
ks ,s

t + 1

2
ks ,l

t + 1

4
kl ,l

t (4.14)
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Equal concentrations of reacting species are achieved by employing equal concen-
trations of RAFT agent (for the poly-RAFT and initial RAFT species), resulting in
a simple relationship for the dependence of ks ,l

t on the average termination rate
coefficient and the termination kinetic coefficients for equal length radical chains
(equation 4.15). While this assumption may seem counterintuitive because CLD-T
involves small radicals terminating faster than long radicals, which should lead to
concentration differences between poly-RAFT species with disparate average chain
lengths, the RAFT polymerization is a steady-state process and terminating radicals
are replaced by newly generated radicals. Thus, as long as there is initiator present
in the reacting system, each population of poly-RAFT species remains constant.

ks ,l
t = 2〈kt〉 − 1

2
ks ,s

t − 1

2
kl ,l

t (4.15)

Figure 4.7 illustrates equation 4.15: that is, how the average termination rate coef-
ficient 〈kt〉 (deduced from equation 4.5 from the rate of polymerization data; Fig.
4.7a) and ks ,s

t (deduced from prior knowledge of the extent to which similar size
radical chains terminate, αs,s, and thus αl,l; Fig. 4.7b) combine to provide the termi-
nation rate coefficient for disparate length radicals, ks ,l

t (Fig. 4.7c). The simulation
conditions presented here are identical to those employed in Fig. 4.5.
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Fig. 4.7 A log plot of the average termination
kinetic coefficient 〈kt〉 vs polymerization time
(a) and double-log plots of the short–short,
ks,s

t , and short–long, ks,s
t , termination rate

coefficients vs the products of the radical
chain lengths terminating (b and c,
respectively) are presented for the simulated
RAFT-mediated styrene polymerization at
80 ◦C with a poly-RAFT species that has been

prepolymerized to an average chain length, l,
equal to 43. All α and ϕ input values are set
to 0.16, the geometric mean is used and data
up to 65% conversion are presented. Note
that when αs,s is equal to α l,l, the model
predicts the same ks,s

t and kl ,l
t for equivalent

chain lengths. Reproduced from Ref. [35],
with kind permission from the American
Chemical Society.
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Figure 4.7a also reveals that the average termination rate coefficient increases
upon addition of the second RAFT agent, which generates a younger, shorter-chain
poly-RAFT species that terminates more readily than the older, longer-chain poly-
RAFT species (born at t = 0). The addition of the second RAFT agent and initiator
is instantaneous and the termination rate, and concomitantly the initiation and
polymerization rates, achieves steady state in 1 s of simulated polymerization time,
after which kt is predicted to decrease with increasing polymerization time, i.e.
increasing chain length (Fig. 4.7).

To test the robustness of the method, the harmonic mean model (equation
4.16) is also used instead of the geometric mean model in equation 4.3. In both
equations the extent or magnitude of the chain length dependence of the short–long
termination is expressed via the exponent ϕ (identical to the role that α has in
equation 4.3).

ks ,l
t = kt0

(
2s l

s + l

)−ϕ

(4.16)

The extent that the termination rate coefficient depends on disparate length radicals,
ϕ, is obtained via construction of a double-log plot of either equation 4.3 or equation
4.16, where the ks ,l

t values are obtained from equation 4.15. Note that when equation
4.3 is used the x-axis is the log of the product of the chain lengths and when
equation 4.16 is employed then the double-log plot will present ks ,l

t vs 2s l
s+l . The data

are fit typically from approximately 3% conversion after the second RAFT agent
is administered to approximately 85% monomer conversion or until the data no
longer exhibit a linear relationship for the combination of the short- and long-chain
lengths relevant to either equation 4.3 or equation 4.16 vs polymerization time.

Figure 4.8 presents an example of a double-log plot of equation 4.3. Both the
model predictions and the slope of the best linear fit are presented, indicating
that the method returns ϕout (i.e. the method deduced input parameter for the
extent of the chain length dependence) equal to 0.152 and 0.466. These values
agree well with the model input values of ϕ equal to 0.16 and 0.5, respectively.
Interestingly, when ϕ is 0.5, the plot is nonlinear. This nonlinearity is due to the high
initiation and concomitant termination rate, which results in more polydisperse
populations. Reducing the initiation rate decreases the termination rate, generating
more monodisperse populations that yield linear plots, i.e. improve the method’s
accuracy. However, the higher initiation condition is presented here because it
represents more accurately the necessary condition for obtaining experimentally
reliable rate information, e.g. when using differential scanning calorimetry. In both
cases, all parameters except ϕ are equal and αs,s (and αl,l) is 0.16.

The method’s ability to predict ϕout within reasonable accuracy was shown to
be independent of the extent of prepolymerization of the poly-RAFT species, the ϕ

and/or α input values, and/or whether or not the geometric or the harmonic mean
is employed [35]. Interestingly, when the harmonic mean is used and the termina-
tion rate coefficient has a strong chain length dependence (i.e. the scaling exponent
ϕ is 0.5) the method’s predictive capability decreases as is evident for a ϕout value
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Fig. 4.8 Double-log plot of ks,l
t normalized

by kt0 vs the product of the average chain
length of the two poly-RAFT species (of
disparate chain length s and l) is presented as
predicted by the simulated polymerization of
styrene, RAFT agent and an average
poly-RAFT species of initial average chain
length equal to 43. Two cases are presented:
one simulation where ϕ = 0.16 and one

where ϕ = 0.50. The dashed line is the best
linear fit to the data (continuous line). The
slope of the linear fit is equal to −(1/2)ϕout

(see equation 4.3) and gives the extent of
ks,l

t ’s chain length dependence. In both
cases all parameters except ϕ are equal and
αs,s (and αl,l) is 0.16. Reproduced from Ref.
[35], with kind permission from the American
Chemical Society.

equal to 0.358. When CLD-T is important, one would expect that the concentra-
tion of the shorter length species will deplete more rapidly than the concentration
of the longer length species. Additionally, kt decreases less with increasing chain
length (or combination of chain lengths) when the harmonic mean vs the geometric
mean is used. Since the analytical technique is based on the assumption of equal
concentration of reacting species (an assumption necessary for the simplification
of equation 4.13), the model’s predictive capability may weaken for very strong
chain length dependence and/or increasing difference in each distribution’s aver-
age chain length coupled with a very high termination rate coefficient. However,
when the difference in the reacting species chain length is increased the method’s
performance improves [35].

4.3.1.3 Fast-Propagating Monomers That Undergo Chain Transfer
to the Polymer Backbone
Testing the method – at least theoretically – to elucidate ks ,l

t for fast-propagating
monomers such as acrylates is an interesting problem. For one, acrylates undergo
side reactions such as inter- and intramolecular chain transfer (i.e. chain transfer
to polymer and backbiting, respectively) [113–118], and thus whether or not these
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side reactions impact the method’s ability to elucidate the termination rate coeffi-
cient from only the polymerization rate data warrants examination. Additionally,
the RAFT-CLD-T method relies on accurate online determination of the polymer-
ization rate, and given their rapid polymerization, acrylates are an attractive option
for experimental validation of this procedure. Also, acrylates are used extensively
in industry and complete characterization of their FRP kinetics would be advan-
tageous as is evident from the numerous investigations of acrylate kinetics found
in the literature [33, 38, 87, 88, 90, 91, 95, 97, 119–126]. Thus, the impact of fast
propagation, backbiting and midchain radical reactions on the method’s ability to
obtain accurately the chain length dependence of kt for both similar and disparate
size radicals is investigated with the goal of aiding the experimentalist in choos-
ing the optimum polymerization system for validating the recently introduced ks ,l

t

methodology.
The material properties and kinetic parameters for MA, the initiator AIBN and

the RAFT agent methoxy carbonylethyl phenyldithioacetate (MCEPDA) [88] are
incorporated into the model (Table 4.2), including the addition, fragmentation,
initiation and the initial termination rate coefficients (kadd, kfrag, ki and k0

t ) along
with the initiator decomposition, propagation and reinitiation rate coefficients (kd,
kp and kp,rein) and the monomer, RAFT agent and initiator concentrations at time
zero. For simplicity, the gel effect is not taken into account.

Backbiting is accounted for via inclusion of the reaction steps for tertiary radical,
Pi,t•, formation (Ia), propagation (Ib) and termination (Ic and Id) into the PREDICI
simulation (see Scheme 4.4). These reactions depend on the rate coefficients for
backbiting, kbb, tertiary radical propagation, kp,t, and tertiary radical termination,

Table 4.2 Input parameters used for the kinetic modeling of the
RAFT-mediated acrylate FRP initiated with AIBNa.

kadd [90] kfrag (s−1) [90] ki [90] kt
0 [91]

1.4 × 106 1.0 × 105 1.57 × 103 1.0 × 109

kd (s−1) [92, 104] kp [128]b kp,rein [92] F [89]

8.4 × 10−6 3.3 × 104 3.3 × 104 0.7

[MA]0 [128] [MCEPDA]0 [91] [AIBN]0 [89] T (◦C)

10.2 3.7 × 10−2 3.0 × 10−3 60

aAll rate coefficients are given in L·mol−1·s−1 and all concentrations are given in mol·L−1 unless
otherwise indicated.
bPropagation rate coefficient here is for end-chain propagation only.
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Scheme 4.4 Tertiary radical formation (backbiting) and midchain
radical propagation and termination.

which occurs either between two tertiary radicals, ki, j
t,tt, or between a midchain and

an end-chain radical, ki, j
t,t , where the moiety X represents the continuing chain.

Additionally, the model was expanded to account for the reactions for the RAFT
equilibria of tertiary radicals (see Scheme 4.5). The preequilibrium of a tertiary rad-
ical with the initial RAFT agent (Ia) yields a macro-RAFT species that is attached
midchain. Also, the core equilibrium, where the macro-RAFT species is formed
from an end chain (Ib) or a midchain (Ic) radical, is taken into account. The pree-
quilibrium and the core equilibrium are governed by kadd,t and kfrag,t, respectively.
All necessary parameters for the kinetic modeling of intramolecular chain transfer
are given in Table 4.3. There are no kinetic parameters to date for how backbiting
occurs during the RAFT-mediated AIBN-initiated MA polymerization; thus, the
kinetic parameters for the RAFT-mediated AIBN-initiated DA FRP were used and
addition and fragmentation rate coefficients were assumed independent of location
on the chain.

Accessing the chain length dependence of the termination rate coefficient for
disparate length radicals is a process that is significantly more complex when



c04 November 15, 2007 21:45 Char Count=

4.3 RAFT Chemistry as a Tool for Elucidating the Chain Length Dependence of kt 127

Z

S S PiPj,t
PiPj,t(Ib)

Z

SS Pi Pj,t S S

Z

kadd

kadd

kfrag

kfrag

Z

SS R

Z

S S RPi,t
Pi,t(Ia) R

Pi,t S S

Z
+

kadd kfrag

kfrag kadd

Z

S S Pi,tPj,t
Pi,tPj,t(Ic)

Z

SS Pi,t Pj,t S S

Z

I. RAFT equilibria with tertiary radicals

++

+

++
kadd

kadd

kfrag

kfrag

Scheme 4.5 Basic reactions for tertiary radical formation (backbiting)
and midchain radical propagation, termination and RAFT equilibria.

intramolecular chain transfer occurs. As mentioned during the discussion of equa-
tion 4.5, accounting for midchain radical formation has been shown to lead to
virtual monomer reaction orders (i.e. ω) greater than 1 [97]. Additionally, two new
termination rate coefficients (ki, j

t,t and ki, j
t,tt) are accounted for that may differ in

value and chain length dependence from conventional ki, j
t . To investigate the im-

pact of backbiting and tertiary radicals on the method’s ability to predict the chain
length dependence of kt for disparate length radicals, i.e. ϕ, where ks ,l

t ∝ (sl)−ϕ /2,
the method was expanded to include the necessary reactions for accounting for the
core equilibrium and termination events when two RAFT distributions polymerize
simultaneously (see Scheme 4.6). Elucidation of ϕout when backbiting is important
first requires determination of the virtual monomer reaction order for the specific
polymerization condition.

Simulation was used previously to show that ω increases with increasing CLD-
T, i.e. ω is equal to 1.2, 1.5 and 2.5 when αin and ϕin are equal to 0.16, 0.4 and
0.8, respectively [96]. Additionally, when backbiting and virtual monomer reaction
orders greater than 1 are accounted for, the method predicts ϕout better than the
method that considers only fast propagation (see Figs. 4.9 and 4.10, respectively).

Figures 4.9 and 4.10 illustrate that the method’s predictive capability is sensitive
to the polymerization rate’s dependence on monomer concentration, i.e. the ap-
parent propagation rate coefficient (virtual monomer reaction order). Simulation

Table 4.3 Backbiting and tertiary radical formation parameters necessary
for the kinetic modeling of the RAFT-mediated acrylate FRP initiated with
AIBNa

kbb (s−1) [90] kp,t [90] ki, j
t,t [90] ki, j

t,tt [90] kadd,t [90] kfrag,t (s−1) [90]

1.623 × 103 55 1.0 × 108 1.0 × 107 1.4 × 106 1.0 × 105

aAll rate coefficients are given in L·mol−1·s−1 and all concentrations are given in mol·L−1 unless
otherwise indicated.
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Scheme 4.6 The core equilibrium and termination reactions for two
simultaneous RAFT FRPs when midchain radical formation and
subsequent reactions are taken into account.

is used to illustrate that knowledge of the virtual monomer reaction order may in-
deed allow for accurate determination of the extent that kt depends on radical size
(both α and ϕ) for the acrylate FRP (see Figs. 4.9 and 4.10). Additionally, increas-
ing the extent that kt depends on the radical’s chain length increases the virtual
monomer reaction order, i.e. decreases the apparent propagation rate coefficient.
Since the assumption that equal concentrations of reacting species are guaranteed
via employing equal concentrations of RAFT agents (and neglecting a potential
CLD of the RAFT equilibrium reactions), the only other assumption that could
cause the model to inaccurately predict ϕout is the assumption that each RAFT
distribution is represented adequately by its average chain length. In fact, when
backbiting is neglected and fast propagation is accounted for, the model predicts a
more polydisperse ‘short’ macro-RAFT distribution that increases in polydispersity
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Fig. 4.9 Double-log plot of ks,l
t normalized

by kt0 vs the product of the average chain
length of the two poly-RAFT species (of
disparate chain length s and l) is presented as
predicted by the simulated polymerization of
a fast-propagating monomer neglecting
backbiting, RAFT agent and an average
poly-RAFT species of initial average chain
length equal to 82. Three cases are presented:
where ϕ is varied from 0.16, 0.4 and 0.8. The

dashed line is the best linear fit to the data
(continuous line). The slope of the linear fit is
equal to −(1/2)ϕout (see equation 4.3) and
gives the extent of ks,l

t ’s chain length
dependence. In all cases, all parameters
except ϕ are equal and αs,s is equal to αl,l,
which is equal to ϕ. All termination events
involving midchain radicals are assumed
chain length independent (i.e. αt and
αtt = 0).

when the termination rate decreases more rapidly (i.e. with increasing chain length
dependence, the geometric mean and greater radical size disparity (s − l)). When
backbiting is accounted for, a more monodisperse ‘short’ macro-RAFT distribution
is predicted and consequently the method predicts more accurately ϕout. In this con-
text, it is important to note that the macro-RAFT distributions’ polydispersity can be
controlled via changing the initiation conditions. Thus, when the data are analyzed
with extreme care and the reaction thoroughly characterized (i.e. intramolecular
chain transfer is accounted for and ω is determined), determining the extent that
the termination rate coefficient depends on disparate size radicals for the acrylate
polymerization may be possible using this methodology.

4.3.2
The SP–PLP–RAFT Technique

While the RAFT-CLD-T technique provides an easy and well-reproducible path-
way to probe the chain length dependency of the termination rate coefficient, it
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Fig. 4.10 Double-log plot of ks,l

t normalized
by kt0 vs the product of the average chain
length of the two poly-RAFT species (of
disparate chain length s and l) is presented as
predicted by the simulated polymerization of
a fast-propagating monomer accounting
backbiting, RAFT agent and an average
poly-RAFT species of initial average chain
length equal to 82. Three cases are presented:
where ϕ is varied from 0.16, 0.4 and 0.8. The

dashed line is the best linear fit to the data
(continuous line). The slope of the linear fit is
equal to −(1/2)ϕout (see equation 4.3) and
gives the extent of ks,l

t ’s chain length
dependence. In all cases, all parameters
except ϕ are equal and αs,s is equal to αl,l,
which is equal to ϕ. All termination events
involving midchain radicals are assumed
chain length independent (i.e. αt and
αtt = 0).

employs stationary reaction conditions to evaluate the individual rate coefficients,
and such methods generally suffer from the lack of precise knowledge of the
product of initiator decomposition rate and of initiator efficiency fkd, which can
be overcome by employing single laser pulse (SP) techniques. With the so-called
single pulse–pulsed-laser polymerization (SP–PLP) technique equipped with near-
infrared (NIR) detection, the decrease in monomer concentration after illumina-
tion of a sample with a laser pulse is followed with microsecond time resolution
[87, 128]. The termination rate coefficient is then deduced by fitting the so-obtained
concentration trace to the integrated rate law given in equation 4.3, which reads

cM(t)

c0
M

= (1 + 2ktc
0
Rt)−kp/2kt (4.17)

From the fitted parameters, the termination rate coefficient is obtained from the
coupled parameter kp/kt; thus, only knowledge on the propagation rate coefficient
is required for which data are available to high accuracy from the PLP–SEC method.
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Because no reaction, in principle, will occur in the dark time between two consec-
utive laser pulses (after all radicals have undergone termination), the reaction can
be stopped at any time allowing for a pointwise probing of the rate coefficient as a
function of monomer conversion.

If a photo-initiator is chosen that decomposes upon laser illumination into two
fragments of equal initiating reactivity, such as α-methyl-4-(methylmercapto)-α-
morpholino propiophenone, a monodisperse growth of radicals may be assumed
to hold up to the point where chain transfer reaction distort the narrow distribution.
Hence, at short delay times after a laser pulse (usually around 0.1 s), termination
occurs only between radicals of the same size. As the chain length of the radicals
can easily be deduced from the simple relation of i = (kpcM)−1, kt(i) can directly
be yielded by fitting more complex equation to the data [87]. While this approach
yields reliable data, it is limited in that the chain length dependence is analyzed
only with respect to the relatively simple monoexponential power law given in
equation 4.3. Additionally, the method works significantly better for the relatively
slowly propagating methacrylates than for acrylate monomers, which also suffer
from the advent of extensive chain transfer to polymer reactions that prohibits a
true monodisperse growth of the radicals from almost chain length unity on. The
limitation with respect to the applied CLD-T model in the fit functions can be
overcome by observing the decay in radical concentration via switching to (ESR)
detection [81, 119, 129]. Knowledge on cR(t) gives more direct access to kt(i), and a
differentiation between short-chain and long-chain behavior as proposed by Smith
and Russell [55] becomes feasible. However, also this technique does not allow for
comprehensive analysis of acrylate polymerization kinetics. Thus, correlating the
average chain length of radicals with monomer conversion in a RAFT-controlled
polymerization system poses an advantage over the conventional SP–PLP methods
as the pointwise probing of the conversion dependence is changed to a pointwise
probing of the chain length dependence of the termination rate coefficient. Hence,
no assumptions on the CLD-T model needs to be made and, moreover, chain
transfer reactions do not interfere.

In the attempt to combine the RAFT-CLD-T method with SP–PLP–NIR, condi-
tions suitable for RAFT need to be identified so as to proceed effectively under laser
pulsing. For successful RAFT–SP–PLP experiments, (a) a RAFT agent needs to be
identified that is stable under laser pulse irradiation and (b) it needs to be verified
whether the reversible transfer mechanism is still able to control the polymeriza-
tion under non-steady-state reactions conditions. It goes without saying that these
requirements come on top of the requirements for a RAFT agent to be used in
RAFT-CLD-T, i.e. more or less ideal RAFT conditions in that no retardation of the
overall polymerization rate is, in principle, allowed to occur. If a retarding RAFT
agent is used, the measured apparent kt may not reflect the true termination rate
of the propagating radicals.

4.3.2.1 Ultraviolet Radiation Stability of RAFT Agents
Most of the common RAFT agents such as the dithiobenzoates are only of limited
UV stability and show pronounced absorption in the UV/Vis wavelength region.
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Hence, those compounds are not overly suitable for use in photo-initiated poly-
merizations. However, photo-induced free radical polymerization is of interest for
various applications as it allows for production of polymers at mild reaction condi-
tions under easily controllable conditions. Because of the relative UV instability of
most RAFT agents, γ-ray-initiated RAFT polymerization has recently gained a lot
of attention, as equal advantages are provided [130–134]. However, not all RAFT
agents decompose when irradiated with UV light and successful RAFT polymer-
izations were carried out for various monomers and the most suitable mediating
agents seem to be of the substance class of trithiocarbonates [135–139].

It should be noted that even a RAFT agent absorbing UV light in the relevant
wavelength regime does not necessarily decompose. As a certain amount of input
power may be redistributed via relaxation processes, low UV doses may be tolerable
if the absorption is not too high.

Figure 4.11 depicts the UV spectra of two RAFT agents, namely cumyl dithioben-
zoate (CDB) and S,S′-bis(methyl-2-propionate) trithiocarbonate (BMPT). Both com-
pounds show a maximum in absorption around 300 nm. A relatively large difference
is however seen toward higher wavelength. While CDB absorbs significantly up to
around 385 nm, only very low absorptivity is observed for BMPT from about 350
nm on. This difference is of high importance for most photo-initiated polymer-
ization systems as wavelengths in the region of 350–370 nm are often used; for
example, in conventional SP–PLP polymerization, the reaction is started by Excimer
laser pulses at 351 nm (XeF line). As is expected from the higher absorptivity of

Fig. 4.11 UV spectra of the RAFT agents CDB and BMPT. Partially
reproduced from Ref. [140], with kind permission from the American
Chemical Society.
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CDB at 351 nm, the dithiobenzoate undergoes relatively fast decomposition with
laser irradiation. While the BMPT concentration decreases only by a few percent
after application of 2500 laser pulses, almost complete CDB decay is seen after
an equal amount of pulses. About 10% CDB is lost after application of about 200
laser pulses, which appears to be the maximum tolerable decay for any reasonably
RAFT-controlled reaction [98]. Thus, the trithiocarbonate might safely be used in
a laser-initiated RAFT polymerization under the assumption of a constant RAFT
agent concentration, while CDB is less suitable for such experiments due to RAFT
agent decomposition. The good compatibility of BMPT with laser pulsing at 351 nm
opens a path for various kinetic experiments as instationary reaction conditions al-
low for a different viewpoint on the polymerization kinetics by providing a way to
virtually separate specific reactions. Consequently, the kinetics governing the RAFT
process itself has been examined by SP–PLP experiments with ESR detection. Un-
der certain conditions, the intermediate radical concentration as a function of time
is accessible from such experiments, allowing for unambiguous determination of
the addition and the fragmentation rate coefficient [141].

4.3.2.2 The RAFT Process under Instationary Reaction Conditions: Control
over Molecular Weight
That BMPT is indeed capable of effectively controlling molecular weight in laser-
induced BA polymerization is shown in Figs. 4.12a and 4.12b. Figure 4.12a
depicts the MWD evolution of poly(BA) samples taken at various degrees of
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Fig. 4.12 (a) Evolution of MWDs with
monomer conversion from SEC of poly(BA)
samples obtained via pulsed-laser-induced
RAFT polymerization at 60 ◦C, 1000 bar and
cBMPT = 2.1 × 10−2 mol·L−1 with BMPT (see

structure) as the mediating agent. Part (b)
depicts the associated Mn and PDI values as
a function of conversion. Reproduced from
Ref. [140], with kind permission from the
American Chemical Society.
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monomer conversion (in a range from 7 to 88%) from BMPT-mediated bulk high-
pressure polymerization at 1000 bar, 60 ◦C and cBMPT = 2.1 × 10−2 mol·L−1. The
MWDs shift to higher molecular weights with increasing monomer consumption.
The associated Mn values as well as the PDIs of the SEC curves are given in
Fig. 4.12b.

The PDI of the 1000 bar data, as is typical for RAFT polymerization, decreases
upon increasing monomer conversion, resulting in a value of about 1.15 at about
X = 0.45. At high degrees of monomer conversion, at about 90%, a slightly broad-
ened distribution is observed. However, even in this late stage of polymerization, a
PDI that is well below 1.5 is observed, which demonstrates effective RAFT control.
It should, however, be noted that the RAFT control is aided by the usage of high
pressure (which is favorable for SP–PLP–NIR experiments as well). That the RAFT
control is somewhat enhanced under high-pressure conditions was demonstrated
for CDB-mediated styrene polymerization before [142]. As is expected from well-
controlled RAFT polymerization, Mn increases linearly with monomer conversion.
Moreover, up to 50% monomer conversion, the data are in excellent agreement
with the theoretically expected increase of average molecular weight, as is indicated
by the dashed line. Only for the sample at the highest experimentally accessed
monomer conversion, the measured Mn is slightly below the theoretical predic-
tion, given by equation 4.18:

i = c0
M X

c0
RAFTσ

+ 1 (4.18)

where σ is introduced in addition to equation 4.1 to account for the number of
leaving groups per RAFT molecule, which is σ = 2 for any trithiocarbonate. How-
ever, the assumption of equation 4.18 should hold for any RAFT polymerization
process as long as no dithioester compound is lost by termination processes during
polymerization and no hybrid behavior [30] is observed. As neither hybrid behavior
nor significant deviation of the experimental Mn data from the theoretical line by
loss of BMPT compounds is observed up to 50% monomer conversion, equation
4.18 may hence be used for the calculation of the size of terminating propagating
macroradicals at any stage of polymerization. When the BA polymerization is con-
trolled by the addition of CDB which has been identified to be not overly suitable
due to its decomposition upon laser pulsing, reasonable control over molecular
weight is retained for lower conversions (Figure 4.13).

In comparison to the trithiocarbonate data, two differences may be identified.
One is that Mn generally deviates toward slightly higher values (as is expected when
significant amounts are consumed by decomposition), and secondly, higher PDIs
are observed which might also be seen as a consequence from loss of active RAFT
agent. It should, however, be noted that, with high probability, almost no control
would be observed in the laser-induced CDB-mediated polymerization of slower-
propagating monomers as a largely increased number of laser pulses would be
required to reach similar conversions, hence being accompanied by much further
decomposition of CDB.
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Fig. 4.13 Evolution of MWDs with monomer conversion in preceding
BA polymerization obtained via pulsed-laser-induced RAFT
polymerization at 60 ◦C, 1000 bar and cCDB = 3.3 × 10−3 mol·L−1 with
CDB as the mediating agent. (Data taken from Ref. [98].) The dashed
line gives the best fit to the data up to 30% monomer conversion where
the dotted line represents the theoretical Mn evolution.

4.3.2.3 The RAFT Process under Instationary Reaction Conditions: Transformation
of Radical Size Distributions
Figure 4.14 demonstrates the change in the individual concentration vs time traces
obtained by SP–PLP–NIR when BMPT is added to the reaction solution [94, 98].
While systematic deviations between the experimental data and their best fit to
equation 4.17 are identified, almost no deviation is seen for the trace obtained from
RAFT-controlled polymerization. Moreover, the deviation of the fit in Fig. 4.14a
is in good agreement with the expected deviation when a chain-length-dependent
kt is assumed [87, 94]. The close resemblance of the data of the RAFT-mediated
experiment with the ideal (chain-length-independent) termination kinetics equa-
tion is hence strongly indicative for a radical distribution that does not significantly
change with the time after application of the laser pulse.

However, with each laser pulse, a population of initiator-derived radicals is pro-
duced that subsequently start a chain growth reaction. In other words, with each
laser pulse, small radicals are generated that need to be transformed via the RAFT
process. In order to allow for conditions as observed in Fig. 4.14b, such interchange
of the radicals must be a particularly fast process.

Figure 4.15 depicts the change in the free radical distribution after application of a
laser pulse as simulated by the program package PREDICI® on the basis of a simple
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Fig. 4.14 Monomer concentration vs time
traces and their deviation to the ideal
polymerization kinetics equation
(equation 4.17) as deduced via the
SP–PLP–NIR technique from conventional (a)
and BMPT-controlled (b) BA polymerization

at 1000 bar. Part (a) has been deduced
at 40 ◦C and an average monomer
conversion of X = 33%. The underlying
experiment in part (b) was performed at
60 ◦C, X = 31% and cBMPT = 2.1 ×
10−2 mol·L−1.
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Fig. 4.15 Simulated evolution with time of the MWD of propagating
radicals at very short reaction times below 1 ms after application of a
single laser pulse. The asterisk marks radicals that emerge from the
poly-RAFT species. Reproduced from Ref. [95], with kind permission
from the American Chemical Society.

RAFT model [95, 98]. Almost instantly after the laser pulse, radicals that emerged
from initiator decomposition start growing. While these radicals grow in size, they
are available to terminate, but, provided the addition rate of the propagating rate
toward a poly-RAFT agent is large enough, they are more likely to be involved into
the RAFT main equilibrium as the number of available poly-RAFT molecules largely
exceeds the number of radicals ready for termination. If fragmentation of the RAFT
intermediate radical is also fast (with a KRAFT of 1000 L·mol−1 being assumed for the
simulation), almost only radicals of the RAFT concentration and conversion-specific
chain length are released from the intermediates, also on a short time scale. Such a
situation is depicted in Figs. 4.15b and 4.15c where a strong decrease in the growing
radical concentration is seen while the narrow RAFT-specific radical distribution
(marked by the asterisk) increases until all radicals have been transformed at the
time corresponding to Figure 4.14d. When kadd is in the order of 106 L·mol−1·s−1

as was assumed for the simulation shown above, the full change of the radical
distribution has taken place within a few milliseconds. As for a successful control
of the RAFT mechanism over molecular weight, the addition to the RAFT agent
needs to be favored over chain propagation, and it may be assumed that the depicted
transformation is fast in any RAFT polymerization. However, if fragmentation is a
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slow process, the radicals would be consumed and the RAFT-specific distribution
would only be released over an extended time range. Nevertheless, the PLP-derived
chain length distribution would also be removed almost instantly.

In conclusion, from the viewpoint of an SP–PLP–NIR experiment, the transfor-
mation can be regarded to take place almost instantly and the situation of Fig. 4.15d
might be seen to be the starting point of the actual experiment, which explains the
ideality with respect to CLD-T seen in Fig. 4.14b. While the RAFT-specific average
chain length increases over time, or conversion respectively, it may be regarded to
be constant on the time scale of one individual SP–PLP probing as the conversion
per pulse is, even for acrylate monomers, very low.

4.3.2.4 The RAFT Process under Instationary Reaction Conditions: Impact
of the Intermediate Radical Lifetime
RAFT polymerization may lead to rate retardation effects (see also Chapter 3),
which, however, occur to different extends. Such retardation is caused by a loss of
radicals available for propagation either by cross-termination and self-termination
of the intermediate radical or by radical storage caused by slow fragmentation
of the same species [31, 141, 143]. The outcome of both kinetic scenarios have
been tested by simulations with PREDICI® with respect to the kt determination
via SP–PLP–NIR–RAFT experiments. It should be noted that both mechanisms
potentially have an influence on the apparent kt or kt(1,1) and thus on the out-
come for α, respectively, without apparently inducing rate retardation of the overall
polymerization rate in a steady-state polymerization.

The influence of nonideal RAFT kinetics on the experiment is estimated by sim-
ulating a series of individual SP–PLP experiments where a chain-length-dependent
kt is implemented in the model in conjunction with different assumptions on the
fragmentation rate as well as on the cross-termination rate coefficient for the re-
action of a RAFT intermediate with a propagating radical. The obtained series of
SP–PLP experiments can then be analyzed with equation 4.17, yielding an appar-
ent set of k0

t and α values which can then be compared to the input values. As
the RAFT intermediate in trithiocarbonate polymerization consists of three arms,
self-termination of this species can safely be neglected because the formation of a
six-arm star is more than unlikely due to the largely decreased probability of the ac-
tive centers coming close enough to each other [144]. In principle, the addition rate
coefficient may also have an influence on the resulting chain length dependence of
kt. However, a significant impact is expected only when kadd is low and thus under
conditions where no low-molecular-weight material can be expected.

From the simulation of RAFT polymerization under stationary reaction condi-
tions, one can expect that both slow fragmentation as well as cross-termination
result in an apparently increased absolute termination rate coefficient as both the
mechanisms lower the amount of radicals in the system, hence implicating an
increased termination rate. However, under instationary reaction conditions, slow
fragmentation of the intermediate radical results in an apparently lower termina-
tion rate coefficient. The radicals that are produced at t = 0 are partially stored
in the intermediate species and subsequently released over time in the dark time
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period. In consequence, radicals that were not available for termination at short
delay times reappear at later stages, which causes an overall increased consumption
of monomer. A higher monomer consumption per pulse is again correlated with
a smaller apparent termination rate coefficient. While a KRAFT = 10 L·mol−1 has
no significant effect on the determination of k0

t , this value is already decreased by
1 order of magnitude when KRAFT is in the order of 1000 L·mol−1 [95, 98, 140]. At
lower fragmentation rates, no typical SP–PLP signal shape can be obtained due to
the nonceasing reaction, hence invalidating the method and leaving no result at
all. While the analysis of k0

t is clearly dependent on the fragmentation rate coef-
ficient governing the RAFT process, no significant influence on the chain length
dependency itself and thus on the parameter α is observed. So regardless of the
size of the equilibrium constant, α is either determined in its true size or may not
be determined at all due to failure of the experiment, i.e. losing the characteristic
signal shape.

When cross-termination is taken into account, an apparent increase in k0
t is

observed as is expected when a second pathway is opened that irreversibly removes
radicals from the system. While only a slight increase in the apparent k0

t is observed
when the cross-termination rate coefficient is assumed to be a factor of 100 smaller
than the conventional termination, a more than 10-fold increase is identified for
the situation where the conventional and intermediate termination rate coefficients
are equally high, which may be regarded as the theoretical limit such reaction could
reach (it should, at the same place, be noted that the described change is observed
only when KRAFT = 1000 L·mol−1 is assumed. When the equilibrium constant is
small, no significant effect of the cross-termination level is expected to occur). On
the other hand, an increase in α is noted when the cross-termination rate coefficient
is close to the conventional rate coefficient. The increase, however, is not as high
(a factor of 2 in maximum) and may be regarded as a minor effect considering the
uncertainty usually associated with this parameter and considering that the limiting
case of an equally high cross- and conventional termination rate coefficient is more
than unlikely.

In conclusion from the kinetic simulations of the RAFT process under laser
pulse conditions, three major statements may be drawn:

Ĺ The RAFT process can be initiated by single laser pulsing without losing the
characteristic features of molecular weight control (and narrowness of the
MWDs).

Ĺ Conversion vs time traces from SP–PLP–NIR–RAFT experiments which pass
the ideality requirement (good description of the experimental data by the ideal
termination rate equation) are governed by an equilibrium constant of around
1000 L·mol−1 or below.

Ĺ RAFT agents that do not exhibit strong rate retardation in chemical-induced poly-
merization may not interfere with the determination of chain-length-dependent
kt as long as KRAFT is below 1000 L·mol−1 whereas the absolute value k0

t may
be shifted toward lower values with increasing equilibrium constant and toward
higher values in the case of a rising cross-termination rate.
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4.3.2.5 The CLD-T Rate Coefficient for Butyl Acrylate Determined
by SP−PLP−NIR−RAFT
As BMPT has been shown to be suitable for an unambiguous determination of
kt(i) in BA polymerization due to the excellent control over molecular weight as
well as for the finding of a relatively high fragmentation rate coefficient being
in place [141], SP–PLP–RAFT experiments have been carried out for this system.
Figure 4.16 depicts the change in the conversion dependency of kt when the RAFT
agent is added to reaction mixture. The termination rate coefficient in the uncon-
trolled BA polymerization follows the general kt(X) identified for many monomers
in that a constant average kt is observed in the initial conversion regime up to about
25% conversion followed by a slight decrease toward higher X , indicating a change
in the type of diffusion being rate determining [56]. The kt values obtained from the
RAFT-mediated polymerization experiments, however, display a completely differ-
ent behavior in that there is a steep decrease in the termination rate coefficients
observed at very low monomer conversions followed by a less pronounced, almost
linear decrease up to high conversions. Interestingly, the low-conversion kt in the
RAFT-mediated experiment is much higher than the average termination rate co-
efficient in the uncontrolled polymerization, while at high X the average kt falls
below the one derived from the RAFT. This finding is generally in good agreement

Monomer conversion X

lo
g(

k t
/k

p)

Without

2.1×10–2mol.L–1

Fig. 4.16 log(kt/kp) deduced via the
SP–PLP–NIR–RAFT technique at 1000 bar
and 60 ◦C from BA bulk polymerization using
BMPT as the mediating agent at cBMPT =
2.1 × 10−2 mol·L−1 and from uncontrolled

BA bulk polymerization at 1000 bar and
40 ◦C, extrapolated to 60 ◦C via the literature
activation energy [145]. Different markers
display independent series of
experiments.
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Fig. 4.17 kt as a function of chain length in BA bulk polymerization
derived via the SP–PLP–NIR–RAFT technique at 60 ◦C and 1000 bar
using various cBMPT. Reproduced from Ref. [95], with kind permission
from the American Chemical Society.

with the idea of CLD-T following a composite model as was proposed before [55]
and equally identified from the RAFT–CLD-T method [90].

According to the RAFT-CLD-T method, the kt(i) data are best analyzed when
given in a double-log plot after converting the conversion axis into a chain length
axis via equation 4.18. Also, as the primary result from fitting SP–PLP data is kt/kp,
the ‘reaction-order-corrected’ k∗

p value is used to calculate actual kt values. Again,
as the conversion dependence of kt overlaps the chain length dependence, data for
several RAFT agent concentrations are required to yield a complete picture and
to identify the regions where kt is mainly governed by the conversion dependency
(indicated by a stronger decrease at higher X , or i, respectively). As shown in
Fig. 4.17, the kt values evaluated from experiments at three different RAFT agent
concentrations are in good agreement with each other, where at the two lower RAFT
agent concentrations a more pronounced decrease in kt is observed at larger i,
which is not backed up by the other concentration data. That now such conversion-
dependent regime is identified for the experiments at the highest RAFT agent
concentration can be explained by the drastic change in viscosity with the overall
degree of polymerization. As much shorter chains are produced at high RAFT
agent concentrations, viscosity of the bulk solution remains low in an extended
conversion regime and hence no change in diffusion control takes place. Generally,
a large dependence of kt in the short-chain regime (up to about chain length 15)
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is observed, while a much weaker dependency is then seen for i, as was already
expected from analysis of the data in Fig. 4.16. Thus, data fully consistent with the
composite model are obtained. Rather similar behavior has also been found for MA
and for DA via the same procedure [146(a) and (b)].

4.3.3
Comparing Results from RAFT-CLD-T and SP–PLP–NIR–RAFT

Both the RAFT-CLD-T and SP–PLP–RAFT methods have been shown to yield
reliable kt(i) data. It is therefore straightforward to compare the results from both
techniques. Figure 4.18 shows an overlap of the kt(i) data determined for BA
polymerization with the SP–PLP–RAFT data in Fig. 4.17, where the single pulse data
have been adjusted to match the reaction conditions of the steady-state experiment
via literature activation parameters [145]. In the case of SP–PLP–NIR–RAFT, data
are presented for a conversion interval of 0 < X < 0.3 for the intermediate and
the low RAFT agent concentration, and for 0 < X < 0.4 for the highest RAFT
agent concentration. The data from RAFT-CLD-T are given for the interval 0.05 <

X < 0.3 for four different RAFT agent concentrations. According to the PREDICI®

lo
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k t
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L
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–1
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RAFT-CLD-T

αs αs

αl

Fig. 4.18 kt as a function of chain length
determined from the SP–PLP–NIR–RAFT
technique at 1000 bar and 60 ◦C using BMPT
extrapolated to ambient pressure and 80 ◦C
and from RAFT-CLD-T at ambient pressure
and 80 ◦C using MCEPDA. The gray lines

represent linear fits to the data in the chain
length intervals of 0 < i < 30 and 50 < i <

500. Reproduced from Ref. [95], with kind
permission from the American Chemical
Society.
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simulations carried out with respect to the influence of intermediate radical stability,
it seems justified to compare data which were derived by different RAFT agents,
as the slightly increased stability of the BMPT intermediate radical compared to
intermediates being involved in MCEPDA-mediated BA polymerization should
have no significant effect on the determination of the chain length dependency of
kt via SP–PLP–RAFT as the single pulse method appears to be slightly more robust
with respect to the size of the equilibrium constant.

Inspection of Fig. 4.18 demonstrates close agreement between the two data
sets. The initial k1,1

t values of about 2.0 × 109 L·mol−1·s−1, determined from
SP–PLP–RAFT, and 2.5 × 109 L·mol−1·s−1, extrapolated from medium chain-
length RAFT-CLD-T data, are in good agreement with predictions via the Smolu-
chowski equation [147] and the monomer self-diffusion coefficient. The difference
in absolute kt of about 0.2 logarithmic units between both methods may be due
to uncertainties in kp (as the steady-state method yields kt/k2

p in contrast to kt/kp

deduced from SP–PLP) and the initiator efficiency f . However, the degree of agree-
ment between the two data sets is remarkable regarding the very different reaction
conditions, method applied as well as RAFT agent in use. Thus, both techniques
support the result of each other, allowing for the conclusion that the ‘true’ chain
length dependency is captured by either method without any significant impact
from the RAFT kinetics themselves.

4.3.4
Specific Advantages of the Individual Techniques

Both RAFT-based methods for the determination of kt(i) are associated with spe-
cific advantages and disadvantages. As it is based on simple rate measurements via
isothermal differential scanning calorimetry, the RAFT-CLD-T method is clearly
easily to carry out than the experimentally more sophisticated SP–PLP technique,
which requires not only an expensive laser setup, but also carefully adjusted optics
and a highly sensitive electronic setup. The SP–PLP–RAFT method is, however,
better suited for investigations into the small-chain regime with rapidly polymer-
izing monomers, such as acrylates, because kt data are deduced from X = 0 on,
whereas the initial polymerization phase must be disregarded in RAFT-CLD-T
experiments because of the heating time of the samples. Also, the RAFT-CLD-T
method displays a slightly higher sensitivity toward large equilibrium constants.
The SP–PLP–RAFT method on the other hand requires RAFT agents, which are
transparent in the wavelength region of the pulsing laser but is more robust with
respect to slow fragmentation of the intermediate and to cross-termination of this
species. The largest advantage of the SP–PLP–RAFT methodology, as is also true
for conventional SP–PLP–NIR, originates from the fact that f kd knowledge is not
necessary and that uncertainties in the effective propagation rate coefficient are
only linearly transferred onto kt, whereas they are squared in experiments carried
out under stationary reaction conditions. Regardless of these disturbing influences,
it may be stated that both methodologies yield either complementary data on the
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chain length dependencies of the termination rate coefficient or data that are in
very good agreement with each other when the reaction conditions are carefully
chosen [146(b)]. Hence, the employment of RAFT polymerization as a kinetic in-
stead of a synthetic tool has proven to be very effective and has the potential to yield
benchmark values for kt(i) and kt(i, j) for a broad range of monomers and reaction
conditions.

4.4
Chain-Length-Dependent Propagation Rate Coefficients

Recently, there has been a lively discussion on whether the propagation rate coef-
ficient kp is equally beset by a chain length dependence [61, 148–152]. A potential
chain length dependence of kp may alter the outcome of kt in the short-chain
regime. Due to the rise in kp, the estimated kt values would increase with decreas-
ing chain length and thus also short-chain α would increase. Since the effect of a
chain-length-dependent kp on kt is linear in the SP–PLP–NIR–RAFT method and
squared in the case of the RAFT-CLD-T method, the utilization of a chain-length-
dependent kp could affect the α values obtained for both methods. While kp is in
all likelihood chain length dependent at small i, there is significant disagreement
to what extent. Smith et al. [82] included a chain length dependence of kp to rea-
sonably fit experimental kt/k2

p data from MMA polymerization for varying chain
length regions with also varying chain-length-dependent kt values. Most studies
on the propagation rate taking chain length into account have been carried out for
styrene and MMA, with no report on acrylates. Of course, a chain-length-dependent
kp has a distinctive influence on the resulting kt(i) function from SP–PLP–RAFT
as well as from RAFT-CLD-T. On the other hand, if the exact kt(i) functionality is
known, the experimental results can be used to fit kp(i). To circumvent the problem
of needing to know kt as an input parameter, the combination of SP–PLP–RAFT
with RAFT-CLD-T data as shown in Fig. 4.18 may, in principle, be used to directly
yield kp(i). Such a pathway is given by the primary result of kt/k2

p in one case and
kt/kp in the other. Thus, when being plotted on a logarithmic scale, the difference
between both experimental results directly yields kp as a function of chain length.
However, it goes without saying that such a procedure not only requires accurate
data from CLD-T at low chain length, that is down to chain length unity (which
might not easily be accessed due to the heating-up phase in the experiments allow-
ing for steady-state conditions only after a certain chain length is reached), but also
affords for highly precise measurements.
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5
The Radical Chemistry of Thiocarbonylthio Compounds:
An Overview

Samir Z. Zard

5.1
Historical Overview and Early Chemistry

Thiocarbonylthio compounds of general formula [Z (C S)S R] emerged quite
early in the history of chemistry because of the ready accessibility of carbon disul-
fide, a substance made by merely heating native sulfur with powdered charcoal.
The Danish pharmacist William C. Zeise thus reported the synthesis of the ethyl
xanthates (the more systematic nomenclature is O-ethyl dithiocarbonates) of potas-
sium, barium, lead and copper in 1815 [EtOC( S)SM, M = K, Ba, Pb, Cu], nearly
two centuries ago, by adding carbon disulfide to an ethanolic solution of potassium
or barium hydroxide [1]. The potassium or barium can then be easily exchanged with
other metal cations. The synthesis of related derivatives of carbon disulfide, such
as dithiocarbamates [R′R′′N (C S)S R], trithiocarbonates [R′S (C S)S R] and
dithiocarboxylates [R (C S)S R] followed later. Various industrial applications
for these compounds were also ultimately found. Xanthate salts are extensively
used as flotation agents for separating ores (or the native metal) of thiophilic met-
als such as gold, copper, lead and zinc from nonvaluable minerals and gangue.
Xanthates are intermediates in the manufacture of regenerated cellulose products
such as viscose and cellophane. Other applications of xanthates and dithiocarba-
mates concern the vulcanization of rubber and in the formulation of insecticides
and fungicides for use in plant protection (the widely employed maneb and zineb
are ethylene (bis)dithiocarbamates of manganese and zinc, respectively) [2].

Most of the early studies centered on the ionic chemistry of these carbon disulfide
derivatives. Indeed, many of the ionic reactions parallel those of the corresponding
and more common oxygen analogues. Thus, xanthates (or dithiocarbonates), dithio-
carbamates, trithiocarbonates and dithioesters undergo saponification, alcoholysis
or aminolysis much in the same way as carbonates, carbamates and carboxylic
esters. There are, however, many differences due to the presence of the two sul-
fur atoms, and especially the thiocarbonyl group. The field is much too vast to be
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Scheme 5.1 Some general reactions of thiocarbonylthio compounds.

covered adequately in such a short overview, but the transformations in Scheme
5.1 perhaps give a general idea [3].

The parent acids 1, 2 and 3 of xanthates, dithiocarbamates and trithiocarbon-
ates (but not dithiocarboxylic acids 4) are generally unstable toward loss of carbon
disulfide, in the same way as their corresponding oxygen analogues are unstable
toward loss of carbon dioxide. In stark contrast, however, they are quite sensitive to
oxidation (even by air), which leads to the formation of disulfides 5, 6, 7 and 8, as
with thiols in general. Derivatives of allylic alcohols such as 9 often undergo a spon-
taneous or, upon gentle warming, a [3, 3] sigmatropic rearrangement to give the
transposed isomer 10 [4]. The driving force is the great difference in bond strength
between the carbonyl and thiocarbonyl groups, as well as the enhanced nucle-
ophilicity of the sulfur terminus of the thiocarbonyl. The analogous rearrangement
of allylic carbonates vastly requires vastly more drastic conditions to occur.

Another reaction that nicely illustrates the special reactivity of the thiocarbonyl
group is the Chugaev elimination, depicted at the bottom of Scheme 5.1 [5]. In
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this reaction, an alcohol, 11, is converted into the xanthate and the latter heated
to give the corresponding olefin 12 by a syn-elimination (in fact a retro-ene re-
action). Xanthates derived from secondary alcohols (R1 or R2 = H) can be de-
composed at temperatures around 150 ◦C, but xanthates of tertiary alcohols (R1,
R2 �= H) frequently decompose at room temperature or below. The correspond-
ing syn-elimination of carbonates or esters requires temperatures at least 100 ◦C
higher.

5.2
The Barton–McCombie Deoxygenation

Perhaps the most remarkable difference between thiocarbonylthio derivatives and
their oxygen analogues concerns the tremendous radicophilicity of the thiocarbonyl
group as compared with that of a carbonyl. This property was ingeniously exploited
by Barton and McCombie to effect the deoxygenation of secondary alcohols, a little
over 30 years ago [6]. Alcohols are ubiquitous in nature, and in synthetic interme-
diates, yet, in many substances, it is quite difficult, if not impossible, to replace
the C O bond by a C H bond under conditions that are tolerated by the other
functional groups present in the structure. One case in point is carbohydrates and
cyclitols, where hydroxy groups are densely packed around the carbon backbone,
and the reductive removal of one of the groups is frequently a tedious process
requiring many separate steps.

In the original Barton–McCombie deoxygenation, the alcohol is converted
into a xanthate in the same way as for the Chugaev reaction and then treated
with tributyltin hydride and a small amount of a radical initiator, usually 2,2′-
azobis(isobutyronitrile) (AIBN). The spectacular transformation of the aminogly-
coside antibiotic derivative pictured at the top of Scheme 5.2 [7] would be almost
impossible to achieve by any other route and testifies to the power of this method.
The deoxygenation procedure is most suitable for secondary alcohols. Xanthates of
primary alcohol react sluggishly (but in some special case can indeed be reduced),
and the xanthates of tertiary alcohols are generally difficult to handle because of
their susceptibility to the Chugaev fragmentation, as mentioned above. The xan-
thate group can also be replaced by thiocarbonyl imidazolides, as illustrated by
the second example in Scheme 5.2, but simple thionocarbamates are not normally
effective precursors.

Numerous alcohols have been deoxygenated in this manner, and the original
paper by Barton and McCombie [6a] has been cited more than 1200 times [8].
Indeed, the discovery of this superb deoxygenation method represented a watershed
in radical chemistry, since it has opened the eyes of the synthetic community to
the unique potential of radical reactions for the synthesis and modification of small
molecules. It may seem surprising, but in the early 1970s radical reactions were
seldom employed in classical organic synthesis, in contrast to the polymer field,
where radical processes were routinely applied on a very large scale.
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5.3
A Minor Mechanistic Controversy

Originally, Barton and McCombie proposed the mechanism depicted in the upper
part of Scheme 5.3, whereby the stannyl radicals attack the sulfur of the thiocarbonyl
portion of the xanthate to form intermediate radical 14, which undergoes β-scission
of the carbon–oxygen bond [6a]. The ensuing carbon radical R• is reduced into
the corresponding alkane, R H, by hydrogen abstraction from the stannane. The
coproduct 15 is unstable and decomposes into tributyltin methylsulfide (16) and
carbon oxysulfide. This, seemingly reasonable, mechanism was challenged a decade
later by Beckwith and Barker who proposed an alternative mechanism, based on
the observation of alkoxythiocarbonyl radicals 17 by electron spin resonance (ESR)
when a solution of a xanthate and hexamethyl ditin is irradiated in the cavity of the
ESR spectrometer [9]. Beckwith and Barker postulated that the attack of the stannyl
radicals occurs on the sulfide carbon to give directly tributyltin methylsulfide (16)
and alkoxythiocarbonyl radical 17, which then extrudes carbon oxysulfide to give
radical R•.

There were various arguments that could be put forward against this alternative
mechanism. One is that a thiocarbonyl group is much more radicophilic than a
sulfide sulfur, as had been shown by various kinetic studies. The second is that
the sulfide sulfur is not in fact necessary for the deoxygenation, as indicated by the
second example in Scheme 5.2. However, in order to distinguish unambiguously
between these two mechanisms, various experiments were designed and tested
[10]. One competition experiment, in particular, had unintended and far-reaching
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consequences. It consisted in treating the two cholestane-derived xanthates 18 and
19 with only one equivalent of tributylstannane [10a]. The reasoning was that if
the original mechanism were the correct one, then both xanthates should react at
approximately the same rate since the thiocarbonyl sulfur is too far to be hindered
by the isopropyl group, whereas the bulkier S-isopropyl xanthate (19) should react
significantly more slowly, if the initial attack occurred on the neighboring sulfide
sulfur as proposed by Beckwith and Barker (Scheme 5.4).

In the event, neither of these two expected outcomes was observed. S-
Isopropropyl xanthate (19) reacted much faster than the less hindered methyl ana-
logue 18, and the products of the reaction were stannyl xanthate (22) and propane,
instead of the expected cholestane. It was immediately clear that the addition of
the stannyl radical had to take place on the thiocarbonyl sulfur and that this step
had to be fast and reversible leading to intermediates 20 and 21. The subsequent
fragmentation is the rate-limiting step at the usual reaction temperatures. The col-
lapse of radical 21 is significantly faster than that of 20 and proceeds by β-scission
of the C S bond instead of the C O bond to give the isopropyl radical. In the
case of adduct 20, derived from S-methyl xanthate (18), which would be the normal
substrate for a deoxygenation reaction, the (slower) fragmentation occurs prefer-
entially by cleavage of the C O bond, because rupture of the C S bond would
give a high-energy methyl radical. The original mechanism postulated by Barton
and McCombie therefore appeared to be broadly correct, except for the reversibility
of the addition of the stannyl radical on the thiocarbonyl group, which was not
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appreciated at the time and was not invoked in mechanistic discussions or kinetic
studies.

5.4
A New Degenerative Radical Process

Perhaps the most important revelation of the failed competition experiment de-
scribed above is that when the groups present in the starting xanthate lead to
radicals of comparable stability (e.g. isopropyl and cholestanyl in 19), and then
collapse of the intermediate (e.g. 21) proceeds preferentially by scission of the C S
rather than the C O bond. This raises various mechanistic questions and it is
interesting to explore some of the consequences of this serendipitous observation.

One obvious application is to extend the Barton–McCombie deoxygenation to
the reductive desulfurization of thiols. This is illustrated by the efficient reduction
of compound 23 into sulfur-free derivative 24 shown in Scheme 5.5 [11]. In this
case, the collapse of the intermediate adduct radical 25 is clearly biased toward
fragmentation of the C S bond as indicated by the arrows. Scission of the C O
bond would lead to a higher-energy ethyl radical and is therefore not favored. From
a synthetic standpoint, generating alkanes by reductive cleavage of the C S bond
in xanthates is much less useful than reductive cleavage of the C O bond, as in the
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original Barton–McCombie deoxygenation. Alcohols are ubiquitous whereas thiols
are less common in nature or as synthetic intermediates.

A more interesting situation arises when the attacking stannyl radical is replaced
by a carbon-centered radical. This gives rise to the mechanistic manifold displayed
in Scheme 5.6. Addition of R′• to the thiocarbonyl group of xanthate 26 leads to
intermediate 27, which can fragment back to 26 (path (a)) or forward to xanthate
28 and radical R• (path (b)). Both of these steps are reversible and the position
of the equilibrium will depend, to a first approximation, on the relative stabilities
of R• and R′•. Scission of the C O bond (path c) is irreversible and leads to an
S,S′-dithiocarbonate 29. This last step can be made to prevail by a proper selection
of the various substituents and the experimental conditions. This possibility can
be exploited to convert xanthates of the Barton–McCombie-type [R OC( S)SMe]
into S,S′-dithiocarbonates [R S(C O)SMe] by a tin-free radical chain process [12].
Overall, this represents a convenient procedure for converting secondary alcohols
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Scheme 5.6 Possible fragmentations of radical adducts to a xanthate.
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into the corresponding thiols in cases where a traditional ionic approach would be
difficult (Scheme 5.7).

In contradistinction, if the R′′ group on the oxygen corresponds to a radical of
relatively high energy (R′′ = Me or Et, for example) and if the incoming radical
R′• is less stable than radical R•, then attack of R′• on xanthate 26 would result
in the expulsion of R• by a reversible addition–fragmentation on the thiocarbonyl
group, without untoward complications due to fragmentation from the oxygen side. In
other words, only paths (a) and (b) will operate but not path (c). On this basis,
a chain process can, in principle, be constructed by generating incoming radical
R′• from radical R• through any typical radical sequence (addition, fragmentation
or any combination thereof). This possibility is detailed in Scheme 5.8 for the
synthetically most interesting case of radical addition to an olefin [13].

Thus, radicals R•, produced in the initiation step, will rapidly add to the highly
radicophilic thiocarbonyl group of the starting xanthate 32 to give intermediate
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Scheme 5.8 The degenerative xanthate transfer addition to an alkene.
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33 (path (a)). Rupture of the C O to give S,S′-dithiocarbonate 34 (path (b)) is
difficult because it leads to a high-energy ethyl radical and requires breaking a
particularly strong bond. Scission of the C S bond (path (c)) is normally easier for
most R groups, but simply gives back the starting xanthate 32 and the same radical
R•. Thus, the reaction of the initial radical R• with its xanthate precursor is fast, but
reversible and degenerate. As a consequence, the effective lifetime of R• in the medium
increases considerably, since it is continuously being regenerated. Now, addition
even to simple, nonactivated alkenes becomes possible (path (d)). More generally,
the radical is able to undergo comparatively slow inter- or intramolecular processes
not easily achievable with other methods. In the case of addition to alkene 35 (path
(d)), a new radical 36 is created, which in turn reacts rapidly and reversibly with the
starting xanthate 32 to produce intermediate radical 37. Reversible collapse of this
species finally furnishes adduct 38, as well as the initial radical R• to propagate the
chain.

This process embodies numerous advantages that will not be discussed in detail
here [13]. Suffice it to note that it does not involve tin or other undesirable heavy
metals; it does not require high dilution conditions and can be easily scaled up; and
the reagents are cheap and readily available. Furthermore, the product 38 is itself a
xanthate; it is therefore possible to implement another radical process or to exploit
the exceedingly rich chemistry of sulfur for subsequent modifications of the initial
adduct. The fact that the exchange of the xanthate group occurs by two reversible
addition–fragmentation steps, it is necessary to choose the starting xanthate 32 and
the olefinic trap 35 in such a way that the adduct radical 36 is less stable than radical
R•, so as to ensure that the fragmentation of intermediate 37 will favor the formation
of the latter, and thus push the chain sequence in the desired direction. This is a
key consideration that allows control of the process and must be constantly kept in
mind, especially when dealing with intermolecular additions. In some cases, if the
adduct radical is sufficiently electron rich, it is possible to oxidize adduct radical
35 into corresponding cation 39, for example by a peroxide, and hence enter into
an ionic manifold (path (e) in Scheme 5.8). This possibility expands considerably
the range of useful olefinic traps and proves especially valuable in additions to
aromatic and heteroaromatic rings (see below for some examples). The peroxide
can therefore act both as an initiator and as a stoichiometric oxidant.

An O-ethyl xanthate is depicted in Scheme 5.8 for simplicity, and because most
of the examples in small molecule chemistry involve xanthates. These substrates
show good reactivity and most can be readily prepared starting from potassium
O-ethyl xanthate, a commercially available and very cheap reagent (as mentioned
above, it is used mostly as a flotation agent in mining). The ethoxy group in 32,
however, remains essentially a spectator, whose influence is only indirect, albeit im-
portant. It can be replaced by various substituents, and exactly the same reversible
addition–fragmentation transfer (RAFT) mechanism can be applied to other thio-
carbonylthio compounds [14]. This is summarized in Scheme 5.9 in a condensed
version of the reaction manifold. Ideally, substituent Z must at the same time favor
the first radical addition to the thiocarbonyl group and not hinder the subsequent
fragmentation step. In the case of ordinary dithiocarbamates (40, Z = NR′R′′),
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for example, the thiocarbonyl group is not sufficiently reactive because of strong
donation by the nitrogen lone pair (cf. amides). Placing an electron-withdrawing
group on the nitrogen atom restores the reactivity. S-acyl dithiocarbamates (40, R =
R′′′CO-; Z = NR′R′′), where the carbonyl group on the sulfur counteracts somewhat
the donating effect of the nitrogen, can also be interesting substrates (see second
example in Scheme 5.27 below). Trithiocarbonates (40, Z = SR′) appear to be a little
more reactive than xanthates [14], but this slightly enhanced reactivity is neutralized
by a diminished accessibility and the inconvenience of having to handle obnoxious
thiols. Aliphatic dithioesters (40, Z = R′) are also quite reactive but again suffer
from lack of availability. In the case of aromatic dithioesters (40, Z = Ar), the first
addition becomes a little too efficient, since the corresponding adduct 41 is now
stabilized by conjugation with the aromatic ring but the subsequent fragmentation
step is slowed down. This class of thiocarbonylthio derivatives is useful when deal-
ing with particularly stabilized radicals, where the reluctance to fragment of adduct
41, when Z = Ar, is compensated by the special stability of the departing radical
(see below).

5.5
Synthetic Routes to Thiocarbonylthio Derivatives

5.5.1
Ionic Reactions

Before presenting examples of radical additions, it is perhaps useful to survey
the main synthetic routes to thiocarbonylthio derivatives. Most of the examples
will involve xanthates, simply because of their more widespread use in synthesis
as compared with dithiocarbamates, trithiocarbonates, dithioesters and so forth.
Nevertheless, the methods developed for xanthates can often be extended to the
other congeners, even if the efficiency or ease of transposition will necessarily vary
with the nature of the substituents.

By far the most important route to thiocarbonylthio compounds is by nucleophilic
substitution of a leaving group by reaction with the corresponding salt of the thiocar-
bonylthio derivatives [3]. The salts are generally made from carbon disulfide with
the appropriate ‘Z−’, as pictured in Scheme 5.10. Thus, reaction of alcoholates,
amines, thiolates or carbanions (including organometallics) with carbon disulfide
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Scheme 5.10 Example of a synthesis of a dithiocarbamate.

would give the corresponding xanthates, dithiocarbamates, trithiocarbonates and
dithioesters, respectively. These can then be made to interact with the alkylating
agent, often in situ, without need for prior isolation of the thiocarbonylthiolate salt.
In the case of xanthates and dithiocarbamates, several of the simpler alkaline salts
are cheap commodity chemicals that need not be prepared. This makes the use
of xanthates in particular very convenient. In any case, it is wise to store the thio-
carbonylthio salts in dark, tightly closed recipients to avoid slow oxidation with air,
which leads, among other compounds, to the corresponding disulfides, and which
degrades the quality of the material. An example of the synthesis of a dithiocar-
bamate, 44, derived from indoline is displayed in Scheme 5.10 (G. Bouhadir, X.
Franck, S. Z. Zard, unpublished observations). The intermediate sodium salt 43
was not isolated.

Thiolates are powerful nucleophiles but are nonetheless subject to the limita-
tions of SN2 reactions: they react, in general, readily with primary or secondary
but not tertiary alkylating agents. Access to tertiary thiocarbonylthio derivatives
thus usually requires alternative and, often, indirect approaches. In some limited
cases, it is possible to obtain tertiary derivatives through an SN1 mechanism, by
capture of a stabilized cation. Two examples illustrating the synthesis of cumyl
dithioesters are depicted in Scheme 5.11. Prolonged heating of α-methyl styrene in
neat thioacetic acid leads to a moderate yield of cumyl dithioacetate (45) [15]. Addi-
tion of sulfuric acid shortens considerably the reaction time and allows the use of
lower temperatures as shown for the synthesis of the corresponding dithiobenzoate
46 (G. Bouhadir, X. Franck, S. Z. Zard, unpublished observations).

Another route is to thioacylate a thiol with a chlorothiocarbonyl derivative of
general formula [Z (C S) Cl] in the presence of a base. An example is presented
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in the upper part of Scheme 5.12 [16]. This strategy is quite general for preparing
primary, secondary and tertiary derivatives but is constrained by the unpleasant-
ness of handling the reagents and their very limited availability. Rannard, Perrier
and their collaborators have recently reported a more convenient alternative using
as the key reagent 1,1′-thiocarbonyl diimidazole (48) a commercially available crys-
talline solid that is easy to handle [17]. As shown in Scheme 5.12, 1,1′-thiocarbonyl
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Scheme 5.12 Syntheses starting with thiols.
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diimidazole reacts readily with a thiol such as benzyl mercaptan to give directly the
expected symmetrical trithiocarbonate; alternatively, the reaction can be stopped at
the monosubstituted product if only 1 eq. of thiol is used, as in the case of com-
pound 49, derived from ethyl thiolactate. Without prior isolation, this compound
can then be reacted with another thiol or an amine to give the unsymmetrical
trithiocarbonate or the dithiocarbamate in a one-pot procedure.

Conjugate additions to activated olefins are much less sensitive to steric hin-
drance than SN2 substitutions and advantage can be taken of the presence of an
electron-withdrawing group to mediate a Michael addition of the thiocarbonylth-
iolate salt, as outlined in Scheme 5.13 [18]. The reaction has to be conducted
in an acidic medium to avoid the reversal of the addition. Thiocarbonylthiols
[Z (C S) SH] are more acidic than simple carboxylic acids and therefore un-
dergo β-eliminations quite readily under basic conditions. Interesting derivatives
can nevertheless be prepared as shown by the efficient addition of a xanthate to
mesityl oxide to give 50 in 76% yield. It is thus possible to access tertiary derivatives
by going through a conjugate addition rather than by an SN2 substitution.

An indirect manner to secure tertiary thiocarbonylthio compounds relies on
exploiting the acidity of secondary derivatives containing two electron-withdrawing
groups to generate and alkylate the parent anion. An example of this approach is
displayed in Scheme 5.14. Even though the need for electron-withdrawing groups is
in itself a serious limitation, the method provides a series of otherwise inaccessible
structures [19]. The synthesis of tertiary xanthate 52 by methylation of readily
available xanthate 51 is a representative example. It must be pointed out that it
is important to have the alkylating agent, preferably in excess amounts, present
before addition of the base; otherwise, the reaction follows a different course to
give a ketene monothioketal such as 53 in the present case. The latter can be
obtained as the sole compound by inverting the mode of addition [19].

Instead of introducing an alkyl group by alkylating a carbanion already containing
the thiocarbonylthio group, as above, it is possible to append the thiocarbonylthio
by reacting the anion with a bis(thiocarbonylthio) derivative 54, as illustrated in
Scheme 5.15 [20]. The synthesis of malonyl xanthate (55) thus contrasts with that
presented in the preceding scheme for xanthate 52 [20a]. If only one ester group
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is present, it is necessary to use a much stronger base, as shown by the second
example [20a]. This approach has not been often applied because of its capricious
nature and, so far, ill-defined scope. Nevertheless, it is a useful addition to the
methodological toolbox that can prove handy for the synthesis of certain specific
derivatives.
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5.5.2
Radical-Based Approaches

A recently developed radical variant of the above route proved more efficient and
general, as far as the disulfide component is concerned [21, 22]. The conception,
outlined in Scheme 5.16, involves the thermal decomposition of a diazo derivative
in the presence of a bis(thiocarbonylthio) derivative. Radical 57, derived from the di-
azo compound, reacts by an addition–fragmentation with the bis(thiocarbonylthio)
reagent to give the desired product 58 and a sulfur-centered radical 59 that dimer-
izes back to the initial disulfide. It can also couple with radical 57 to give the same
product 58. Overall, only nitrogen in principle is lost in the process. Some exam-
ples of application are shown in the same scheme, illustrating the synthesis of
xanthates, dithiocarbamates and dithioesters. A typical experimental procedure is
as follows: a mixture of the diazo derivative (1.2 mmol) and disulfide (1 mmol) in
cyclohexane or dioxane (2 mL) is heated to reflux under an inert atmosphere for
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3–4 h. If necessary, additional diazo derivative is added in portions (0.2 mmol) with
further heating until the reaction is complete. The solvent is then evaporated and
the residue purified by chromatography or recrystallization.

For some substituents, the corresponding bis(thiocarbonylthio) reagent is not
readily accessible and a variant of the above approach was devised by Benaglia
and coworkers to overcome this bottleneck [23]. The thiocarbonylthio salt is first
made to react with trityl chloride to give the expected triphenylmethyl derivative 60,
which is heated, as above, with the requisite diazo component 56 (Scheme 5.17).
In this case, the addition of radical 57 derived from the thermal decomposition of
the diazo substrate adds to the thiocarbonyl group and causes the departure of the
highly stabilized trityl radical. Even if this route is not very ‘atom efficient’, since
the large trityl portion is ultimately wasted, it can be the only synthetic entry for
certain individual compounds. Indeed, phosphonodithioester 61 (the synthesis of
which is shown in the same scheme) could not be prepared by any other route.

In yet another variation, the powerful Barton decarboxylation reaction can be
combined with the radicophilicity of bis(thiocarbonylthio) derivatives to prepare
thiocarbonylthio structures, starting with carboxylic acids [24]. The principle of this
approach is outlined in Scheme 5.18 for the generic Barton ester 63. The process
can be triggered by light, heat or by the use of various initiators. Furthermore, the
mixed disulfide side product 64 can itself act as a thiocarbonylthio transfer agent,
which should increase the overall atom efficiency. The example given concerns
the synthesis of an S-trifluoromethyl xanthate (66) via the corresponding Barton
ester 65, which is not isolated. It is worth pointing out that owing to the presence
of the highly electronegative fluorine atoms, S-perfluoroalkyl xanthates (and other
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Scheme 5.18 Decarboxylative xanthylation using Barton esters.

thiocarbonylthio derivatives) cannot be made by the usual nucleophilic displace-
ment from the corresponding perfluoroalkyl halides. Indirect routes, such as the
present, must therefore be considered to access these compounds. The scope and
flexibility of the decarboxylation method still need to be defined, as well as the
optimum experimental conditions; nevertheless, judging from the broad applica-
bility of the Barton decarboxylation to aliphatic and alicyclic carboxylic acids, as
well as its remarkable functional group tolerance, this approach appears to be quite
promising.

An alternative route also starting from carboxylic acids exploits the decarbonyla-
tion of acyl radicals. The decabonylation is a much slower process than the decar-
boxylation, but can become synthetically useful if it leads to a stabilized entity, such
as a tertiary or a benzylic radical. For example, irradiation of S-pivaloyl xanthate
(67) with visible light, or heating in the presence of a suitable peroxide, causes its
conversion into S-tert-butyl xanthate (69) [25]. This transformation proceeds by way
of the radical chain process presented in Scheme 5.19 and involves the intermedi-
acy of tertiary acyl radical 68. It is worth mentioning that trifluoromethyl xanthate
(66) can be prepared more conveniently and in a better yield (53%) by using this
variant [25].
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Finally, a conceptually related reaction involves decarboxylation of an alkoxy-
carbonyl radical derived from the corresponding S-alkoxycarbonyl xanthate 70, as
shown by the reaction sequence in Scheme 5.20 [26]. Irradiation of 70 with visible
light triggers an efficient chain reaction proceeding by way of alkoxycarbonyl radical
71. S-alkoxycarbonyl xanthates are readily obtained from the chloroformate of the
requisite alcohol. In the example displayed in Scheme 5.20, tertiary xanthate 73 is
efficiently prepared from precursor 72, itself made from β-caryophyllene alcohol.
It is interesting to note that the loss of carbon dioxide from radical 71 is sufficiently
slow for most substrates to allow their inter- or intramolecular capture by an olefin
to furnish esters or lactones respectively. Even though only xanthates have been
made by the last three approaches, extension to other thiocarbonylthio derivatives
should be possible.

5.6
Some Synthetic Applications of the Degenerative Radical Transfer to Small Molecules

Having surveyed briefly the synthetic methods for the preparation of thiocar-
bonylthio compounds, the next task is to overview some of the unique radical
chemistry that accrues from the degenerate transfer process outlined in Scheme
5.8 and summarized in Scheme 5.9.

The absence of a major, nonproductive, competing pathway and the degeneracy of
the reaction of the initial radical with its dithiocarbonylthio precursor allows even
comparatively slow radical processes to take place. In particular, intermolecular
additions to nonactivated alkenes become feasible, thus solving a long-standing
problem in organic synthesis [13]. By far the greatest number of reactions involves
xanthates, on account of their cheapness, ready availability and very respectable
reactivity. Indeed, for small molecule synthesis there is very rarely a need to replace
xanthates by other thiocarbonylthio derivatives, in contrast to the controlled radical
polymerization, where the nature of the monomer may dictate the type of group
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Scheme 5.20 Decarboxylative rearrangement of S-alkoxycarbonyl xanthates.

that must be employed. In the case of small molecule chemistry, the requirement is
to stop after one addition to the olefin, and this is achieved by choosing the reacting
partners in such a way that the adduct radical 36 is less stable than the initial radical
R•, so that in the fragmentation of intermediate 37, the latter is favored. In fact, one
of the key considerations is the behavior of intermediate 37, how fast it is formed,
how fast and in what preferred direction does it break up, and does it interact with
other radicals in the medium.

Perhaps some of these aspects can be better appreciated by examining a simple
case where the process actually fails. Let us consider the possibility of preparing
compound 76 by generating a methyl radical from xanthate 74 and adding it to an
alkene 75, as depicted in Scheme 5.21. If the methyl radical can be generated, say
by a peroxide-mediated initiation, then its addition to the alkene should proceed
to give adduct radical 77. In turn, the latter will add swiftly but reversibly to the
starting xanthate 74 to give intermediate 78. The last propagation step, however,
fails because the methyl radical is normally much less stable than a secondary radical
such as 77, whatever the nature of substituent G. Fragmentation forward to produce
the propagating methyl radical is strongly disfavored in comparison with the reverse
process leading back to adduct radical 77. The desired, addition product 76 cannot
therefore be reached efficiently by this route.
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In order to circumvent this difficulty, temporary substituents can be placed on the
methyl group to increase the stability of the ensuing radical, and thus encourage
fragmentation of the intermediate in the correct direction. This is vindicated by
the behavior of xanthate 79 in Scheme 5.22, which undergoes a smooth addition
to olefin 80 to give the expected adduct 81 in good yield [27]. In contrast to the
situation in the preceding scheme, the initial radical 82 is now much more stable
than adduct radical 83, and so collapse of intermediate 84 will occur preferentially
in the desired direction of product 81.

The fact that intermediate radical 84 will fragment more easily to give radical
82 than to give adduct radical 83 means that the product xanthate 81 will not
react further to any significant extent, as long as the starting xanthate 79 is still
present. However, if the product xanthate is separately exposed to the action of the
peroxide, then there is no alternative but to generate radical 83, even if it is not
particularly stabilized. In the present case, this radical has the possibility of adding
to the aromatic ring to give the stabilized cyclohexadienyl radical 85, as shown
in Scheme 5.23 [27]. This cyclization is not especially rapid, and is very probably
reversible, but there are no other seriously competing pathways. Because of its
high stability, cyclized radical 85 is incapable of propagating the chain, for the same
reason invoked to explain the case of the methyl radical in Scheme 5.21 (i.e. the
product radical is more stable than the initial radical). However, radical 85 is easily
oxidized to the equally stabilized corresponding cation 86 by electron transfer to
the peroxide (this corresponds to step (e) in Scheme 5.8). Aromatization by loss of
a proton quickly follows to give indoline 87 in good yield. The peroxide is therefore
acting as an initiator and as an oxidant; it must therefore be used in stoichiometric
amounts.
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Treatment of indoline 87 with Raney nickel removes the sulfur atoms and gives
indoline 88, which formally derives by addition of a methyl radical to olefin 80, fol-
lowed by cyclization to the aromatic ring. Thus, xanthate 79 is a synthetic surrogate
for unsuitable xanthate 74. Moreover, dithianes possess an extremely rich chem-
istry and compound 87 can be converted into a plethora of other derivatives. One
example is its efficient transformation into aldehyde 89. In fact, radical 82 is the
synthetic equivalent to a number of high-energy or inaccessible radicals: methyl,
formyl (•CH O), carboxyl (•COOH) and so forth.

The xanthate group has served to mediate two difficult radical processes: an
intermolecular radical addition to a nonactivated alkene and a ring closure to an
aromatic ring. Both of these transformations are not easy to perform with other
methods. Indeed, this xanthate transfer process is of quite broad scope and repre-
sents possibly the most general solution to the long-standing problem in organic
synthesis of how to create a carbon–carbon bond on nonactivated olefins in an
intermolecular fashion. The synthetic potential of the xanthate transfer can be ap-
preciated by glancing at the examples of Scheme 5.24, concerning only additions
to allyltrimethylsilane and chosen from several hundred different additions to a
variety of olefins that have been performed over the years [13].

Experimentally, the procedure is particularly simple, involving merely heating
a concentrated solution (1–2 M) of the xanthate and olefin (2–3 eq.) in reflux-
ing 1,2-dichloroethane (DCE; but other solvents can also be used) under an in-
ert atmosphere and adding solid lauroyl peroxide (5–15 mol%) portionwise from
the top of the condenser. The reaction is monitored for completion by thin-layer
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chromatography, the solvent evaporated and the residue purified by chromatog-
raphy or recrystallization. It is perhaps worth pointing out the ease with which
fluorinated groups can be introduced. Thus, xanthate 66, the preparation of which
is described in Scheme 5.18, adds smoothly to allyl trimethylsilane to give the
corresponding adduct 90 [25d]. In the same manner, xanthates 91, 92 (neoPn =
neopentyl) and 93 furnish fluorinated adducts 94, 95 and 96 respectively in gener-
ally high yield [27–29]. The efficient synthesis of bisphosphonate 98 from precursor
97 is also worthy of mention [20b].

Using the same simple experimental procedure, it is possible to perform the
radical addition on much more complex olefins, as demonstrated by the three
transformations in Scheme 5.25 involving trifluoromethyl ketone xanthate (92), a
very convenient source of trifluoroacetonyl radicals [28]. Trifluoromethyl ketones
attached to structures as complex as pleuromutilin, a terpene antibiotic, can be
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readily assembled without the need for protection of the other functional groups
present [30]. Such derivatives would be extremely tedious to obtain by more con-
ventional radical or nonradical routes.

It is not the purpose of this short overview to comprehensively discuss the syn-
thetic potential and applications of the xanthate transfer process. The interested
reader is directed to recent reviews on the subject [13]. However, a few further
examples will help delineate some of the more interesting aspects. The degener-
ative xanthate addition can be perceived as a means to bring together functional
groups that do not interact with each other under the mild, neutral conditions
of the radical addition, but which can be made to react by a change in pH or
by the addition of an appropriate external reagent. The two examples in Scheme
5.26 illustrate the possibility of combining the radical process with the powerful
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Horner–Wadsworth–Emmons reaction to construct various carbocycles [31]. Thus,
depending on the distance between the phosphonate and the olefin, it is possible
to access cyclohexenes or cycloheptenes and possibly other ring-sized cycloalkenes.

By far the majority of the additions have been performed using xanthates, but,
as stated above, similar reactions can be accomplished more or less efficiently
with other thiocarbonylthio derivatives. This possibility is illustrated by the trans-
formations displayed in Scheme 5.27. Dithiocarbamates with ordinary aliphatic
substituents on the nitrogen are normally not sufficiently reactive to undergo
smooth intermolecular addition to nonactivated alkenes. However, diminishing
the electron density on the nitrogen atom by placing an electron-withdrawing
group dramatically increases the reactivity and allows a highly efficient addition.
This is demonstrated by the addition of dithiocarbamate 99 to vinyl acetate to give
the expected adduct 100 in high yield (G. Bouhadir, X. Franck, S. Z. Zard, unpub-
lished observations). For the generation and intramolecular capture of carbamoyl
radicals, simple dithiocarbamates proved, unexpectedly, better than xanthates. The
remarkably efficacious formation of β-lactam 103 from acyl dithiocarbamate 101
via acyl radical 102 has recently been reported by Grainger and Innocenti [32]. Lac-
tams of various sizes were prepared by the same approach. Finally, an instance of
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addition of a dithioester, 103, to a coumarin-substituted styrene is also provided in
Scheme 5.27. The resulting adduct 104 was used in the synthesis of light-harvesting
macromolecules [33].

The presence of the thiocarbonylthio group in the radical addition product opens
access to the tremendously varied chemistry of sulfur. The thiocarbonylthio group
is easily converted into a thiol, a sulfide, a sulfoxide, a sulfone, a sulfonyl chloride,
a sulfonamide, a sulfonium salt, a sulfur ylide and so forth [3]. It is also possible to
exploit the rich radical chemistry of the thiocarbonylthio group to expand consid-
erably the range of useful modifications. The fact that it is possible to go back from
the thiocarbonylthio product to the precursor radical (for example from product
xanthate 38 to adduct radical 36 in Scheme 5.8) allows the implementation of a sec-
ond radical process leading to a functional group interchange or to the formation
of a new carbon–carbon bond.

A xanthate, for example, can be reductively removed with various reagents, in-
cluding tributylstannane. The nearly quantitative dexanthylation of compound 23
in Scheme 5.5 is one such instance. Incidentally, xanthate 23, itself, was made by
way of the radical addition discussed at length above [11]. Other reducing systems
are salts of hypophosphorus acid [34, 35] or a combination of lauroyl peroxide and
2-propanol [36]. In the latter case, 2-propanol acts as both the solvent and the source
of hydrogen atoms. A xanthate can also be exchanged for a bromine atom [37], or,
by using the leaving group ability of sulfones, replaced with an azide [38], an oxime
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derivative [39], an allyl [40] or a vinyl group [41]. These various transformations are
summarized in Scheme 5.28.

In Scheme 5.23, radical 83 was regenerated from the first addition product 81 and
made to cyclize onto the aromatic ring to give indoline 89. Indeed, this approach
can be generalized to the synthesis of numerous aromatic and heteroaromatic
structures fused to five-, six- and even seven-membered rings and containing a
wide variety of substituents and functional groups [13]. One enormous advantage
of the radical cyclization is that it takes place with relatively little regard as far as
the nature of the substituents on the aromatic ring is concerned. It is thus more
broadly applicable, in its intramolecular version, than traditional ionic processes
such as the Friedel–Crafts reaction.
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It is also possible for the product xanthate to participate in another ‘normal’ addi-
tion to a second olefin, as long as the rule of thumb discussed above in connection
with Schemes 5.8 and 5.21 concerning the requirements in the relative stabili-
ties of the initial and adduct radicals is respected. Two examples are laid out in
Scheme 5.29. In the first, xanthate 93 is added to vinylidene carbonate and the
product, 106, thus obtained is reacted with allyl trimethylsilane to give the highly
functionalized compound 107 in good overall yield [29]. In the second transforma-
tion, xanthate 50 adds to vinyl pivalate to furnish 108, which is then reacted with
allyl cyanide. The expected adduct 109 is not isolated but exposed to the action
of a base, 1,8-diazabicyclo [5.4.0] undec-7-ene DBU, which triggers two successive
β-eliminations leading to diene 110 [42].

5.7
Applications to Controlled Radical Polymerizations

5.7.1
Synthesis of Block Polymers

The sequential addition to two different alkenes allows the swift assembly of com-
plex, densely functionalized structures. This is feasible because of the difference
in the stability of the intermediate radicals. If the same olefin is employed for the
second addition (for example reacting xanthate 106 with another molecule of vinyli-
dene carbonate instead of allyl trimethylsilane), then it will be difficult to stop at one
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addition because the ensuing adduct radical will be of essentially identical stability
as the starting radical. The process now cannot be easily controlled in the case of
ordinary olefins and mixtures of oligomers are invariably obtained. However, if the
olefinic trap is a readily polymerizable monomer, then a very interesting situation
arises. As shown in Scheme 5.30, the first addition of xanthate 40a to give 111a
is followed by successive additions leading ultimately to polymer 112a that is now
capped by the xanthate group. This ‘macro-xanthate’ can in turn be used as the start-
ing point for another polymerization involving a different monomer and resulting
in the formation of diblock polymer 113a. The procedure can of course be repeated
to provide a triblock and so on and so forth. In contrast to classical radical polymer-
izations, the chains in this new approach can keep growing until the monomer is
consumed, resulting in considerable narrowing of the molecular weight distribu-
tion. In favorable cases, polydispersity indexes close to 1 can be observed.

A new radical polymerization technique is now at hand, which can deliver block
polymers and which can benefit from all the advantages of proceeding via radi-
cal intermediates: neutral conditions, compatibility with numerous functional and
especially polar groups; tolerance for the presence of water, no need for a strict
purification of the monomers as for anionic polymerization, low cost of initiators
and controlling agent and so forth [43]. A fruitful collaboration with Rhodia (ini-
tially part of Rhône-Polenc Rorer) over several years led to the MADIX process
(macromolecular design by interchange of xanthates) [44]. Concomitantly, polymer
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chemists at CSIRO developed an analogous technique which they called RAFT [45].
Whereas the study with Rhodia centered chiefly on xanthates (40a), that of CSIRO
employed mostly dithioesters (40b), even though the respective patents covered
more broadly the various possibilities for group Z. Both are based on the same
addition–fragmentation on the thiocarbonylthio system, with the Z group playing
only an indirect, albeit important, role. The nature of the Z group has a strong
influence on the rates of the addition and fragmentation steps and on the stabil-
ity of radicals such as 114, which correspond to the intermediate in the exchange
sequence of the thiocarbonylthio group between the growing chains.

In order to control the molecular weight distribution, this exchange process has
to be faster than addition to a monomer molecule. This influence can be seen in the
polymerization of methyl methacrylate, which can be controlled with dithioesters
but not (so far) with xanthates. In contrast, the polymerization of vinyl acetate is
more easily controlled with xanthates than with dithioesters. Xanthates have the
additional advantage of being very cheap and the polymers obtained are essentially
colorless. Xanthates are also more amenable to emulsion polymerization, a feature
that simplifies large-scale operations. Indeed, Rhodia has industrialized the MADIX
process and now produces block polymers on the tens of metric tonnes scale.

The RAFT/MADIX polymerization has attracted a great deal of interest within the
polymer community, with articles on the topic now numbering in the hundreds [43].
Polymers of various architectures and compositions have been made, some with
evocative names: stars, brushes, combs and so on. The properties of the material
can be further modified and tuned by exploiting the presence of both the R and the
thiocarbonylthio groups at the extremities of the block polymer. The sulfur group
can be reductively removed or partially or totally oxidized to forestall any possible
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liberation of unpleasant volatile sulfur compounds from the finished material [46].
In this respect, it is possible to exploit the fact that xanthates can undergo upon
heating the Chugaev elimination described briefly in Scheme 5.1 at the beginning
of this chapter. Thus, by using a xanthate derived from a suitable secondary alcohol
to mediate the polymerization, it is possible to eliminate the xanthate group from
the resulting polymer 115 (Pn = polymer chain; Scheme 5.31) by merely heating at
around 150 ◦C [47]. The process leads ultimately to thiol 116, which has no realistic
possibility to undergo loss of the remaining sulfur. The analogous elimination from
the sulfur side occurs much less readily. It does nevertheless take place with tertiary
derivatives (117, R2, R3 �= H) if the temperature exceeds 150 ◦C (M. Bingham,
S. Z. Zard, unpublished observations), and at even lower temperatures if one of
the substituents is an aryl (117, R2 or R3 = Ar) or a similar stabilizing group
[48]. Fragmentation of a secondary derivative can occur when a heteroatom such
as nitrogen is present geminal to the sulfur, causing a weakening of the C S
bond by an anomeric-type effect. An example of the latter case is provided by the
quantitative conversion of 118 into enamide 119 upon refluxing in chlorobenzene.
This Chugaev-like elimination can be a complicating factor, and the results of
polymerizations performed at high temperature with cumyl dithiobenzoate, for
example, must be interpreted with caution [49].
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5.7.2
Some Mechanistic Considerations

The emergence of RAFT/MADIX as an important polymerization technique has
elicited several detailed mechanistic studies. A number of theoretical calculations
and kinetic studies have appeared, attempting to paint a coherent picture of inti-
mate workings of the polymerization process. Despite these efforts, there is still
disagreement concerning the role of the so-called intermediate macro-RAFT radi-
cals (such as 114) in the observed slowing down of the polymerization when using
dithiobenzoates and related structures (Z = aryl) and its possible involvement in
termination reactions. Some groups have proposed that such intermediates pos-
sess a relatively long lifetime, sometimes of the order of seconds, and it is the
fragmentation step that can become sluggish [50]. Others have defended the idea
that these intermediates engage in termination processes (radical recombinations)
causing a break in the propagating chain [51]. The former vision is more coherent
with the various experimental observations that have been made in the case of small
molecule chemistry, in particular with a key series of experiments summarized in
Scheme 5.32.
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When, in an attempt to bring about ring closure onto the benzene ring, xanthate
120 was treated with a stoichiometric amount of lauroyl peroxide in refluxing DCE
or chlorobenzene, or with di-tert-butyl peroxide in refluxing chlorobenzene, no
cyclization took place. Instead, the corresponding dimer 121 was formed in high
yield (M. Lampilas, B. Quiclet-Sire, S. Z. Zard, unpublished observations). Later, a
similar clean conversion of xanthate 122 into dimer 123 was observed [29]. Finally,
Vidal and coworkers reported that benzylic xanthate (124) produced a quantitative
yield of dibenzyl bisisothiocyanate 125 upon exposure to stoichiometric quantities
of lauroyl peroxide in refluxing cyclohexane [52]. The formation of dimers, when
working with radicals, is not abnormal; what is astonishing is the highly selective
and high yielding formation of a homodimer in a medium supposedly containing a
number of different radical species. It must be emphasized that these experiments
were performed in a fairly concentrated medium under a high flux of initiating
radicals from the peroxide (the half-life of lauroyl peroxide in boiling chlorobenzene
is only a few minutes), yet no significant cross-coupling of radicals is observed.

This, initially puzzling, observation can be understood by looking at the mecha-
nistic manifold displayed in Scheme 5.33 and detailing the case of xanthate 122. The
thermal decomposition of lauroyl peroxide leads to primary undecyl radicals, which
are rapidly captured by the xanthate to give intermediate 126. This intermediate
will preferentially fragment to the more stabilized radical 128 as well as S-undecyl
xanthate (127). At any given time, the concentration of radicals 128 is therefore
much higher than that of the undecyl radicals derived from lauroyl peroxide and, in
the absence of a suitable trap, dimer 123 is selectively formed. Thus, the xanthate
regulates the relative concentration of the various radical species in the medium by
scavenging the reactive and less stabilized primary undecyl radicals and releasing
the more stabilized radicals 128.
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The high yield observed for homodimers also means that radical adduct 126 does not
participate significantly in any radical–radical interactions. This is a key observation
and several factors or combination of factors can be invoked to rationalize this
behavior. Intermediate 126 is a tertiary radical stabilized by three heteroatoms
that cannot undergo disproportionation reactions. It is hindered and appears to be
unable to couple with other such tertiary radicals (or does so reversibly). In fact,
it may be sufficiently hindered to react (relatively) sluggishly even with ‘ordinary’
radicals such as 128. The formation of homodimer 123 is hence not complicated
by possible cross-coupling between radicals 126 and 128. The ability of the even
more hindered ‘macro’-version 114a (or 114b) to capture macroradicals during the
polymerization must be even much less pronounced and very unlikely.

One could argue that radicals such as 126 or 114a,b fragment so rapidly that
their concentration becomes too low to allow them to participate to any significant
extent in radical–radical interactions. This may be true for cases where the radical
generated in the fragmentation is highly stabilized, but even for benzyl radicals,
ab initio calculations have shown that the rate constant for the addition to methyl
dithioacetate [Me C( S)SMe] is about four times greater than for the fragmenta-
tion step (2.76 × 106 M−1·s−1 vs 7.15 × 105 s−1 at 60 ◦C) [53]. This means that the
concentration of the adduct radical at 60 ◦C is expected to be greater than that of
benzyl radicals. The quantitative formation of dibenzyl derivative 125 would be very
difficult to explain if the corresponding adduct (of type 126) had a normal propen-
sity to cross-couple. It is also worth pointing out that Scaiano and Ingold could
easily detect by ESR the tertiary radical formed by addition of a tert-butyl radical
to di-tert-butyl thioketone, despite its lesser stability (only one geminal heteroatom
stabilising the radical) as compared with, say, 126 and its increased tendency to
fragment because of its incredibly congested structure [54]. It is also interesting
to note that, very recently, thioketones were used as radical sinks to control poly-
merizations [55]. These various observations do not support an important role for
macroradicals 114a,b as terminating species. It seems more likely that retardation
in the case of polymerizations mediated by dithioesters 40b is due to the increased
stability of the corresponding intermediate 114b because of conjugation with the
aromatic ring and the consequently slower fragmentation step.

5.7.3
Further Reflections on the Mechanism of the Barton–McCombie Deoxygenation

These considerations, incidentally, also provide a simple rationalization to the
observations of Beckwith and Barker, which, indirectly, elicited the discovery of the
degenerative addition–fragmentation process of thiocarbonylthio derivatives. The
persistency of intermediate 130, produced under Beckwith and Barker’s conditions
by addition of a trimethylstannyl radical to xanthate 129, gives it a long enough
lifetime to pursue an ionic pathway. Thus, it can collapse into alkoxythiocarbonyl
radical 17, observed by ESR spectroscopy by Beckwith and Barker, and methyl
trimethyltin sulfide (131), as pictured in Scheme 5.34.
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Furthermore, it is also now possible to propose a hybrid mechanism for the
Barton–McCombie deoxygenation that reconciles the observations of both the
Barton’s group and Beckwith and Barker. As shown in Scheme 5.35, the addition
of tributyltin radicals occurs reversibly on the thiocarbonyl group of the xanthate to
give a persistent radical intermediate 14, which can evolve through two pathways.
It either undergoes a radical fragmentation (path (a)) or collapses by an ionic mech-
anism (path (b)). The former corresponds to the original Barton–McCombie mech-
anism; the latter leads to alkoxythiocarbonyl radical 17, an intermediate proposed
by Beckwith and Barker (and observed under specific conditions). The propensity
for alkoxythiocarbonyl radicals 17 to extrude carbon oxysulfide was postulated by
Beckwith and Barker, without the support of direct experimental evidence. No
method existed at the time for unambiguously generating these species in order
to study their behavior. This problem was later solved by finding that xanthic
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Scheme 5.35 A hybrid mechanism for the Barton–McCombie deoxygenation.
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anhydrides [ROC( S) S C( S)OR], because of their symmetrical structure, pro-
vided alkoxythiocarbonyl radical 17 cleanly and unambiguously upon irradiation
with visible light [56]. It could indeed be shown that alkoxythiocarbonyl radicals
readily expel carbon oxysulfide and that this fragmentation was at least 1 order of
magnitude faster than the loss of carbon dioxide from the corresponding alkoxy-
carbonyl species (ROC• O). These, somewhat counterintuitive, experimental ob-
servations have recently been buttressed by theoretical calculations [57].

Pathways (a) and (b) are not mutually exclusive. Which one prevails or whether
both operate simultaneously in a given situation will depend chiefly on the nature of
the R group in the starting xanthate 129 and the experimental conditions, especially
the reaction temperature. These factors will strongly influence the rates of the
homolytic (path (a)) or ionic (path (b)) rupture of intermediate 14, both of which are
unimolecular process with a high, positive entropy term. The hybrid mechanism
displayed in Scheme 5.35 represents a rare instance where a purely ionic process (in
contrast to mechanisms involving radical ions) is in competition with a homolytic
process within the same mechanistic manifold. Elementary steps involving radicals
are normally so much faster than the common elementary ionic reactions that
the respective reactive species are often made to evolve in two separate reaction
manifolds with a crossover step between the two (for example step (e) in Scheme
5.8).

5.8
Concluding Remarks

In summary, the unexpected behavior of S-isopropyl xanthate (19) has had far-
reaching consequences, completely unimagined at the time. It has resulted in
the uncovering of a powerful, versatile radical process, and provided a solution to
the long-standing problem of creating C C bonds in an intermolecular fashion,
starting with ordinary, nonactivated alkenes. It has also led to the emergence of
an efficient controlled radical polymerization technology that has started to find
its way into the market. It has perhaps furnished, ultimately, a better insight into
the Barton–McCombie deoxygenation itself. Finally, and as a result of this work, a
number of new ionic reactions of xanthates were also found, some proceeding by
way of totally novel intermediates [13f].
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6
RAFT Polymerization in Bulk Monomer or in
(Organic) Solution

Ezio Rizzardo, Graeme Moad, and San H. Thang

6.1
Introduction

Radical polymerization is one of the most widely used processes for the commercial
production of high-molecular-weight polymers [1]. The main factors responsible
for the preeminent position of radical polymerization are as follows (a) it can be
used with a large variety of monomers; (b) it is tolerant of a wide range of functional
groups and reaction conditions; (c) it is simple to implement and inexpensive in
relation to competitive technologies. However, the conventional process has some
notable limitations with respect to the degree of control over the molecular weight
distribution, polymer composition and architecture.

The recent emergence of techniques for implementing living radical polymer-
ization has provided a new set of tools that allow very precise control over the
polymerization process while retaining much of the versatility of conventional
radical polymerization [2–5]. New materials that have the potential of revolu-
tionizing a large part of the polymer industry are beginning to appear. Possi-
ble applications range from novel surfactants, dispersants, coatings and adhe-
sives, through to biomaterials, membranes, drug delivery media and materials for
microelectronics.

The living radical polymerization techniques that have received greatest atten-
tion are nitroxide-mediated polymerization (NMP), atom transfer radical or metal-
mediated polymerization (ATRP) and reversible addition–fragmentation chain
transfer (RAFT). The NMP technique was devised at CSIRO in the early 1980s
[6, 7] and in recent years has been exploited extensively for the synthesis of narrow-
molecular-weight-distribution homopolymers and block copolymers of styrene and
acrylates [8–10]. Recent developments have made NMP applicable to a wider, though
still restricted, range of monomers [10]. ATRP is substantially more versatile [11, 12];
however, it requires unconventional initiating systems with poor compatibility with
some polymerization media. Again, substantial advances have been made to redress
this and other issues [5]. RAFT polymerization, also devised at CSIRO, is one of the
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Scheme 6.1 Mechanism of RAFT polymerization.

more recent entrants in this field and arguably the most convenient and versatile
[13, 14].

Macromonomer RAFT agents were first reported in the open literature in 1986
[15] and their use in polymer synthesis to produce block copolymers and polymers
with narrow molecular weight distribution was published in 1995 [16, 17]. The
use of xanthates to give RAFT organic synthesis was reported in 1988 [18, 19]
while the use of thiocarbonylthio RAFT agents in the context of conferring living
characteristics on radical polymerization was first communicated in 1998 [20, 21].
Thiocarbonylthio RAFT agents with general structure 1 may act as transfer agents
by a two-step addition–fragmentation mechanism as shown in Scheme 6.1.

RAFT polymerization with thiocarbonylthio compounds has been found com-
patible with the vast majority of monomers polymerizable by free radical processes.
This includes (meth)acrylates, (meth)acrylamides, acrylonitrile, styrene and deriva-
tives, butadiene, vinyl acetate and N-vinylpyrrolidone. It is tolerant of functionality
in monomer, solvent and initiator (e.g. OH, NR2, CO2H, SO3H, CONR2). In 2000
we provided a review [22] of RAFT polymerization in which we surveyed RAFT poly-
merizations of various monomers. This chapter can be considered as an update on
that review. We focus on RAFT polymerization in bulk and in (organic) solution and
deal with aspects of the kinetics and mechanism of RAFT polymerization and its
relationship with the selection of RAFT agent and reaction conditions for particular
polymerizations and copolymerizations. The kinetics of RAFT polymerization are
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considered in greater detail in Chapter 3. RAFT polymerization in homogeneous
aqueous solution will be mentioned but is given more comprehensive coverage in
Chapter 7.

Recent reviews which relate specifically to RAFT polymerization include general
reviews by Moad and coworkers [13, 14, 23], Mayadunne and Rizzardo [24], Chiefari
and Rizzardo [25], Perrier and Takolpuckdee [26], Favier and Charreyre [27] and
Barner-Kowollik, Davis, Stenzel and coworkers [28]. Many other reviews deal with
specific applications of RAFT polymerization such as computational studies related
to RAFT agents and RAFT polymerization [29, 30], the kinetics and mechanism of
RAFT polymerization [31], the use of RAFT in organic synthesis [19, 32, 33], the
control of molecular weight distributions produced by RAFT polymerization [34],
the use of RAFT polymerization in aqueous media [35] and in heterogeneous media
[36–39], the synthesis of end functional polymers by RAFT polymerization [40, 41],
star polymer synthesis [42], the synthesis and properties of stimuli responsive block
and other polymers [41, 43] and the preparation of honeycomb structures [44].

RAFT polymerization is also reviewed within works that deal more generically
with radical polymerization. The process is comprehensively reviewed within the
chapter ‘Living radical polymerization’ in The Chemistry of Radical Polymerization [1]
and is given substantial coverage in many recent works that relate more generically
to polymer synthesis, living polymerization or novel architectures [5, 45–55]. The
literature is expanding very rapidly; an update review [14] covering the period mid-
2005 to mid-2006 revealed more than 200 papers dealing directly with the use and
application of RAFT polymerization.

The essential features of the ideal RAFT polymerization can be summarized as
follows [13]:

Ĺ RAFT polymerization (Scheme 6.2) can be performed by simply adding a chosen
quantity of an appropriate RAFT agent to a conventional free radical polymeriza-
tion. Usually the same monomers, initiators, solvents and temperatures can be
used.

Ĺ RAFT polymerization possesses the characteristics usually associated with living
polymerization. Essentially chains begin growth at the commencement of poly-
merization and continue to grow until the monomer is consumed. Molecular
weights increase linearly with conversion. Active chain ends are retained.

Ĺ Molecular weights in RAFT polymerization can be estimated using equation 6.1:

Mn(calc) = Monomer consumed

Chains initiated
≈ [M]o − [M]t

[1]o
mM (6.1)

X

Y
Z

S

SR R
S Z

X Y X Y X Y S

Initiator

RAFT agent

n

Polymeric RAFT agent

1 5 

Scheme 6.2 Overall reaction in RAFT polymerization.
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where [M]o − [M]t is the monomer consumed and mM is the monomer molecular
weight.

Ĺ Narrow molecular weight distributions are achievable.
Ĺ Blocks, stars and complex molecular architectures are accessible.

6.2
RAFT Agents

With appropriate selection of the RAFT agent for the monomers used and the
reaction conditions, all or most of the aforementioned features can be routinely
achieved. An understanding of the kinetics and mechanism of the RAFT process
provides insight and allows the formulation of some simple guidelines for success-
fully implementing RAFT polymerization.

6.2.1
RAFT Agent Design

A wide variety of thiocarbonylthio RAFT agents (ZC( S)SR, 1) have now been
reported. Our initial communication on this form of RAFT polymerization [20]
focused on the utility of dithiobenzoate (Z = Ph) and other dithioesters. However,
our patents [21, 56, 57] and many subsequent papers demonstrate that a wide range
of thiocarbonylthio compounds can be used. These include certain trithiocarbon-
ates, xanthates, dithiocarbamates and other compounds. The effectiveness of the
RAFT agent depends on the monomer being polymerized and depends strongly
on the properties of the free radical leaving group R and the group Z which can
be chosen to activate or deactivate the thiocarbonyl double bond and to modify the
stability of the intermediate radicals (Fig. 6.1) [22, 58, 59]. For an efficient RAFT
polymerization (Scheme 6.1) [13],

Ĺ the RAFT agents 1 and 3 should have a reactive C S double bond (high kadd);
Ĺ the intermediate radicals 2 and 4 should fragment rapidly (high kβ , weak S R

bond) and give no side reactions;
Ĺ the intermediate 2 should partition in favor of products (kβ ≥ k−add); and
Ĺ the expelled radicals R• should efficiently reinitiate polymerization.

S S

Z

R

Weak single bond

Reactive
double bond

Z modifies addition and 
fragmentation rates

R, R' are free radical 
leaving groups (R must 
also be able to reinitiate 
polymerization)

R' S S RR' +

Z

Fig. 6.1 Structural features of thiocarbonylthio RAFT agent and the
intermediate formed on radical addition [13].
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Fig. 6.2 Guidelines for selection of RAFT agents for various
polymerizations [13, 14, 60]. For Z, addition rates decrease and
fragmentation rates increase from left to right. For R, fragmentation
rates decrease from left to right. Dashed line indicates partial control
(i.e. control of molecular weight but poor polydispersity or substantial
retardation in the case of VAc).

Figure 6.2 provides general guidance on how to select the appropriate RAFT
agent for a particular monomer. It should be clear that with just two RAFT agents
it should be possible to exert effective control over the vast majority of polymeriza-
tions. For example, a tertiary cyanoalkyl trithiocarbonate (e.g. 77, 78) provides excel-
lent control and no or little retardation in RAFT polymerizations of (meth)acrylates,
(meth)acrylamides and styrene. A cyanoalkyl dithiocarbamate (e.g. 136) or xanthate
(e.g. 116) enables similar control in RAFT polymerizations of vinyl acetate, vinyl
pyrrolidone and similar monomers. Other RAFT agents may be required for solu-
bility or compatibility with particular polymerization media or to provide specific
end group functionality.

A tabulation of RAFT agents already described in the literature and that are
mentioned in the succeeding sections is provided in Tables 6.1–6.5. RAFT agents
are organized by Z (dithioesters, trithiocarbonates, xanthates, dithiocarbamates,
others) and by R (tertiary, secondary, primary) within each table. Multifunctional
RAFT agents with more than two thiocarbonylthio groups are not included in the
summary. Where available, a reference in which the synthesis of the RAFT agent is
described is provided in Tables 6.1–6.5. References to the use of the RAFT agents are
provided in the tables that follow in Section 6.3. The list of RAFT agents is certainly
not comprehensive as it continues to increase, but it, nonetheless, demonstrates the
wide range of functionality that may be introduced into the RAFT agent structure.
Inclusion of a compound in Tables 6.1–6.5 should not be taken as an indication
that the compound is an effective RAFT agent. Discussion of the dependence of
effectiveness on RAFT agent structure is provided in Chapter 3 of this Handbook
and in our other recent reviews [13, 14].

Dithiobenzoates and similar dithioesters with Z = aryl are amongst the most
active RAFT agents and with appropriate choice of R have general applicability
in the polymerization of (meth)acrylic and styrenic monomers [13, 14]. However,
their use can give retardation, particularly when used in high concentrations (to
provide lower-molecular-weight polymers) and with high-kp monomers (acrylates,
acrylamides). They are also sensitive to hydrolysis and decomposition by Lewis acids
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Table 6.1 Dithioesters (Z = aryl) used as RAFT agentsa

S

S polymer

6

S

S S

7[59]

S

S
R

 8a R=H[61]
 b R=F

S

S

Cl
9[59]

S

S S

S

10[65]

S

S
CN

R

R1

R1 R2

11a R,R1,R2=H[59,61,66] f R= F,R1=H,R2=F[64]
b R=F,R1=H,R2=H[64] g R= CH3,R

1=H,R2=CH3[64]
c R=CN,R1=H,R2=H[64] h R= OCH3,R

1=H,R2=OCH3[64]  
d R= OCH3,R

1=H,R2=H[64] i R= H,R1=CF3,R
2=H[64]

e R= Ph,R1=H,R2=H[64] j R= H,R1=CN,R2=H[64]

S

S
CN

F

F

F F

F

12[64]

S

S
CN

13[57,68]

S

S
CN

14[57]

S

S
CN

R

R1

R1

 15a R,R1=H[64]
 b R=CN,R1=H[64]
 c R=H,R1=CF3[64]
 d R=OCH3,R

1=H [64] 

S

S
CN

CO2H

16[66,57]

S

S

CN

O

O O
CH3

n
17[24]

S

S

CN

O

O

18[68]

S

S

CN

O

O N3

19[69]

S

S

CN

O

O (CH2)8

20[70]

S

S

CN

O

O (CH2)4 O

O

21[70]

S

S

CN

O

O

22[70]
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Table 6.1 (Continued)

S

S

34[59,80]

S

S
CN

35

S

S
CO2C2H5

36[81]

S

S
O

O Si
OCH3

37[82]

S

S
CO2H

Br
N

38[82]

S

S

O
NH

SO3Na

SO3Na

39[73]

S

S

O
NH

SO3Na

40 R=H[73]

S

S
R

 41a R=H[59,83,84] 
b R=CN 

S

S

CO2H
42[85]

S

S
O

O

O

O

43[86]

S

S

44[87]

S

S

45[87]

S

S

O
NH

SO3Na

26[73]

S

S

27[59]

S

S

28[59]

S

S
CN

PhR

 29a R=H[74]
 b R=OCH3[74]
 c R=F[74]
 d R=Ph[74]

S

S
Ph

O
N(C2H5)2

30[75,76]

S

S
Ph

O
OH

31[77]

S

S
Ph

O
OR

 32a R=CH3[76,78]
 b R=PEGM[76,79] 
 c R=PLA[76] 
 d R=CH2CH2C6F13[72]

S

S
Ph

O
O O

O

S
Ph

S

33[77]

S

S

CN

OH

23[59,66]

S

S
CO2R

24a R=CH3

b R=C2H5[59]
 c R=CH2C6F13[72]

S

S

O
NH

OH

25[59]

(Continued)
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Table 6.1 (Continued)

S

S
N

CN

52[64]

S

S
HN

CN

53[64]

S

SN

54[89]

S

SN

55[89]

S

S
N

56[89]

S

SN

O

57[89]

S

SN

O

58[89]

S

S
NO

59[89]

S

S
Ph

60

S

S
CN

61[64]

S

S
CN

Ph

62[73]

S

S
CN

63[64]

S

N

N
H

S

64[90]

S

S
O

O

R

48a R=C2H5[80]
b R=CH2CH2C6F13[81]

S

S
CO2H

49b

S

S CO2H

51[88]

S

S

S

S

46[21, 65] S

S

N

S

S

N

47[87]

50[69]

N

N

O

O

CN

S

S

O

O

CN

S

S

Ru

3

2+

ClO4
2–

aReferences provided in this table relate to the synthesis of RAFT agent. For refernce to use of RAFT
agent, see also the tables that follow.
bRAFT agent is commercially available.
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Table 6.2 Dithioesters (Z = alkyl or araalkyl) used as RAFT agentsa

H3C
S

S

65

H3C
S

S
CN

66[58]

H3C
S

S

67

H3C
S

S

68

H3C
S

S

69[58]

S

S

70[91]

S

S

71

S

S

72

S

S

O
OCH3

73

S

S

O
OH

74

S

S

75

aReferences provided in this table relate to the synthesis of RAFT agent. For refernce to use of RAFT
agent, see also the tables that follow.

[60]. The utility of trithiocarbonate RAFT agents was disclosed in the first RAFT
patent [21] and many papers now describe their application (vide infra). Trithio-
carbonates are less active yet still provide good control over the polymerization of
(meth)acrylic and styrenic monomers, give substantially less retardation and are
less prone to hydrolytic degradation. Ideally, to avoid odor issues with the RAFT
agent and polymer, the ‘Z’, and preferably the ‘R(S)’, groups should be based on
thiols with low volatility (e.g. dodecanethiol) [40, 60].

O-Alkyl xanthates and N,N-dialkyl dithiocarbamates are most suited for polymer-
ization of VAc, NVP and related vinyl monomers where the propagating radical is
a poor homolytic leaving group. The relatively low activity of O-alkyl xanthates and
simple N,N-dialkyl dithiocarbamate derivatives in polymerization of styrenic and
(meth)acrylic monomers can be qualitatively understood in terms of the importance
of the zwitterionic canonical forms (Fig. 6.3) which arise through interaction be-
tween the O or N lone pairs and the C S double bond [58, 61]. Electron-withdrawing

O S

S
R

O S

S
R N S

S
R

N S

S
R

Fig. 6.3 Canonical forms of xanthates and dithiocarbamates.
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Table 6.3 Trithiocarbonates (Z = thioalkyl) used as RAFT agentsa

S
S

SR
76 R=primary alkyl 

S
S

S

CN

R

 77a R=CH3[58,66]
 b R=C12H25

C12H25S
S

S

CN

CO2H

78[40]

C12H25S
S

S
O

O
O

HN

O

SHN

N
H

O

79[92]

S
S

S CO2H
HO2C

80[93]

C12H25

S

S

CN

O

O N3

81[69]

S
S

SR CO2H

 82a R=C2H5[94]
 b R=C12H25[95]
 c R=CH2CH2CO2H[95] 

C18H37S
S

S CONHC18H37

83[96]

S
S

S C
O

HN

84[96]

S
S

S
CN

Ph
R

85a R=CH3[14]
b R=C12H25[60]

S
S

S
CO2H

Ph
H3C

86

S
S

S
CO2CH3

Ph
H3C

87[75,77]

S
S

S

O
OC2H5

88[97]

S
S

SR
CO2H

 89a R=C4H9[98]
 b R=C12H25[98]
 c R=CH2CH2CO2H[95] 

S
S

S

90

S
S

S

91[99]

S
S

S

O
OC2H5C2H5O

O

92

S
S

S

93[58,97]b

S
S

S
HO2C

94[95]

S
S

N

N

N

2
95[100]

S
S

S

O
O

SS

N

96 [101]
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Table 6.3 (Continued)

S
S

S
O

HN
S

O

97[102]

S
S

S
N

O

ON

O

O

98[99]

S
S

S
N

O

O

99[99]

S
S

S
HO2C CO2H

100[95]

S
S

S

101[99]

aReferences provided in this table relate to the synthesis of RAFT agent. For refernce to use of RAFT
agent, see also the tables that follow.
bRAFT agent is commercially available.

substituents on Z can enhance the activity of RAFT agents to modify the above order
[58, 62, 63]. Thus, xanthate and dithiocarbamate RAFT agents where the oxygen
or nitrogen lone pair is less available for delocalization with the C S by virtue of
being part of an aromatic ring or by possessing an adjacent electron-withdrawing
substituent can be very effective in polymerization of styrenic and (meth)acrylic
monomers.

Electron-withdrawing groups can also enhance the activity of dithiobenzoate
RAFT agents. For ring-substituted cyanoisopropyl dithiobenzoate RAFT agents in
MMA polymerization, electron-withdrawing groups, which render the thiocarbonyl
sulfur more electrophilic, enhance the rate of addition to the C S double bond and
provide narrower polydispersities from the early stages of polymerization [13, 64].

For fragmentation to occur efficiently in the desired direction, the substituent
R must be a good homolytic leaving group, relative to the attacking radical Pn

•.
For example, the RAFT agent with R = CH2Ph (e.g. benzyl dithiobenzoate (41a))
functions as a suitable chain transfer agent in polymerization with styryl and acry-
lyl propagating radicals but not in those with methacrylyl propagating radical.
The benzyl radical is a reasonable leaving group with respect to the styryl and
acrylyl propagating radicals but is a very poor leaving group with respect to the
methacrylyl propagating radical. In MMA polymerization, RAFT agents such as
benzyl dithiobenzoate (41a) can appear almost inert because R is a poor leaving
group with respect to the PMMA propagating radical [59].

The rate of fragmentation of intermediate 2 is enhanced by increasing steric
hindrance, by the presence of electron-withdrawing groups and by radical stabi-
lizing groups on R. Examples illustrating the importance of these factors can be
found in the subsequent sections (see in particular Section 6.3.1). More detail is
also provided in Chapter 3 and in our other recent reviews [13, 14].

During chain extension, the attacking and leaving propagating radicals (Pn
• and

Pm
•, n, m > 2) are, in essence, identical in all respects other than chain length and
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Table 6.4 Xanthates (dithiocarbonates) (Z = alkoxy, aryloxy) used as
RAFT agentsa

O
S

S
F

F

F F

F

102[58,103]

O
S

S

103[79]

O
S

S

104[79]

O
S

S
OCH3

O
R

O
S

S

O
OC2H5

F3C

107

O
S

S

108[79]

O
S

S
CN

109[66,103]

O
S

S

110[103,105,106]

O
S

S

O
OR

 111a R=C2H5[97]
[261] b R=CH3

106a R=CO2H[104]
      b R=CO2CH3

c R=F
d R=OCH3

105  1a R=CO2H[105]
         b R=CO2CH3

        c R=F
         d R=OCH3

O
S

S

O
OC2H5

O
OC2H5

112[79]

O
S

S

O
OC2H5

O
OC2H5H3CO

n

 113a n=1[79]
 b n=3[79]

O
S

S

114[58,79,105,106]

O
S

S

115[97]

O
S

S
CN

116[103]

O
S

S

O
OR

 117a R=CH3[104]
 b R=C2H5

O
S

S

O
OCH3

118[104]

O
S

S

O
OCH3

119[104]

O
S

S
N

O

O

120[107]

O
S

S
OCH3

O
R

aReferences provided in this table relate to the synthesis of RAFT agent. For refernce to use of RAFT
agent, see also the tables that follow.
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Table 6.5 Dithiocarbamates (Z = N<) used as RAFT agentsa

N
S

S

121[108]

N
S

S
CN

122[58,66]

N
S

S
CN

123[66]

N
S

S

124[58]

N N
S

S

125[103]

N N
S

S

126[79]

N
S

S

N

Ph
Ph

127[109]

N
S

S

N

N

128[109]

N
S

S

129[109]

N
S

S

Ph

130[109]

N
S

S

R

131a R=H [109] 
b R=PhN2[110]

N
S

S
S

132[109]

N
S

S

133[109]

N N
S

S

R

 134a R=CH3

 b R=Ph 
 c R=C9H19[111]

N
S

S
CO2Et

CO2Et

135

N
S

S
CN

136

S N

S O

S

S

N

O
137[112]

N
S

S
CN

O

138

N
S

S

O

139[58,103]

N
S

S
CN

O

140[103]

(Continued)
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Table 6.5 (Continued)

R
N

S

S
CN

R

141a
b

R=CH3[66,103]
 R=C2H5

N
S

S

CN

CO2H

142[113]

N
S

S

143[58]

aReferences provided in this table relate to the synthesis of RAFT agent. For refernce to use of RAFT
agent, see also the tables that follow.

therefore should have equivalent rates in addition to RAFT agent, fragmentation
and propagation.

The leaving ability of the substituent R must also be balanced with the ability of
the radical R• to reinitiate polymerization. The triphenylmethyl radical, for instance,
would be an excellent leaving group but would be a poor reinitiator of chains and
its use would result in retardation of polymerization. Inhibition periods observed
when RAFT agents with R = benzylic species (1-phenylethyl, benzyl) for vinyl
monomer polymerization (e.g. VAc, NVP) can also be rationalized in terms of the
low rate of reinitiation (see Section 6.3.7).

6.2.2
RAFT Agent Synthesis

This section is taken largely from our other recent reviews [13, 14]. Currently,
few RAFT agents are available commercially. Arkema have indicated they have
commenced producing dibenzyl trithiocarbonate (93) on a pilot scale and have
reported it as commercially available [114]. However, RAFT agents are available in
moderate to excellent yields by a variety of methods, and syntheses are generally
straightforward. References to syntheses of specific RAFT agents are provided in
Tables 6.1–6.5.

The methods most commonly exploited include the following:

Ĺ Reaction of a carbodithioate salt with an alkylating agent (Scheme 6.3) [21, 58,
59, 80, 115, 116]. Often this will involve sequential treatment of an anionic
species with carbon disulfide and an alkylating agent in a one-pot reaction.
For example, this process was used to prepare benzyl dithiobenzoate (41a) [58],

Ph S

S

Ph S

S

Ph

PhCH2BrCS2
PhMgBrPhBr

Mg

40 oC 50 oCEt2O

41a

Scheme 6.3 Synthesis of benzyl dithiobenzoate (41a) by reaction of a
carbodithioate salt with an alkylating agent.
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C4H9S S

S

C4H9S S

S

Ph

PhCH(CH3)Br

CS2
C4H9SH

Et3N

91

Scheme 6.4 Synthesis of butyl 1-phenylethyl trithiocarbonate (91) by
reaction of a carbodithioate salt with an alkylating agent.

2-(ethoxycarbonyl)prop-2-yl dithiobenzoate [58] and 2-cyanoprop-2-yl dithioben-
zoate [22].

Similar chemistry is used in the synthesis of unsymmetrical trithiocarbonates
(Scheme 6.4) [99, 117, 118]. Yields are generally high (>70%) for substitution of
primary and secondary alkyl halides but can be low for tertiary halides (5–40%).

Thiocarbonylbisimidazole may be used as alternative to carbon disulfide in the
synthesis of some RAFT agents (e.g. Scheme 6.5) [97, 103].

Ĺ Addition of a dithioacid across an olefinic double bond [59, 119–121]. This proce-
dure has been used to prepare cumyl dithiobenzoate (8a) (Scheme 6.6) [21, 22].
Electron-rich olefins (styrene, AMS, isooctene, VAc) give the desired Markown-
ikov addition (sulfur at substituted position). However, similar reactions with
electron-deficient olefins (MMA, MA, AN) unfortunately give Michael-like addi-
tion (sulfur at unsubstituted position) and therefore do not give useful RAFT
agents.

Ĺ Radical-induced decomposition of a bis(thioacyl) disulfide [40, 57, 58, 66, 122].
This is probably the most used method for the synthesis of RAFT agents requiring
tertiary R groups. An example is the synthesis of the tertiary trithiocarbonate (78)
(Scheme 6.7) [40]. It is also possible to use this chemistry to generate a RAFT agent
in situ during polymerization [57]. A new synthesis of bis(thioacyl) disulfides has
appeared [123].

Ĺ Sulfuration of a thioloester (Scheme 6.8) [21, 59] or a mixture of a carboxylic
acid with an alcohol, halide or olefin [124–126] with P4S10, Davey or Lawesson’s
reagent [127].

Ĺ Radical-induced ester exchange [22, 58, 59, 128]. For this method to be effective
the R group of the precursor RAFT agent should be a good free radical leaving
group with respect to that of the product RAFT agent. For example, the cyanoiso-
propyl radical generated from 2,2′-azobis(isobutyronitrile) (AIBN) can replace
the cumyl group of cumyl dithiobenzoate (8a) (Scheme 6.9) [22].

PhCH2S SCH2Ph

S
PhCH2SH

S

NN NN

S

NPhCH2S N

+
125

93

Scheme 6.5 Synthesis of benzyl 1H-imidazole-1-carbodithioate (125)
and dibenzyl trithiocarbonate (93) from 1,1′-thiocarbonylbisimidazole.
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Ph SH

S

Ph S

S

+

Ph S

S

Ph Cl + S8 NaOCH3+ Na
H

CCl4

70 oC

CH3OH

70 o EC 2Ot

a8

Scheme 6.6 Synthesis of cuyml dithiobenzoate (8a) by addition of a
dithioacid across a double bond.

C

CH3

CN

CH2CH2COOH

C12H25SH
NaH

Et2O,5–10 °C C12H25S
CS2

C12H25S Na

C12H25S
Iodine

Et2O

4,4'-Azobis(4-cyanopentanoic acid)

EtOAc; reflux

Na S

S

S

S

S

S

SC12H25

S

S

C12H25S

78

Scheme 6.7 Synthesis of the unsymmetrical trithiocarbonate,
4-cyano-4-(dodecylthiocarbonothioylthio)pentanoic acid (78) by
radical-induced decomposition of a bis(thioacyl) disulfide.

Ph Cl

O

+ HS Ph S

O

Ph S

SPyridine
Lawesson's

reagent

Toluene
reflux

28

Scheme 6.8 Synthesis of tert-butyl dithiobenzoate (28) by sulfuration of a thioloester.

Ph S

S

Ph S

S

CN

AIBN

80 oC

a8 a11

Scheme 6.9 Synthesis of cyanoisopropyl dithiobenzoate (11a) by
radical-induced ester exchange.
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Ph S

S

CO2H Ph S

S

Ph

PhCH2SH

49 41a

Scheme 6.10 Synthesis of benzyl dithiobenzoate (41a) by thiol exchange.

Ĺ Transesterification [79, 83] (thiol exchange by reaction of a dithioester with a
thiol). Thioglycolic acid-based dithioesters are poor RAFT agents [80]. However,
they can serve as precursors to other RAFT agents as they undergo facile reaction
with other thiols to provide a new dithioesters. For example, reaction of 49 with
benzyl mercaptan provides benzyl dithiobenzoate (41a) in high yield (Scheme
6.10) [83].

6.3
RAFT Polymerization

A summary of RAFT polymerization is provided in the sections that follow. For
selected monomers MMA, MA, BA, AA and styrene, we have categorized the results
according to the level of control observed. The type of control observed will depend
on the reaction conditions used, for example, the polymerization temperature, the
concentration of the RAFT agent and the reaction medium. However, even taking
these differences into account, the experiments are not always consistent with,
for example, some reporting retardation under conditions where others observe
no or little retardation. This most likely reflects unstated differences in reaction
conditions such as the level of degassing or the presence of impurities in RAFT
agent or other components of the polymerization medium. Refer to the original
papers for further details.

6.3.1
Methacrylates

The choice of the substituents R and Z is crucial to success in RAFT polymerization
of MMA polymerization. The RAFT agents first shown to be suitable for polymer-
ization of MMA and other methacrylate esters include cumyl dithiobenzoate (8a)
and tertiary cyanoalkyl dithiobenzoates, e.g. cyanoisopropyl dithiobenzoate (11a)
[20]. It has been shown that with appropriate choice of R, aromatic dithioester
(Z = aryl), trithiocarbonate (Z = thioalkyl) and certain activated dithiocarbamate
RAFT agents (e.g. Z = pyrrole) provide good control. Alkyl or araalkyl dithioesters
and derivatives (Table 6.2), unactivated dithiocarbamates (e.g. last line of Table
6.3) and xanthates (Table 6.4) provide poor or no control (refer Fig. 6.2) [13, 14].

The suggestion that R might be selected to be a monomeric analog of the propa-
gating radical is flawed with reference to MMA polymerization since penultimate
unit effects are substantial. Thus, RAFT agent 2-ethoxycarbonyl-2-propyl dithioben-
zoate (24b), which may be considered as a monomeric propagating radical, provides
only poor control over the polymerization of MMA and other methacrylates because
R (2-ethoxycarbonyl-2-propyl radical) is a poor leaving group with respect to the
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PMMA propagating radical [59] (interestingly, the fluorinated dithiobenzoate (24c)
shows signs of offering slightly better control [71]). Similarly, tert-octyl dithioben-
zoate (27) has a substantially higher transfer constant in MMA polymerization than
tert-butyl dithiobenzoate (28); both offer only poor control [59]. These differences
in RAFT agent activity indicate a strong penultimate unit effect and are attributed
mainly to steric factors. During chain extension, the attacking and leaving prop-
agating radicals (Pn

• and Pm
•, n, m > 2) are, in essence, identical in all respects

other than chain length and therefore should have equivalent rates in addition to
RAFT agent, fragmentation and propagation. When R is secondary, penultimate
unit effects on addition and fragmentation reactions are likely to be smaller but
still should not be ignored.

Secondary aromatic dithioesters with R = CHPh(CN) (29, 62) [73] and
CHPh(CO2R) (e.g. 32a–c) [26, 77, 78] and analogous trithiocarbonates with R =
CHPh(CN) (85a [14] or 85b [60]) and CHPh(CO2R) (86) [77] have also been

shown to have utility in controlling polymerization of methacrylates. A slow initial-
ization is seen for RAFT agents with R = CHPh(CN), which has been attributed
to a slow rate of reinitiation by the expelled radical R• [14, 60, 73].

Marked retardation of MMA polymerization is observed for high RAFT agent
concentrations and is most pronounced for the case of cumyl dithiobenzoate (8a)
[129]. The retardation appears to be associated with usage of the initial RAFT
agent. Substantially less retardation is seen with tertiary cyanoalkyl dithiobenzoates
(11–14) or with cumyl dithioacetate (67) [129]. Minimal retardation is observed for
lower concentrations of the RAFT agent. Thus, RAFT polymerization of MMA with
8a (<0.01 M) or 11a shows the usual half-order dependence on initiator concen-
tration seen with conventional radical polymerization (Fig. 6.4) [59]. RAFT poly-
merization of MMA with 11a has been used to determine chain-length-dependent
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Fig. 6.4 Plot of log(initial Rp) vs log(initial initiator concentration). Data
are for bulk MMA polymerization at 60 ◦C with AIBN initiator
(0.0005–0.045 M) and either cumyl dithiobenzoate (8a) (�) or
2-cyanoprop-2-yl dithiobenzoate (11a) (◦) as RAFT agent (0.006–0.03
M). A least squares fit provides slope 0.507, R = 0.986 55. Reproduced
from Ref. [59]. © 2003 American Chemical Society.
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termination rate constants on the basis that the kinetics of radical polymerization
are not influenced by the RAFT process [130].

Improved control in MMA polymerization (reduced polydispersity) is observed at
higher polymerization temperatures (up to 110 ◦C) [64]. Note, however, that some
RAFT agents and the end groups of macro-RAFT agents appear unstable at higher
temperatures (>140 ◦C depending on the RAFT agent) [131].

RAFT polymerization of MMA has also been shown to be air sensitive [13]. While
controlled polymerization is observed in the presence of air, significant retardation,
slightly broader molecular weight distributions and some departure from expected
molecular weights are observed for polymerization under air or for polymerization
performed with inadequate removal of air.

RAFT polymerization of MMA can be carried out in the presence of Lewis
acids to obtain simultaneous control over molecular weight and tacticity and an
enhanced rate of polymerization (Figure 6.5) [60, 132, 133]. Cumyl dithiobenzoate
and cyanoisopropyl dithiobenzoate are, however, unstable in the presence of some
Lewis acids [60, 132]. The trithiocarbonate RAFT agent (77a) appears stable and
provides good control [60, 132].

A summary of RAFT polymerizations of methacrylate esters is provided in
Table 6.6. For MMA the results have been categorized according to the level of
control observed. Tolerated monomer functionality includes tertiary amino (in
DMAEMA), quaternary amino (in TMAEMA), carboxylic acid (in MAA), hydroxyl
(in HEMA, 146, 149–153 [72]), epoxy (in GMA), thiirane (in 147 [134]) (see Table 6.6
for references). RAFT polymerization of functional methacrylates has been used
as a route to materials as diverse as glycopolymers (e.g. 148–153) and possible
hole- or electron-transport materials (e.g. 154, 155). High-throughput syntheses
of methacrylate-based polymers by RAFT polymerization have been developed by
Schubert and coworkers [135, 136].
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6.3.2
Acrylates

A wide variety of RAFT agents have been successfully used to control polymerization
of acrylates. There is some discrepancy in reports on the level of control achieved in
acrylate polymerization with dithiobenzoate RAFT agents. While dithiobenzoates
can provide good control, they also give substantial retardation; and inhibition may
be observed for low reaction temperatures or very high concentrations of the RAFT
agent. Xanthates generally provide only limited control. The best balance is obtained
with the use of trithiocarbonate, aliphatic dithioester or activated dithiocarbamates
as RAFT agents.

Even though very narrow molecular weight distributions can be produced, bi-
modal molecular weight distributions are frequently observed and become more
pronounced for higher molecular weights and higher monomer conversions
(Figure 6.6).
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Table 6.6 RAFT polymerization of methacrylate esters and methacrylic
acid in bulk or solution

Monomer RAFT agenta Commentsb

MMA 8a [20, 59, 129, 144, 145], 29 [73], 10 [144], 85a [14],
85b [60]

A, B

11a [59, 129, 130, 146], 13 [136], 17 [144], 20 [70], 21
[70], 22 [70], 23 [20, 59], 24c [71], 32a [75, 77], 32b,c
[75], 33 [76], 77a [146, 147], 77b [13, 40], 122 [63],
PMMA (6) [148], PMMA (65) [149], PBMA (10)
[144]

B

24b [59], 71 [150], 67 [129, 149], 86 [77], 87 [77] C
25 [59], 27 [59], 28 [59], 34 [59], 41a [59], PS (6) [59], PS

(65) [149], 80 [93]
D

BMA 8a [151], 10 [144], 13 [136], PMMA (33) [76] —
BzMA 8a [144], 13 [136] —
GMA 8a [145], 61 [152] —
PFMA 16 [153] —
HEMA 8a [145, 154], PBMA (10) [144], P149 (16) [141] —
PEGMA 16 [155], 13 [135] —
144, 145 11a [137]
146 8a [138, 139], 13 [139] —
147 8a [134], 11 [134] —
148 8a [140] —
149, 150, 151 16 [73, 141] —
DMAEMA 8a [145, 156], 11 [156], 13 [135, 136], PbzMA (6) [144] —
TMAEMA 26 [157] —
152, 153 [142] —
154, 155 8a [143] —
MAA PMMA (6) [144], PbzMA (6) [144] —

aPolymeric or macro-RAFT agents (used in block copolymer synthesis) take the form
‘P’–‘monomer’–‘(RAFT end group)’, where the latter end group is derived from the RAFT agent used
in the synthesis of the polymeric RAFT agent.
bA – Marked retardation observed for higher RAFT agent concentrations. Some retardation for lower
RAFT agent concentrations. B – Predicted molecular weights. Narrow molecular weight distributions
(Mw/Mn typically <1.2 at high conversion). Some retardation for higher RAFT agent concentrations.
C – Molecular weight control observed only at high monomer conversion. Broader molecular weight
distributions (but Mw/Mn typically <1.4 at high conversion). Bimodal molecular weight distributions
may be observed during initialization. D – Some molecular weight reduction. Little evidence of living
characteristics.

There is significant retardation in the polymerization of acrylate esters in the
presence of dithiobenzoate esters [59, 61, 129, 158–162]. Rates of polymerization
of MA were identical with those of benzyl dithiobenzoate (41a) or cyanoisopropyl
dithiobenzoate (11a) as RAFT agent at 60 ◦C, with substantial retardation being
observed from the beginning of the experiment (Fig. 6.7). The retardation did ap-
pear to be directly related to consumption of the initial RAFT agent which was
rapid, with the dithioester being completely consumed at the first time/conversion
point. An aliphatic dithioester, benzyl dithioacetate (69), was found to give
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Fig. 6.5 Percentage of syndiotactic (rr), heterotactic (mr) and isotactic
(mm) triads as a function of the concentration of scandium triflate
during RAFT polymerization of MMA (7.01 M in benzene) at 60 ◦C with
cyanoisopropyl methyl trithiocarbonate (77a) for 20–30% ( ),
40–50% (- - - -) and 85–95% monomer conversion ( ). Reproduced
from Ref. [132]. © 2007 American Chemical Society.

substantially less retardation under the same reaction conditions. The observa-
tion of less retardation in RAFT polymerization of acrylate esters with aliphatic and
trithiocarbonate RAFT agents that is seen with dithiobenzoate RAFT agents has
also been reported under other circumstances [61, 129, 158, 160, 162]. Quinn et al.
[163] observed that 1-phenylethyl dithiophenylacetate (72) enabled RAFT polymer-
ization of MA at ambient temperature whereas 1-phenylethyl dithiobenzoate (34)

10 000                 100 000             1000 000
log(mol wt)

Fig. 6.6 GPC traces of high conversion PMA
prepared in the presence of various RAFT
agents. Molecular weight distributions
shifted so as to correct for differences in
conversion to facilitate comparison (X-axis
correct for sample made with 12). Samples
prepared with 139 (0.0019 M) Mn 87 000,
Mw/Mn 1.19, 72% conversion (·······); 138

(0.0036 M) Mn 110 100, Mw/Mn 1.08, 89%
conversion (−−−−); 77a (0.0037 M) Mn

123 700, Mw/Mn 1.08, 92% conversion
( ). Molecular weights are in
polystyrene equivalents. Initiator is AIBN
(0.00033 M). Reproduced from Ref. [158]. ©
2003 American Chemical Society.
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Fig. 6.7 Pseudo-first-order rate plot for bulk
polymerization of MA (4.45 M in benzene) at
60 ◦C with ∼3.3 × 10−4 M AIBN in the
absence (�) or presence of MeC( S)CH2Ph
(69, 0.00306 M) (◦); MeC( S)CH2Ph (69,
0.0306 M) (�); PhC( S)SC(Me)2CN (11a,

0.003 66 M) and PhC( S)SCH2Ph (41a) (♦).
The data points for RAFT polymerization with
11a and 41a are superimposed. Reproduced
from Ref. [59]. © 2003 American Chemical
Society.

inhibited polymerization under those conditions. McLeary et al. [162] observed that
RAFT polymerization of MA with cumyl dithiophenylacetate (71) was subject to an
inhibition period corresponding to the consumption of the initial RAFT agent. This
was attributed to slow reinitiation by the cumyl radical during what was called the
initialization period. Available data indicate that the rate constant for addition of
cumyl radicals to MA is slow with respect to that for propagation [59, 164]. However,
the reported rate constants for benzyl and cyanoisopropyl radicals adding to MA is
similarly slow or slower with respect to propagation [59, 164], yet no similar sub-
stantial inhibition period is seen with these RAFT agents. Moad and coworkers [59]
proposed that the inhibition period relates not to slow reinitiation by cumyl radical
in itself but rather to the importance of the back reaction of cumyl radicals with the
RAFT agent. Cumyl radicals add to RAFT agents at close to diffusion-controlled
rates, which has the effect of magnifying any problems associated with slow reiniti-
ation and also leads to concentration dependence of the apparent transfer constants
(see also Chapter 3).

A wide range of functional acrylate esters have been polymerized. Functionality
includes tertiary amino (in DMAEA), quaternary amino (in TMAEA), carboxylic
acid (in AA), hydroxyl (in HEA) and epoxy (in GA).

O
O

O

156[165]
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6.3.3
Acrylonitrile

There are only a few reports of AN polymerization in the literature [166, 167,
175, 176, 178]. Examples of AN polymerization are included as the final entries in
Table 6.7. Marked retardation was observed with cumyl dithiobenzoate as RAFT
agent. Better control was obtained with either 1-cyanoethyl dithiobenzoate (35) or
cyanoisopropyl dithiobenzoate (11a) [175, 176] and with the trithiocarbonate 82b
[177]. Polyacrylonitrile block copolymers have been prepared from poly(acrylic acid)
macro-RAFT agent PAA (76) [177].

One difficulty in polymerization of acrylonitrile is the poor solubility of PAN in
most polymerization media. It has been suggested that transfer to solvent is an issue

Table 6.7 RAFT polymerization of acrylic monomers in bulk or solution

Monomer RAFT agenta Commentsb

MA 11a [59, 158], 13 [136], 18 [68], 32a [77], 41a [59, 158] A
77a [158], 69 [158], 87 [77], 139 [158], 138 [13, 158],

PAN(6) [166, 167]
B

EA 80 [93], 82b [93] —
BA 7 [59], 8a [61], 34 [59], 36 [80], 41a [59], 48a [80], 49 [80],

69 [20], 137 [112]
A

P(PEGA)(76) [101], 80 [93], 82b [93] B
111a [168] C

TBA 13 [136]
BzA 13 [136]
EHA 13 [136]
HEA 80 [93] —
DEGEA 111a [168]
PEGA 96 [101] —
155 13 [165]
AA 34 [20], 41a [79, 169] A

80 [93], 82b [93], 89a [170, 171], 93 [79] 117b [172], 138
[13, 173, 174]

PBA(111a) [168], PDEGEA(111a) [168], 105 [79] C
103 [79] D

AN 11 [175, 176], 35 [167], PAA(76) [177], 82b [177], 93 [178] B
7a [167] C
PBA(6) [167] D

aPolymeric or macro-RAFT agents (used in block copolymer synthesis) take the form
‘P’–‘monomer’–‘(RAFT end group)’, where the latter end group is derived from the RAFT agent used
in the synthesis of the polymeric RAFT agent.
bA – Predicted molecular weights. Narrow molecular weight distributions (Mw/Mn typically <1.2).
Marked retardation or inhibition observed for higher RAFT agent concentrations. Significant
retardation for lower RAFT agent concentrations. B – Predicted molecular weights. Narrow molecular
weight distributions (Mw/Mn typically <1.2). Some retardation for higher RAFT agent
concentrations may be observed. C – Molecular weight control observed only at high monomer
conversion. Broader molecular weight distributions (but Mw/Mn typically >1.4). D – Some
molecular weight reduction. Little evidence of living characteristics.
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with either N,N-dimethylformamide or dimethyl sulfoxide as solvent and the use of
ethylene carbonate has been recommended particularly for higher polymerization
temperatures (90 ◦C) [176].

6.3.4
Acrylamides and Methacrylamides

Many papers have appeared on RAFT polymerization of acrylamides with most
work focused on NIPAM and DMAM. RAFT agents used include dithioesters [107,
179–181], dithiocarbamates [108] and trithiocarbonates [94, 96, 182] as summarized
in Table 6.8. Many acrylamides are water soluble and thus are often polymerized in
aqueous solution. This topic is the subject of another chapter of this book and the
reader is referred to Chapter 7 for further examples. Large numbers of acrylamide
block copolymers have also been reported.

Some features of RAFT polymerization of acrylamides are similar to those al-
ready discussed for the case of acrylate polymerization. RAFT polymerization of
acrylamides can be carried out in the presence of Lewis acids to obtain simultaneous
control over molecular weight and tacticity and an enhanced rate of polymerization
[11, 180, 183, 184].

For methacrylamides, similar considerations to those discussed for methacrylate
esters apply. Choice of R is crucial to controlling polymerization since R needs to
be a good homolytic leaving group with respect to the propagating radical. Thus, R
should be tertiary cyanoalkyl or similar. In the synthesis of block copolymers with
blocks based on monosubstituted monomers, the methacrylamide block should be
prepared first [185].

Table 6.8 RAFT polymerization of methacrylamides and acrylamides in
bulk or solution

Monomer RAFT agenta Comments

MAM 16 [185]
HPMAM 16 [186]

AM 16 [185], PAM (16) [185], 80 [93]
DMAM 19 [69], 32a [77], 81 [69], 87 [77], PS (76) [69]
NIPAM 121 [108] Inhibition period,

good control
47 [87], 64 [90], 74 [181], 82a [94], 82b [93], 99

[107], 124 [108]
Good control

TBAM 28 [187], 82b [93]
157 28 [187]
158, 159 82 [188], P158 (83) [188]

aPolymeric or macro-RAFT agents (used in block copolymer synthesis) take the form
‘P’–‘monomer’–‘(RAFT end group)’ where the latter end group is derived from the RAFT agent used
in synthesis of the polymeric RAFT agent.



c06 December 17, 2007 17:17 Char Count=

214 6 RAFT Polymerization in Bulk Monomer or in (Organic) Solution

O

N

O

157 (NAM)

O

NH

CO2H

158

O

NH

CO2H

159

6.3.5
Styrene and Related Monomers

Styrene is one of the most polymerized monomers by the RAFT process. There
have been many studies on the kinetics of styrene polymerization in the pres-
ence of various RAFT agents. These studies are mentioned in greater detail in
Chapter 3. Retardation may be observed when high concentrations of the RAFT
agent are used [61].

Styrene is conveniently polymerized in a purely thermal process in which
monomer and RAFT agent are heated to >100 ◦C preferably in the absence of
air. The results for a series of thermal styrene polymerizations performed with a
range of concentrations of cumyl dithiobenzoate (8a) (0.001–0.0029 M) are shown
in Fig. 6.8 [61]. The polystyrene formed with the highest concentration of the RAFT
agent appears to be of very narrow polydispersity and has a unimodal molecular
weight distribution (see Fig. 6.8). The styrene conversion (∼55%) is reduced with
respect to the control experiment (∼72%). This can be largely attributed to a re-
duced gel or Trommsdorf effect. As the concentration of the RAFT agent used
in the experiments is decreased, polydispersities increase and a high-molecular-
weight shoulder in the molecular weight distribution becomes more evident
(Fig. 6.8). The peak molecular weight at the shoulder is approximately twofold
the molecular weight at the main peak. This is consistent with this shoulder aris-
ing from termination by coupling of polystyryl propagating radicals. For lower
dithioester concentration, the molecular weight distribution is also seen to tail to
lower molecular weights. The shoulder corresponds in amount to that anticipated
to arise from termination by combination and analysis by UV demonstrates that
eluting polymer responsible for the shoulder contains no thiocarbonylthio chain
ends [61]. This behavior observed for styrene polymerization appears in marked
contrast to what is observed during polymerization of high-kp monomer such as
acrylate esters (see above).

The polymerization behavior is strongly dependent on the RAFT agent concen-
tration, the polymerization temperature and the specific RAFT agent. With high
concentrations of cumyl dithiobenzoate (8a) retardation is manifest, as an ‘inhibi-
tion period’ is observed during which the RAFT agent is only slowly consumed.

For an experiment with 0.02 M 8a (50% v/v styrene in toluene at 110 ◦C), the
molecular weight is significantly greater than that expected based on complete con-
sumption of the RAFT agent during this period [61]. For longer reaction times, after
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Fig. 6.8 GPC elution profiles for polystyrenes
prepared by thermal polymerization of
styrene in the presence of various
concentrations of cumyl dithiobenzoate (8a)
at 110 ◦C for 16 h. From top to bottom are
the control (Mn 323 700, Mw/Mn 1.74, 72%
conversion), 0.0001 M 8a (Mn 189 300,
Mw/Mn 1.59, 59% conversion), 0.0004 M 8a

(Mn 106 600, Mw/Mn1.21, 60% conversion),
0.0010 M 8a (Mn 48 065, Mw/Mn 1.07, 55%
conversion) and 0.0029 M 8a (Mn 14 400,
Mw/Mn 1.04, 55% conversion). Reproduced
from Ref. [61]. © 2000 Society of Chemical
Industry first published by John Wiley & Sons,
Inc.

the initial RAFT agent has been converted to a polymeric species, the polymeriza-
tion rate increased. This phenomenon has been termed ‘hybrid behavior’ and is
described in greater detail in Chapter 3. The use of the RAFT agent 11a, which con-
tain a more effective leaving group/initiating species R (the cyanoisopropyl radical),
alleviated retardation [61].

With even higher concentrations of 8a at lower temperature (0.1 M, 50% v/v
styrene in benzene-d6 at 70 ◦C), no polymerization was observed until all of the
initial RAFT agent had been converted to ‘unimer’ RAFT agent when formation
of ‘dimer’ RAFT agent was observed. The behavior has been called efficient ini-
tialization [189, 190] and is also observed with the RAFT agent 11a. Again further
discussion can be found in Chapter 3.

For thermal polymerization of styrene at 110 ◦C with RAFT agent concentrations
<0.02 M, inhibition periods are short (<10 min) and longer-term monomer con-
versions appear to be largely independent of the RAFT agent and its effectiveness
in controlling polymerization [58].

A variety of styrene derivatives, vinyl aromatics and related monomers have been
subjected to RAFT polymerization. These include the carbazole derivative 160 [191]
and acenaphthalene (161). A wide range of RAFT agents can be used, including
aromatic dithioesters (dithiobenzoates), trithiocarbonates, aliphatic dithioesters or
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Table 6.9 RAFT polymerization of styrene and derivatives in bulk or
solution

Monomer RAFT agent Commentsa

Styrene 8a [20, 58, 59, 61, 195], 11a [13, 58, 59, 61], 19 [69], 20
[70], 21 [70], 22 [70], 24b [59], 27 [59], 32a [75, 77],
34 [59], 36 [80], 41a [59], 42 [88], 47 [196], 61 [197],
66 [58], 69 [58], 77a [58], 80 [93], 81 [69], 87 [77], 93
[58], 95 [100], 122 [58], 124 [58], 127–130 [109], 131a
[109], 131b [110], 134a,b [198], 134c [111], 139 [58]

A

48a [80], 49 [80, 88], 102 [58], 105 [58], 107 [199], 110
[199], 111a [199], 114 [58], 132 [109], 133 [109]

B

51 [88], 143 [58] C
SSO3Na 16 [20]
160 8a [191]
2VP, 4VP 8a [200]
161 11a [192, 193], 18 [68], PMA(18) [68]
162 50 [68]
163 124 [194]

aA – Predicted molecular weights. Narrow molecular weight distributions observed at high
conversion (Mw/Mn typically <1.2). Some retardation for higher RAFT agent concentrations may be
observed. B – Molecular weight control observed only at high monomer conversion (so-called hybrid
behavior). Broader molecular weight distributions (Mw/Mn typically >1.4 even at high conversion).
Bimodal molecular weight distributions may be observed during initialization. C – Some molecular
weight reduction. Little evidence of living characteristics.

activated dithiocarbamates as RAFT agents (Table 6.9). Xanthates may also be used
but show substantially poorer control (broader molecular weight distributions).

N

160[191]

161[68,192,193]

O

N

O

162[68]

Ph

163[194]

6.3.6
Diene Monomers

Little has been reported on RAFT polymerization of diene monomers (butadiene,
isoprene).

Lebreton et al. [71] reported on RAFT polymerization of butadiene using various
fluorinated dithiobenzoates 24c or 32d as RAFT agents.
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Jitchum and Perrier [201] reported on RAFT polymerization of isoprene. They
observed marked retardation. Reasonable control was obtained with the use of the
trithiocarbonate 88 at 115 ◦C. Use of lower temperatures (60 and 90 ◦C) gave very
slow polymerization. Use of higher temperatures (130 ◦C) gave more rapid polymer-
ization and broader molecular weight distributions. Poorer results were obtained
with cyanoisopropyl dithiobenzoate (11a), which was attributed to instability of the
RAFT agent under the polymerization conditions (120 ◦C).

The difficulty lies with the high polymerization temperatures that are required
to obtain acceptable rates of fragmentation and perhaps to the stability of RAFT
agents.

6.3.7
Vinyl Acetate, N-Vinylpyrrolidone and Related Monomers

The RAFT agents most suited for use with VAc, NVP and related monomers are
xanthates and unactivated (or less activated) dithiocarbamates (refer Fig. 6.2). Use
of dithioesters and trithiocarbonates gives inhibition, which is attributed to the
relative stability of the intermediate radical which in turn is a consequence of
the propagating radicals derived from VAc, NVP and related monomers that are
comparatively poor homolytic leaving groups.

Related monomers that have been subjected to RAFT polymerization include
other vinyl esters, such as vinyl benzoate, vinyl propionate and the glycomonomer
164, and VCBz. These examples are included in Table 6.10.

Table 6.10 RAFT polymerization of vinyl acetate and related monomers
in bulk or solution

Monomer RAFT agent Commentsa

VAc 119 [104] A
106 [104], 117 [104], 118 [104], 120 [107] B
111a [22, 207], 111b [213], 116 [22] 117 [209, 210] C
141 [22] D

VBz 11a [20] D
164 142 [113], 147 [113] B
NVP 68 [105], 99 [107] A

110 [106, 107], 111a [214], 116 [13], 135 [215] B
120 [107] C
114 [106, 107] D

VCBz 110 [216] C

aA – Little or no polymerization. B – Predicted molecular weights. Narrow molecular weight
distributions (typically <1.2). Inhibition period observed. C – Predicted molecular weights. Narrow
molecular weight distributions (typically <1.2). No inhibition period. D – Poorer control, broader
molecular weight distribution (typically <1.4).
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6.3.7.1 Vinyl Acetate
Poly(vinyl acetate) (PVAc) and its derivative, poly(vinyl alcohol) (PVA), are extremely
important industrially for the production of adhesives and paints and have recently
been investigated for various biomedical applications [202, 203]. Living radical
polymerization of VAc is often problematic and techniques such as ATRP and NMP
are generally not effective. Recently, cobalt-mediated living radical polymerization
of VAc has been reported [204]. Polymerization with reversible chain transfer with
certain iodo compounds [205] or organostibine derivatives [206] has also been
shown to provide some control over VAc polymerization, allowing preparation of
PVAc with narrow molecular weight distribution.

Early work showed that RAFT polymerization with certain xanthate [22, 207]
and certain (nonactivated) dithiocarbamate RAFT agents [22, 62] can be successful
and a significant number of papers on the use of these reagents have now ap-
peared [104, 208–211]. RAFT polymerization with xanthates is sometimes called
MADIX (macromolecular design by interchange of xanthate) [13, 207]. RAFT poly-
merization with dithioester or trithiocarbonate RAFT agents is strongly retarded
[13, 22].

For polymerization of VAc with xanthate RAFT agents, the choice of the
O-alkyl substituent is important [104, 212]. For example, control (predicted Mn,
low Mw/Mn) can be obtained in RAFT polymerization with O-methyl, O-ethyl
(117), O-isopropyl (118) and O-aryl xanthates, but not with the O-tert-butyl xan-
thates (119) [104]. It is important that the alkyl on oxygen is a very poor homolytic
leaving group with respect to the alkyl group on sulfur for cleavage of the ‘S R’
bond to be favored over cleavage of the ‘O alkyl’ bond [212]. Electron-withdrawing
substituents on oxygen enhance the transfer constant of xanthates [58]. The choice
of the R group is also extremely important. It is necessary to choose R such that the
radical R• is able to efficiently reinitiate VAc polymerization. For example, benzyl
radical is slow to add to VAc and is a poor R group. RAFT polymerization of VAc
with S-phthalimidomethyl xanthate (120) gave good control over both molecular
weight and polydispersity [107].
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6.3.7.2 N-Vinylpyrrolidone
Until recently little has been published on living radical polymerization of NVP. In
their review, Moad et al. [13] mentioned RAFT polymerization of NVP in methanol
with xanthate 116 at 60 ◦C to provide Mn of 17 000 and Mw/Mn of 1.35 for
[NVP]o/[RAFT]o = 50 and 53% conversion. Devasia et al. have recently described
RAFT polymerization of NVP in dioxane with xanthate 111a [214] or dithiocarba-
mate 135 [215] at 80 ◦C. For 111a they reported Mn of 8000 and Mw/Mn of 1.3 for
[NVP]o/[RAFT]o = 100 and 80% conversion. Poor control (Mw/Mn > 1.5) was ob-
tained using higher [NVP]o/[RAFT]o. Wan et al. [105] reported that the dithioacetate
68 inhibited NVP polymerization. They [105] and Nguyen et al. [106] explored the
use of benzyl xanthate (114) and 1-phenylethyl xanthate (110) for controlling NVP
polymerization. Wan et al. reported inhibition periods of 6 h and 1 h respectively
(AIBN initiator, 60 ◦C). Nguyen et al. [106] observed shorter inhibition periods.
The inhibition periods seen with 114 and 110 are most likely attributed to benzylic
radicals having poor reinitiating ability in NVP polymerization. It was also clear
that the xanthate RAFT agent with R = benzyl (114) had a significantly lower trans-
fer constant than that with R = 1-phenylethyl (110) (high initial molecular weight,
broader molecular weight distribution).

Postma et al. [107] found that polymerization of NVP in the presence of the
xanthate RAFT agent 120 with R = phthalimidomethyl provided good control
with no discernable inhibition period. An analogous trithiocarbonate (99) gave
inhibition.

6.3.8
Gradient Copolymers

In most copolymerizations, the monomers are consumed at different rates dictated
by the steric and electronic properties of the reactants. Consequently, both the
monomer feed and copolymer composition will drift with conversion. Thus, con-
ventional copolymers are generally not homogeneous in composition at the molec-
ular level. In RAFT polymerization processes, where all chains grow throughout
the polymerization, any composition drift is captured within the chain structure.
All chains have similar composition and are called gradient or tapered copolymers.

The overall composition of RAFT-synthesized copolymers will generally be the
same as that of copolymers formed by a similar conventional radical copolymeriza-
tion. Reactivity ratios are not affected. The exception is at very low conversion when
all chains are short and when specificity shown in the transfer and reinitiation steps
will affect composition. This corresponds to the conditions used for reactivity ratio
determination.

It is possible to synthesize gradient block polymers in a batch polymerization by
taking advantage of disparate reactivity ratios between particular monomer pairs
(BA–MMA [25, 217], MA–VAc [13], tBA–VAc [218], styrene–MAH [82, 83, 219],
styrene–NPMI [13]). The composition can be further tailored by the use of suitable
monomer feed protocols.
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A detailed study of the kinetics of RAFT copolymerization of styrene and
MMA with dithioacetate RAFT agents has been reported [149]. Transfer constants
(Ctr = ktr/kp, where ktr = kadd[kβ/(k−add + k−β )] at 40 ◦C were reported for the
PMMA and polystyrene macro-RAFT agents in polymerizations of MMA, styrene
and the azeotropic copolymerization of MMA and styrene. The data indicate that
in styrene polymerization, 50% conversion of the PMMA macro-RAFT agent is
achieved at very low monomer conversion (∼0.16%), while in MMA polymeriza-
tion, the polystyrene macro-RAFT agent is half consumed at a much higher conver-
sion (∼57%). The results provide further quantitative support for the observation
that when preparing block copolymers of methacrylates with styrene (and other
monosubstituted monomers) it is best to prepare the methacrylate block first (see
below). The result may be related to the observation that RAFT polymerization of
MMA with benzyl dithiobenzoate (41a) provides very poor control, yet for copoly-
merization of styrene with MMA control is retained while the medium contains
some (at least 5%) styrene.

RAFT copolymerization can be successful (provide molecular weight control and
narrow molecular weight distributions) even when one of the monomers is not
amenable to direct homopolymerization using a particular RAFT agent. Examples
include MAH, VAc and NVP with trithiocarbonate RAFT agents and EAA (see
Table 6.11 for leading references).

Table 6.11 Syntheses of gradient copolymers by RAFT polymerization

Monomers RAFT agent Comments

MMA/HEMA 8a [13]
MMA/BA 8a [25, 217] Gradient block synthesis
MMA/styrene
MA/VAc 116 [13] Gradient block synthesis
AA/EAA 117b [262]
BA/EAA 117b [262]
DMA/EAA 117b [262]
DMAEA/EAA 117b [262]
BA/styrene 70 [91] Controlled feed addition
BA/VDC 77a [13]
ODA/NVP 37 [221]
ODA/MAH 37 [221]
HPMA/NMS 11a [224]
NAM/NAS 28 [225], TBAM(28) [225]
AN/IP 77a [13]
Styrene/AN 8a [13, 20], PMMA(8a) [145]
Styrene/MAH 41a [82, 83], 8a [227], 11a [219, 227] Gradient block synthesis
Styrene/NPMI 8a [13] Gradient block synthesis
Styrene/MAH/NVP 93 [222]
SCl/MAH 41a [82]
SCl/NPMI 24b [228]
SMe/MAH 41a [82]
SOMe/MAH 41a [82]
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Other examples of gradient copolymers include hydrophilic–hydrophobic copoly-
mers based on long-chain acrylates (e.g. ODA, DA) [220, 221]. The copolymers
P(ODA-grad-NVP) and P(ODA-grad-MAH) prepared with trithiocarbonate 91 [221]
and which find use as dispersants in polypropylene–clay nanocomposites. Other ex-
amples are the terpolymer of styrene, MAH and NVP [222] and various copolymers
based on phosphonated monomers [223].

Copolymers of N-(meth)acryloyl succinimide or pentafluorophenyl methacrylate
have been produced by RAFT polymerization and served as substrates for biofunc-
tionalization or other grafting reactions using grafting-to processes (NAS, NMS and
PFMA are referred to as active esters of (meth)acrylates) [153, 224–226].

6.3.9
Block Copolymers

RAFT polymerization is recognized as one of the most versatile methods for block
copolymer synthesis and numerous examples of block synthesis have now ap-
peared in the literature. RAFT polymerization proceeds with retention of the thio-
carbonylthio group. This allows an easy entry to the synthesis of AB diblock copoly-
mers by the simple addition of a second monomer [144]. Higher-order (ABA, ABC,
etc.) blocks are possible by sequential addition of further monomer(s). Examples
of block copolymers formed in this way are included in the tables above.

In RAFT polymerization, the order of constructing the blocks of a block
copolymer can be very important [59, 144]. The propagating radical for the first-
formed block must be a good homolytic leaving group with respect to that of
the second block. For example, in the synthesis of a methacrylate–acrylate or
methacrylate–styrene diblock, the methacrylate block should be prepared first
[144, 148]. The styrene or acrylate propagating radicals are very poor leaving groups
with respect to methacrylate propagating radicals. In some cases it is possible to
prepare block copolymers in the reverse direction (e.g. growing an MMA block from
a polystyrene macro-RAFT agent) by making use of a feed addition protocol which
minimizes the concentration of the monomer with respect to the RAFT agent [61].

Block copolymers based on polymers formed by other mechanisms can be pre-
pared by forming a prepolymer containing thiocarbonylthio groups and using this
as a macro-RAFT agent [144, 218]. The first example of applying this methodology
involved preparation of PEO-block-PS from commercially available hydroxy end-
functional PEO [144, 218]. Many other examples of the preparation of block copoly-
mers using related strategies have now been reported. They include poly(ethylene-
co-butylene)-block-poly(styrene-co-MAH) [219], PEO-block-PMMA [77], PEO-block-
poly(N-vinyl formamide) [229], PEO-block-PNIPAM [230], PEO-block-poly(1,1,2,2-
tetrahydroperfluorodecyl acrylate) [231], PEO-block-PMMA-block-PS [78], PLA-
block-PMMA [77], PLA-block-PNIPAM [232, 233] and PLA-block-PDMA-block-PS
[234].

Star and graft copolymers and more complex architectures can be prepared by
applying a similar strategy using a multifunctional precursor RAFT agent.
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6.4
RAFT Polymerization Conditions

Aspects of the polymerization conditions that are monomer specific have been
mentioned in the sections above. In this section we discuss generic aspects of the
polymerization conditions in bulk or (organic) solution.

6.4.1
Temperature

Temperatures reported for RAFT polymerization range from ambient to 140 ◦C.
There is evidence with dithiobenzoates that retardation, when observed, is less
at higher temperatures and also some data that show narrower molecular weight
distributions can be achieved at higher temperatures [25]. This is consistent with
rate constants for fragmentation of the RAFT intermediates and over transfer
constants of RAFT agents increasing with reaction temperature. However, for
MMA polymerization with trithiocarbonate 78 at 60 and at 90 ◦C there appears
to be no significant effect of temperature on the molecular weight or molecular
weight distribution observed [13]. Higher temperature does allow higher rates of
polymerization, allowing a given conversion to be achieved in a shorter reaction
time.

RAFT polymerization of ‘polar’ monomers (MMA, MA) was reported to be sub-
stantially accelerated by microwave heating [235]. No similar acceleration is ob-
served for styrene polymerization [235, 236]. It is expected that monomers with a
higher dielectric constant will be more effectively heated by microwave irradiation.
However, the effect with MMA and MA was more than that expected for an effect of
temperature alone [235]. An explanation for the microwave effect was not provided
[235].

Cumyl dithiobenzoate (8a) appears substantially less stable than benzyl or 1-
phenylethyl dithiobenzoate and degrades rapidly at temperatures >100 ◦C [237].
The instability was attributed to reversible dissociation to form AMS and dithioben-
zoic acid. The success of high-temperature polymerization (of, for example, styrene)
was attributed to the fact that the RAFT agent 8a was rapidly consumed and con-
verted to more stable polymeric RAFT agents (6). It was also suggested that the poor
control observed in synthesis of PMMA with dithiobenzoate RAFT agents at higher
temperatures (≥120 ◦C) might be attributed to the lability of the dithiobenzoate
end group [131].

6.4.2
Pressure

RAFT polymerization of styrene with cumyl dithiobenzoate (8a) under very high
pressure (5 kbar) has been reported [238–241]. At very high pressure, radical–radical
termination is slowed down and this allows the formation of higher-molecular-
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weight polymers and higher rates of polymerization than are achievable at ambient
pressure.

6.4.3
Solvent Selection

Generally, the polymerization conditions for solution or bulk RAFT polymerization
are the same as those for conventional radical polymerization. The RAFT process
is compatible with a wide range of reaction media including all common organic
solvents, protic solvents such as alcohols and water [20, 242, 243] (see also Chapter
7), and less conventional solvents such as ionic liquids [244] and supercritical
carbon dioxide [245, 246]. It is important that the RAFT agent should be selected
for solubility in the reaction medium. In polar media and in the presence of
Lewis acids, RAFT agents can show hydrolytic sensitivity [72, 157]. We have found
that this order roughly correlates with the RAFT agent activity (dithiobenzoates >

trithiocarbonates ∼ aliphatic dithioesters).

6.4.4
Initiator Selection

For optimal control of the RAFT process, it is important to pay attention to such
factors as initiator concentration and selection [13]. RAFT polymerization is usually
carried out with conventional radical initiators. In principle, any source of free
radicals can be used [21] but most often thermal initiators (e.g. AIBN, ACP, K2S2O8)
are used. Styrene polymerization may be initiated thermally between 100 and
120 ◦C. Polymerizations initiated with UV irradiation [195, 247, 248], a gamma
source [249–256] or a plasma field [257] have also been reported. In the latter
polymerizations, radicals may be generated directly from the RAFT agent and these
may be responsible for initiation. It was initially suggested by Pan and coworkers
that the mechanism for molecular weight control in UV- [247] and gamma-initiated
[251, 252] processes might involve only reversible coupling and be similar to that
proposed by Otsu [258] to describe the chemistry of dithiocarbamate photoiniferters
(see Chapter 3). However, Quinn et al. [195, 253] demonstrated that the living
behavior observed in these polymerizations can be attributed to the standard RAFT
mechanism.

The initiator concentration and rate of radical generation in RAFT polymerization
should be chosen to provide a balance between an acceptable rate of polymerization
and an acceptable level of dead chains (radical–radical termination). One useful
guideline is to choose conditions such that the target molecular weight is ∼10% of
that which would have been obtained in the absence of the RAFT agent. A common
misconception is that it is necessary to use very low rates of polymerization in order
to achieve narrow molecular weight distributions. Sometimes, using a high rate
of polymerization and a correspondingly short reaction time can provide excellent
results (a narrow molecular weight distribution; see, for example, [58]). However, it
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is very important not to use prolonged reaction times when retention of the RAFT
functionality is important. Once the monomer is fully converted, continued radical
generation may not change the molecular weight distribution, but it can lead to
loss of the RAFT end group and formation of dead chains.

Side reactions of the initiator or initiator-derived radicals with the RAFT agent
are possible. However, these are not always readily discernable or of significance
because of the high RAFT agent/initiator ratios used in well-designed experiments.
It follows from the mechanism of the RAFT process that there should be a fraction
of dead chains formed which relates directly to the number of initiator-derived
radicals. Ideally, this fraction should be taken into account when calculating the
molecular weights of polymers formed by the RAFT process [58]. The molecular
weight of the polymer formed can usually be estimated knowing the concentration
of the monomer consumed and the initial RAFT agent concentration using the
relationship 6.1. Positive deviations from equation 6.1 indicate incomplete usage
of the RAFT agent. Negative deviations indicate that other sources of polymer
chains are significant. These include the initiator-derived chains.

If initiator-derived chains are significant, equation 6.2 should be used to calculate
molecular weights [13]:

Mn(calc) = [M]o − [M]t
[1]o + d f ([I]o − [I]t)

mM + mRAFT (6.2)

where mM and mRAFT are the molecular weight of the monomer and the RAFT agent
respectively, d is the number of chains produced from radical–radical termination (d
∼ 1.67 in MMA and d ∼ 1.0 in styrene polymerization), [I]o [I]t is the concentration
of the initiator consumed and f is the initiator efficiency.

If the initiator decomposition rate constant is known, the initiator consumption
can be estimated using equation 6.3:

[I]o − [I]t = [I]o(1 − e−kdt ) (6.3)

The fraction of living chains (L) in RAFT polymerization (assuming no other side
reactions) is given by equation 6.4.

L = [1]o
[1]o + d f ([I]o − [I]t)

(6.4)

Some initiators (e.g. dibenzoyl peroxide, potassium peroxydisulfate) and the derived
radicals may oxidize RAFT agents to the sulfine or other products [259]. Other
initiator radicals may react with the RAFT agent to form a stable thiocarbonylthio
compound. It is important that the initiator-derived radical is a good leaving group
with respect to the propagating radical. For example, use of an aliphatic diacyl
peroxides (e.g. dilauroyl peroxide) will provide a relatively stable ‘RAFT agent’ with
R = primary alkyl. Similarly, azobis(methyl isobutyrate) (AIBMe) is not a suitable
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choice for RAFT polymerization of MMA. During RAFT polymerization of MMA
with AIBMe and 8a or 11a, formation of the initiating radical-derived RAFT agent
24a as a relatively stable by-product is observed [129].

The mechanism of AIBN and other azonitriles decomposition is complicated by
the formation of ketenimines as unstable intermediates [260]. In the presence of
high concentrations of RAFT agents, the ketenimine is intercepted and converted
to by-products with consequences for the initiator efficiency and the polymerization
kinetics.
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Abbreviations

AA Acrylic acid
ACP Azobis(2-cyanopentanoic acid)
AIBN 2,2′-azobis(isobutyronitrile)
AIBMe Azobis(methyl isobutyrate)
AM Acrylamide
AMS α-Methylstyrene
AN Acrylonitrile
ATRP Atom transfer radical or metal-mediated polymerization
BA Butyl acrylate
BMA Butyl methacrylate
BzMA Benzyl methacrylate
DA Dodecyl acrylate
DMAEMA N,N-(Dimethylamino)ethyl methacrylate
DMAM N,N-Dimethylacrylamide
EA Ethyl acrylate
EAA Ethyl-α-acetoxyacetate
EHA 2-Ethylhexyl acrylate
GMA Glycidyl methacrylate
GPC Gel permeation chromatography
HEA 2-Hydroxyethyl acrylate
HEMA 2-Hydroxyethyl methacrylate
I Initiator
M Monomer
MA Methyl acrylate
MAA Methacrylic acid
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MAH Maleic anhydride
MAM Methacrylamide
MMA Methyl methacrylate
NAM N-Acryloylmorpholine
NAS N-Acryloylsuccinimide
NIPAM N-Isopropyl acrylamide
NMP Nitroxide-mediated polymerization
NMS N-Methacryloylsuccinimide
NPMI N-Phenylmaleimide
NVP N-Vinylpyrrolidone
ODA Octadecyl acrylate
RAFT Reversible addition–fragmentation chain transfer
PEO Poly(ethylene oxide), poly(ethylene glycol)
PEGM Poly(ethylene glycol) monomethyl ether
PFMA Pentafluorophenyl methacrylate
PLA Poly(lactic acid)
S Styrene
SCl 4-Chlorostyrene
SMe 4-Methylstyrene
SOMe 4-Methoxystyrene
SSO3Na Sodium styrene-4-sulfonate
tBA tert-Butyl acrylate
TBAM N-tert-Butyl acrylamide
TMAEA 2-(Trimethylamino)ethyl acrylate
UV Ultraviolet
VAc Vinyl acetate
VBz Vinyl benzoate
VCBz N-Vinylcarbazole
VDC Vinylidene chloride
2VP 2-Vinylpyridine
4VP 4-Vinylpyridine

Abbreviations of polymers are formed by suffixing the abbreviation for the cor-
responding monomer with ‘P’. For example, PMMA – poly(methyl methacrylate),
PS – polystyrene.
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7
RAFT Polymerization in Homogeneous Aqueous Media:
Initiation Systems, RAFT Agent Stability, Monomers and
Polymer Structures

Andrew B. Lowe, and Charles L. McCormick

7.1
Introduction

Since its disclosure in the open literature in late 1998 [1], reversible
addition–fragmentation chain transfer (RAFT) radical polymerization has evolved
into arguably the most versatile and most readily executable of the controlled radi-
cal polymerization (CRP) techniques, at least with respect to monomer choice and
polymerization conditions. One particularly redeeming feature of RAFT is the ease
with which it can be employed under homogeneous aqueous conditions facilitating
the direct synthesis of materials with high degrees of hydrophilic functionality, in-
cluding the preparation of (co)polymers bearing anionic, cationic, zwitterionic and
neutral groups [2, 3]. Such versatility under homogeneous aqueous conditions still
presents some significant challenges for other common CRP techniques. Addition-
ally, RAFT polymerizations are no more difficult to perform than conventional free
radical polymerizations, the only difference being the requirement of addition of
a suitable RAFT agent, or RAFT chain-transfer agent (CTA), to the polymerization
system. RAFT operates on the principle of degenerative chain transfer and is thus
fundamentally different from atom transfer radical polymerization (ATRP) and
stable free radical polymerization (SFRP), both of which operate on the principle
of reversible termination. The RAFT CTAs [4–6] are thiocarbonylthio compounds
that are typically dithioesters [7–11], trithiocarbonates [12–18], xanthates [19–23] or
dithiocarbamates [24–27], although some more specialized compounds have also
been reported, such as the F-RAFT [28, 29] agents, the phosphoryl dithioesters [30],
dithiocarbazates and the vinylologous thionothio [31] compounds. Of these four
general families, the dithioesters and trithiocarbonates are the most versatile, not
just for aqueous RAFT polymerizations but also in general, although all of these
general families have been employed directly in aqueous media.

In this chapter we highlight the application of RAFT for the synthesis of water-
soluble (co)polymers, with an emphasis on polymerizations conducted directly
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in water under homogeneous conditions. It is to be noted, however, that water-
soluble (co)polymers with certain, primarily nonionic, building blocks can also be
prepared directly in organic media under homogeneous conditions, as we have
recently reviewed [2].

7.2
Initiation Systems

Any discussion of the generally employed initiating systems/reagents requires an
initial description of the RAFT mechanism in an effort to explain the structural
requirements of the thiocarbonylthio-mediating species. The generally accepted
RAFT mechanism is outlined in Scheme 7.1 [32].
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Scheme 7.1 The generally accepted RAFT mechanism.
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The initiation process in RAFT polymerizations is composed of steps (i) and
(ii) shown in Scheme 7.1, which are often collectively referred to as the RAFT
preequilibrium. As with any radical-mediated process, the first step requires the
generation of primary radicals. In RAFT polymerizations this is accomplished via
any of the traditional methods employed in conventional free radical, chain-growth
polymerizations. Common examples include the use of azo initiators, gamma irra-
diation, redox initiation, as well as simple thermal initiation in the case of styrene.
However, unlike conventional free radical polymerizations, the generated primary
radicals, 1, under RAFT conditions serve, ideally, only two specific purposes –
to activate the RAFT CTA, i.e. liberate R• from ZC( S)SR, and replenish radicals
lost from the system due to undesirable side reactions. In contrast, in a traditional
free radical polymerization these primary radicals are the true initiating species.
After the generation of 1 several reactive pathways are available to the primary
radicals. Neglecting cage reactions 1 can add either directly to monomer to yield 3
(as in a normal free radical polymerization; Scheme 7.1) or, preferably, add directly
to CTA, 2, to yield 4 (Scheme 7.1, step ii). Considering the first option, adduct
3 can likewise add monomer, i.e. propagate, or add to a RAFT agent. Given the
inherently high chain-transfer constants of most RAFT agents, it is unlikely that
more than a couple of monomers will add to a generated radical before adding to
a RAFT agent. So, 3 is likely to add to 2, forming the intermediate radical 5. Note
that this reaction is reversible and this species may fragment to regenerate 2 and
3. Alternatively, and with correct choice of monomer/RAFT agent combination,
the equilibrium for fragmentation of 5 to yield 6 and 7 can be favored. To achieve
the favored fragmentation of 5 in the forward direction, R must be a better free
radical leaving group than B M. Here, one must give careful consideration to the
structures of the radical fragments and factors affecting their intrinsic stability and
fragmentation characteristics when considering a given RAFT agent with a specific
monomer. Assuming the forward fragmentation is favored, a new RAFT agent, 6,
is formed as well as the radical 7, R•. Again, this reaction is reversible and 7 may
add back to 6 etc. Provided 7 is a good reinitiating species then there is a high prob-
ability that 7 will add to monomer, initiating a new chain 8. The net result of this
sequence of forward reactions is the generation of a new polymer (oligomer) chain,
8, derived from the R fragment of the initial RAFT agent and the formation of a new
thiocarbonylthio compound, 6, which is itself capable of serving as a RAFT agent.
This entire forward sequence of reactions represents one addition–fragmentation
cycle. The second option for the primary radical 1 is to add directly to RAFT agent
2 to yield the intermediate radical 4 and is typically considered to occur prefer-
entially to the first available pathway. This reaction is also reversible, and again,
fragmentation in the forward direction is the preferred pathway. In order to favor
fragmentation and the formation of the new RAFT agent 9 and the radical 7, the R
group must be a better free radical leaving group than 1. It is this exact requirement
that makes the choice of source of primary radicals an important consideration. The
radical derived from the R group 7 will ideally add to monomer, initiating a new
polymer chain. Clearly, given the reversibility of many of these steps and various
reaction pathways available to generated radical species this part of the RAFT mech-
anism is fairly complex. However, the net result of this sequence of reactions, i.e.
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Scheme 7.1, step (ii), is activation of all the initial RAFT agent molecules to new
oligomeric-type RAFT agents. When we talk of activation we mean that all the R
groups of the initial RAFT agent 2 are converted to oligo/macro-RAFT agents 6.
An important feature to bear in mind that is not apparent from the mechanism
as outlined below, or in other common versions of the RAFT mechanism, is that
there are, ideally, 2–10 molecules of RAFT agent 2 for every primary radical 1
generated (at least based on common RAFT stoichiometries, and assuming 100%
initiator decomposition/efficiency). As such, the total number of radicals in the
system is determined by the source of primary radicals whereas the number of
polymer chains, including both dormant, i.e. thiocarbonylthio end-capped, and ac-
tively propagating species, is controlled, predominantly, by the RAFT agent. Given
the reversibility of the addition–fragmentation steps it is therefore evident that a
single radical species, such as 1, can ‘activate’ many RAFT agent molecules, al-
though the total number of ‘active’ radicals is low compared to the number of
polymer chains, most of which are dormant.

Once this preequilibrium is complete, the polymerization enters the main RAFT
equilibrium (Scheme 7.1, step iii). This is the stage that predominates in RAFT
polymerizations, i.e. where the bulk of the monomer consumption occurs. This
stage simply involves the degenerative chain transfer of the thiocarbonylthio species
between polymer chains 10 and 12 via the intermediate radical species 11. It is worth
noting that since RAFT is a radical process, and given that all side reactions cannot
be completely suppressed, it is, in principle, possible for any of the radical species
to participate in a number of undesirable, non-RAFT radical reactions, including
combination, disproportionation and conventional chain transfer. The occurrence
of such reactions leads to the formation of dead chains/inactive species that end up
as contaminants in the final material.

It should be noted that while the processes described above are generally ac-
cepted, there are aspects that are still not fully understood nor agreed upon. Much
of this debate is focused on a reconciliation of certain proposed mechanistic reac-
tions/pathways with experimentally determined kinetic characteristics for certain
monomer/CTA combinations, and relate primarily to the nature and reactivity of
the intermediate, carbon-centered radicals 4, 5 and 11 (Scheme 7.1) and possible
products derived from reactions of these radicals. The most common ‘anomalous’
features are the presence of exceedingly long inhibition periods (perhaps even
complete inhibition) or significant rate retardation, and are most commonly ob-
served for dithioester-mediated polymerizations of styrene and acrylates [32]. The
explanations for such observations include slow fragmentation of the intermediate
radical species 4, 5 and 11 [33–35], reversible or irreversible coupling of the same
intermediate radicals with some other species X• [36, 37], while more recently
McLeary and coworkers [38] reported that a significant difference in the propaga-
tion rate constants of initiator and/or R-group-derived radicals vs monomer-derived
radicals could also manifest itself as an apparent inhibition period in the case
of methyl acrylate or styrene, and termed the phenomena initialization [39–41].
While high level ab initio molecular orbital calculations also point to slow frag-
mentation as the root cause of the experimentally observed inhibition/retardation
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phenomena [33, 41], the expected high concentration of intermediate radicals has
not been observed by electron spin resonance (ESR) spectroscopy. Likewise the
star polymers formed from the irreversible coupling of intermediate radicals with
other polymer chains have been detected only under nontypical RAFT conditions
[36, 43, 44], although a recent amendment to this proposed root cause is capa-
ble of explaining the apparent lack of detectable coupled products [45]. Further
discussions of such kinetic/mechanistic features associated with the RAFT pro-
cess are beyond the scope of this chapter and more detailed information may
be found in Chapter 3, as well as in a recent review authored by an IUPAC
committee [32].

Given the fine balance of reversible processes as outlined above for the RAFT
process, it is evident that the key to conducting successful RAFT polymerizations
is appropriate choice of RAFT CTA for a given monomer substrate since the na-
ture of the substitution pattern about the thiocarbonylthio functional group (the
nature of the Z and R groups) [4, 5] is responsible for controlling the balance
of the addition–fragmentation pathways, although the structure of the monomer
and the primary radical must also be borne in mind. At present, an impressively
large and varied number of RAFT agents have been prepared from all the ma-
jor thiocarbonylthio families, containing a broad range of functionality, including
those designed specifically for homogeneous aqueous RAFT polymerizations [2, 6].
Figure 7.1 shows the generic structures of the common thiocarbonylthio RAFT
agents, with Fig. 7.2 showing examples of the more common species employed in
homogeneous aqueous media.

RAFT agents must be thiocarbonylthio compounds. Beyond this, the difference
between the various species lies in the nature of the so-called Z and R groups. These
two groups perform distinct functions. The Z group primarily controls the ease with
which radical species add to the C S bond, i.e. the addition step. As such, Z groups
that have a stabilizing effect on any of the intermediate radicals 4, 5 and 11 will have
high addition rate constants. The most common of these stabilizing groups, at least
within the dithioester family of RAFT agents, is the phenyl group. The presence
of simple alkyl groups, such as methyl, is less favorable in this class of CTA. In the
case of the xanthates and dithiocarbamates the presence of lone pairs of electrons
on the heteroatoms bonded to the thiocarbonylthio group disfavors radical addition
to the C S bond by virtue of contributing zwitterionic canonical forms to the
resonance hybrid. As such, we find that xanthates and dithiocarbamates are useful
only for nonactivated monomers such as vinyl esters and vinyl amides, unless, in
the case of dithiocarbamates, the heteroatom is part of an aromatic ring such as a

Z

S

S
R

R´O

S

S
R

R2́ N

S

S
R

R´S

S

S
R

F

S

S
R

Dithioester Xanthate Dithiocarbamate Trithiocarbonate F-dithioester
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pyrrole. Intimately related to this function is clearly the resulting stability/lifetime
of the intermediate radical. This is primarily controlled by the Z group but is R
group influenced. The R group serves two important, but distinct, roles. Firstly,
it must be a good homolytic leaving group, and secondly, the expelled radical R•
must be able to add to monomer, i.e. initiate or propagate. The ease with which the
fragmentation step (homolytic dissociation) occurs is dictated by the stability of the
resulting radical, i.e. primary, vs secondary, vs tertiary, as well as polar and steric
effects.

It could be argued that the major drawback, at present, of RAFT is the lack of
commercially available RAFT agents. Fortunately, there are now many reliable and
in many instances facile synthetic protocols for all the major families of RAFT
agents [46–49]. The method employed is dictated primarily by the general family of
RAFT agent being targeted since not all protocols are necessarily applicable to all
general types of mediating agent. Recently, Moad et al. [46] summarized the major
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synthetic routes to RAFT agents:

1. The reaction of a carbodithioate salt (commonly prepared from the reaction of an
appropriate Grignard reagent with CS2) with a suitable alkylating agent: Such an
approach works well for target RAFT agents bearing phenyl or benzyl Z groups
and primary or secondary R groups.

2. Markovnikov addition of a dithio acid to an olefin: This approach is best exem-
plified by the synthesis of cumyl dithiobenzoate.

3. The reaction of a bis(thioacyl) disulfide with a radical species R•: This is
the method of choice for the preparation of RAFT agents containing tertiary
cyanoalkyl R groups, such as C1 or C7. The experimental procedure for the
preparation of C1 via this method is given at the end of this chapter.

4. Radical-induced dithioester exchange.

While a wide range of water-soluble (co)polymers have been prepared both
directly in water and in organic media, the majority of homogeneous aqueous-
based RAFT polymerizations have been conducted with 4-cyanopentanoic acid
dithiobenzoate, C1 [2]. The choice of suitable CTA for conducting homogeneous
polymerizations is dictated primarily by the nature of the monomeric substrate, i.e.
(meth)acrylic vs (meth)acrylamido vs styrenic, since not all RAFT agent families
are suitable for all monomers. Additionally, the nature of the R group must also
be borne in mind since fragmentation to yield R• must be the preferred reaction
pathway. Beyond these basic considerations, the introduction of other functionality
such as poly(ethylene oxide), cyano groups, napthyl groups etc. (as highlighted
above) as part of the R or Z groups must be considered in terms of conferring
desired solubility.

RAFT polymerizations require a ‘kick-start’ – a radical species to initiate the
cascade addition – fragmentation reaction to yield the oligomeric RAFT species 6.
Since RAFT is no more than a conventional free radical polymerization conducted
simply in the presence of an appropriate thiocarbonylthio compound, all the
traditional methods of radical generation can be employed. These include the
use of thermally sensitive initiators, such as azo compounds (probably the most
commonly employed method) [2], redox initiation, thermal initiation [50, 51],
ultraviolet radiation [52–54], solar radiation [55], microwave radiation [56, 57] and
gamma-ray radiation [35, 58–68].

The use of the various RAFT agents shown above, as well as others, will be dis-
cussed in more detail below when we consider the various hydrophilic monomers
that have been successfully polymerized under homogeneous conditions via RAFT
in water, mixed-aqueous media, as well as organic environments.

7.3
RAFT Agent Stability

Before we examine the types of hydrophilic monomers that have been success-
fully polymerized by RAFT under homogeneous conditions it is prudent to identify
several potential drawbacks when considering such syntheses. While the economic
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and environmental advantages of performing RAFT polymerizations directly in wa-
ter are evident, the hydrolysis of the thiocarbonylthio functional group is a concern,
although other considerations must also be borne in mind. For example, RAFT
agents are incompatible with some functional groups, specifically primary and sec-
ondary amines, thiols and reducing agents. Also, certain monomer substrates can
themselves be problematic since they are susceptible to degradation in aqueous
media yielding products that are capable of degrading RAFT CTAs.

7.3.1
RAFT Agent Hydrolysis

Since RAFT agents are simply the S analogs of esters, it is not surprising that
they are susceptible to hydrolysis. As with esters, thiocarbonylthio compounds are
prone to both acid- and base-catalyzed hydrolysis, although as a general remark it
should be noted that thiocarbonylthio species are more stable under acidic condi-
tions. Levesque et al. [61], as part of their protein thioacylation studies, examined
the stability of several thiocarbonylthio compounds toward hydrolysis under mild
conditions – conditions suitable for protein modifications. Specifically, reactions
were monitored at 20–35 ◦C and at pH 7.5–8.5. As expected, both the pH and the
temperature were found to have an effect on the rate and degree of hydrolysis. For
example, the authors found that the rate of hydrolysis increases with temperature
and decreases with decreasing pH. It was demonstrated that the degree of hydroly-
sis for a given thiocarbonylthio compound could be significant with up to ca. 40%
loss at pH 8.5 after 4–5 h. These observations alone might imply that conducting
wholly homogeneous aqueous RAFT polymerizations would be problematic given
the often high temperatures and extended polymerization times required. Indeed,
the impact of thiocarbonylthio hydrolysis in aqueous media is a particularly im-
portant issue since loss of these functional groups results in the loss of chain-end
functionality, diminishes overall polymerization control and possibly causes an
increase in the polydispersity index.

Besides these ‘non-RAFT’ studies, little has been done with respect to eval-
uating the general hydrolytic stability characteristics of particular RAFT CTAs.
Thomas et al. [10] were the first to conduct a detailed study of the hydrolysis of both
small molecule and macro-RAFT CTAs. In this study the hydrolytic stability of C1
(Fig. 7.2) as a function of solution pH was examined alongside two examples of
homopolymers prepared with C1. Given the large excess of water relative to thiocar-
bonylthio functionality the hydrolysis reaction can be considered to be zero order
with respect to water. As such, the rate of CTA hydrolysis can be expressed in
terms of an apparent rate constant of hydrolysis, khyd, and the CTA concentration
(equation 7.1).

−d [CTA]

dt
= khyd[CTA] (7.1)
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For example, Fig. 7.3 shows the pseudo-first-order rate plots for the hydrolysis of
C1 along with two macro-CTAs with differing degrees of polymerization (DP) de-
rived from sodium 2-methyl-2-prop-2-enamidopropane-1-sulfonate (M3, Fig. 7.5).

It is evident that both solution pH and CTA molecular mass have a strong
influence on the rate of thiocarbonylthio hydrolysis. For example, the magnitude
of khyd for C1 increases by almost one order of magnitude from 2.5 × 10−5 to 15 ×
10−5 s−1 as the pH is increased from 7.0 to 10.0. In contrast, little change in
khyd is observed when the pH is lowered from 7.0 to 5.5, and finally to 2.0. Such
observations are consistent with what is known about the pH-dependent stability
of thiocarbonylthio functional groups. A comparison of the hydrolysis rates of C1
with macro-CTAs derived from M3 indicates that the polymeric CTAs hydrolyze at
a significantly slower rate than the small-molecule RAFT agent, with the difference
being attributed to the steric protection of the thiocarbonylthio end group in the
case of the polymeric species.

The effect of added base on the homogeneous aqueous RAFT polymerization
of 2-methacryloxyethyl glucoside (M40, Fig. 7.21) with C1 has also been exam-
ined [62]. It was shown that when sodium carbonate or sodium bicarbonate were
used to aid in the dissolution of C1 at room temperature, an induction period of
60–90 min was observed coupled with an overall decrease in the polymerization
rate. Additionally, experimentally determined molecular masses were found to be
higher than expected based on the ratio of CTA to monomer for both added bases.
Enhanced control was observed for sodium bicarbonate vs sodium carbonate with,
for example, control essentially being lost after ca. 40% conversion in the case of
the latter. This loss of control was attributed to the base hydrolysis of the thiocar-
bonylthio group and the formation of species (thiols and thionobenzoic acid) that
were postulated to act as radical scavengers and/or retarders. Significantly better
results were obtained when 10 vol % ethanol was added as opposed to base to aid
in the dissolution of the CTA.

7.3.2
Incompatibility with Primary and Secondary Amines

While thiocarbonylthio agents have demonstrated themselves to be tolerant of
most functionality, they are not tolerant of all. Particularly problematic are amines,
specifically primary and secondary amines. Just as thiocarbonylthio species are
susceptible to hydrolysis, they are also prone to aminolysis. Indeed, dithioesters are
well known to react with primary and secondary aliphatic amines at much faster
rates than esters yielding thioamides and thiols. In the realms of RAFT chem-
istry this is detrimental and, for example, precludes the direct polymerization of
monomers with such functional groups. Such reactions have been successfully
employed, however, as a means of achieving facile protein modification. For ex-
ample, Souppe et al. [63] described the modification of the lysine residues in both
horseradish peroxidase and papain via reaction of the lysine ε-NH2 groups with
carboxymethyl dithiotridecanoate in the case of the horseradish peroxidase and
with carboxymethyl dithiobenzoate for papain (Scheme 7.2).
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Fig. 7.3 The pseudo-first-order rate plots for the hydrolysis of (a) C1, (b) PM338 and (c) PM39.
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Scheme 7.2 Thioacylation of ε-NH2 groups in lysine.

Following this report, Deletre and Levesque [64] described the kinetics and mech-
anism of polythioamidation in solution. Reactions between mono and difunctional
amines with dithioesters near room temperature were evaluated in the presence of
a large excess of amine. The reactions were shown to have complex rate expressions
with either second- or third-order dependence in dithioester and amine. Mechanis-
tically, this was reported to involve an equilibrium between dithioester and amine
and an intermediate followed by a bimolecular reaction of the intermediate with
additional primary amine via prototropy.

Such facile reactions have been employed by RAFT researchers as a means of re-
moving the thiocarbonylthio end group to yield SH-terminated (co)polymers.
For example, Qiu and Winnik [65] reported the facile end-group modification
of trithiocarbonate-prepared M33 polymers via a combination of aminolysis and
Michael addition. The trithiocarbonate groups were reduced to thiol species by
treatment with a fivefold excess of n-butylamine in the presence of a small quantity
of tris(2-carboxyethyl)phosphine hydrochloride. Subsequent reaction with an acti-
vated ester, such as n-butyl acrylate or 2-hydroxyethyl acrylate, resulted in conjugate
addition and the introduction of thioether/ester functional end groups.

7.3.3
Acrylamido Monomers as a Source of Primary and Secondary Amines

In addition to the inherent thermodynamic instability of the C S bond in aqueous
media and its susceptibility to hydrolysis, certain monomers can also be problem-
atic in aqueous media unless the solution conditions are carefully controlled. Under
homogeneous aqueous conditions, some monomers are themselves susceptible to
hydrolysis, liberating species that are capable of consuming thiocarbonylthio com-
pounds. (Meth)Acrylamido monomers are especially problematic in this respect
since one product of monomer hydrolysis is either a primary or secondary amine.
Since the concentration of monomer is significantly higher than that of CTA, very
low levels of monomer hydrolysis can result in complete loss of CTA via an aminol-
ysis reaction, as described above. For example, when conducting polymerizations
of acrylamide, it is imperative to do so at low pH for two reasons. Firstly, RAFT
agents are more stable under acidic conditions and secondly, acrylamide itself is
susceptible to hydrolysis, yielding acrylic acid and ammonia. As noted above, such
monomer hydrolysis reactions are undesirable since the liberation of ammonia
will result in loss of RAFT agent. Thomas et al. [66, 67] examined the contribu-
tion of aminolysis to the failure of RAFT polymerizations for monomers such as
acrylamide, which had been earlier postulated to be the primary cause of failure.
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Fig. 7.4 Fraction of C1 remaining under conditions where both
hydrolysis and aminolysis may be operative.

Aminolysis experiments with C1 were conducted in buffered media with ammo-
nium hydroxide to yield a final ammonia concentration of 5 × 10−3. The fraction
of C1 remaining as a function of time at pH 5.5 and 7.0 was then determined
(Fig. 7.4).

It is important to realize that the loss of C1 is due to a combination of hydrolysis
and aminolysis and may be described by

−d [C1]

dt
= khyd[C1] + ka[C1][NH3]2 (7.2)

where ka is the third-order rate constant for aminolysis and [NH3] is the concen-
tration of ammonia in solution. Taking into account the time-dependent effect of
both hydrolysis and aminolysis on the thiocarbonylthio concentration (either for
small-molecule RAFT agents or macro-RAFT agents), the Mn,theory equations can
be modified to take into account the loss of these end groups. It can be shown that:

Mn,theory = MMw([M]0 − [M]0e−kp∗(t−tind))

[CTA]inde−(khyd,macro+ka,macro[NH3]2)(t−tind)
(7.3)

Equation 7.3 was applied to the aqueous RAFT polymerization of acrylamide and
was demonstrated to be effective for predicting the theoretical molecular mass as a
function of polymerization time taking into account both hydrolysis and aminolysis
side reactions.

7.3.4
Incompatibility with Reducing Agents

Thiocarbonylthio compounds are also susceptible to degradation by mild hydride
reducing agents, such as sodium borohydride (NaBH4), and other hydride deriva-
tives [68–72]. While such reagents are unlikely to be encountered during a typical
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Scheme 7.3 The stabilization of gold colloids via the in situ reduction of
thiocarbonylthio-terminated polymers.

RAFT polymerization, reduction is a facile method for postpolymerization modi-
fication of the thiocarbonylthio end group. For example, Lowe et al. [68] reported
the in situ reduction of thiocarbonylthio end groups in the presence of a gold sol
to yield polymer-stabilized gold nanoparticles, a grafting-to approach (Scheme 7.3).
This was subsequently extended to the functionalization of planar gold surfaces
[71]. The reduction reaction is extremely facile and occurs near instantaneously in
aqueous media at ambient temperature [68, 69, 71].

Other groups have adopted such a straightforward modification reaction. For
example, Shan et al. [70] reported the synthesis of M33 homopolymers using
C1 or cumyl dithiobenzoate that were used to prepare monolayer-protected clus-
ters of gold nanoparticles. The thiocarbonylthio end groups were reduced in situ
with lithium triethylborohydride. Most recently, this approach was utilized for the
preparation of RAFT-synthesized, polymer-stabilized gold nanorods [73]. In addi-
tion to the grafting-to approach, gold substrates can be modified via grafting-from
approach. Raula et al. [74] described the preparation of gold nanoparticles stabi-
lized by 11-mercapto-1-undecanol. C1 was subsequently coupled to the terminal

OH group via carbodiimide coupling with dicyclohexylcarbodiimide (DCC)/N,N-
dimethylaminopyridine (DMAP) to yield RAFT-agent-functionalized gold nanopar-
ticles. M33 was subsequently polymerized directly from the surface in DMF at 60 ◦C.

7.3.5
Susceptibility to Radical Reagents

The reactivity of thiocarbonylthio compounds toward radicals is well documented,
with much of the early work having been done in small-molecule organic syntheses
by Barton and coworkers [75, 76] and Zard [77]. The inherent reactivity toward radi-
cals is the fundamental reason for the success of polymerizations mediated by such
species. As such, radical reactions can be employed in a similar manner to that of
hydride reduction, i.e. as a means of postcleaving/modifying the thiocarbonylthio
end groups. For example, Perrier et al. [78] recently reported a straightforward
approach for cleaving the thiocarbonylthio end group while simultaneously intro-
ducing a new functionality. This was achieved by postpolymerization reaction of
various RAFT-synthesized (co)polymers with a variety of azo initiators. End-group
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modifications were near quantitative, allowing for a recycling of RAFT agents. Such
end-group modifications are discussed in more detail in Chapter 12.

7.4
Suitable Monomers

As highlighted above, some of the most beneficial features of RAFT include its
versatility with respect to monomer choice, functional group tolerance and general
experimental conditions under which it can be successfully executed. Since RAFT
is, in reality, no more than a conventional free radical polymerization conducted in
the presence of a suitable thiocarbonylthio species, it possesses all the benefits of a
conventional free radical polymerization process while simultaneously conferring
many of those features associated with a living, or controlled, polymerization. As
such, one advantage includes the ability to choose substrates from a broad range
of monomer families bearing a wide range of functional groups. With specific
reference to the preparation of water-soluble (co)polymers under homogeneous
conditions in either aqueous or nonaqueous media, RAFT has so far been success-
fully employed with, for example, styrenic, (meth)acrylic, and the (meth)acrylamido
general families of monomers. Additionally, within these general monomer groups,
substrates containing neutral, anionic, cationic and zwitterionic, hydrophilic func-
tionality have been successfully polymerized in a controlled manner. Below we will
highlight those hydrophilic monomers that have been polymerized via RAFT to
yield water-soluble polymers. As noted above, many of these monomers can be and
have been polymerized in both organic and aqueous media [2].

7.4.1
Anionic/Acidic Monomers

Figure 7.5 shows examples of hydrophilic anionic/acidic monomers that have been
polymerized via RAFT either directly in water or in organic media. The potential
of RAFT in homogeneous aqueous media was hinted at in the very first literature
report where sodium styrenesulfonate (M1, Fig. 7.5) was successfully polymerized
in water at a concentration of 1.21 M, using C1 at 70 ◦C and V-501 as a water-soluble
azo initiator [1].

The ability to polymerize even this group of 13 monomers in a controlled fashion
via RAFT serves to reiterate both the versatility and the functional group tolerance
of the technique. While we will not discuss each of these in detail (readers are
directed to a recent review by the chapter authors for a more thorough discussion)
[2], pertinent features will be highlighted. The motivations behind the choice of
these monomers as building blocks are varied. Aside from the inherent desire to
demonstrate the versatility of RAFT by choosing monomers from various general
families, the non-sulfonate-containing monomers, i.e. M2, M4–M7 and M10–M13,
have also been examined due to additional desirable features associated with the
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Fig. 7.5 Chemical structures of anionic/acidic monomers polymerized via RAFT.

monomers. For example, M2 and M4–M7 represent examples of ‘smart’ building
blocks. By ‘smart’ we mean that the monomer, and resulting (co)polymer, is tunably
hydrophilic/hydrophobic by virtue of the readily accessible pKa of the carboxylic
acid functional groups. As such, materials composed of these building blocks are
capable of exhibiting interesting, and often complex, aqueous solution behavior.
For example, we, and others, have shown that AB diblock copolymers with M2, M4
or M5 as one of the comonomers yield materials that are capable of undergoing
reversible, pH-induced supramolecular self-assembly in aqueous media and will
be discussed in more detail below [79–83].

The ability to prepare (co)polymers with well-defined, predetermined molecular
characteristics from these building blocks under homogeneous conditions is lim-
ited only by the choice of a solvent capable of solubilizing the monomer/(co)polymer
and by appropriate choice of a RAFT agent. The near-permanently hydrophilic na-
ture of the sulfonate monomers limits the solvent choice as well as the application
of a suitable RAFT agent. All of the sulfonate-containing monomers shown in
Fig. 7.5 have been polymerized in water [79–81, 84, 85] only due to their lack of
solubility in organic media. As such, only water-soluble RAFT agents have been
applicable. M1, M3, M8 and M9 have all been homopolymerized with C1 [79–
81, 85], the most common RAFT agent employed for polymerizations conducted
homogeneously in water. Additionally, M9 has been polymerized using C5 [85].

The carboxylic-acid-containing monomers can be readily polymerized in a
broader range of solvents by virtue of their tunable hydrophilic/hydrophobic na-
ture, as noted above. As such, a likewise larger pool of RAFT agents may also
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be employed. M2, for example, has been polymerized directly in water [79, 86]
(as a second or third building block – vide infra), and also homopolymerized in
DMF with the trithiocarbonate RAFT agent C9. The acrylamido substrates M4–M7
[80, 81, 83, 87] have only been (co)polymerized in water using either C1 or C10 [87]
in the case of M6 and M7 with an appropriate water-soluble azo initiator. Acrylic
acid, M10, has been screened with more RAFT CTAs than any other monomer. The
homopolymerization of M10 was also disclosed in the first literature report. M10
was polymerized in DMF, at 60 ◦C with 1-phenylethyl dithiobenzoate as the RAFT
agent and 2,2′-azobis(isobutyronitrile) (AIBN) as the source of primary radicals to
yield a homopolymer with an Mn = 13 800 and Mw/Mn = 1.23 [1]. The most detailed
evaluation regarding the general homopolymerizability of M10 is that of Ladaviere
et al. [88]. In this study, 17 different RAFT agents were screened with examples
from the dithioester, dithiocarbamate, xanthate and trithiocarbonate families of
thiocarbonylthio compounds. Polymerizations were conducted in ethanol with V-
510 used as the source of primary radicals. In all instances, [M10]:[CTA]:[V-501]
= 50:1:0.1. Best results were reported using phenoxyxanthate or trithiocarbonate
RAFT agent derivatives. Gaillard et al. [89] have also reported the synthesis of
M10–butyl acrylate block copolymers prepared using both xanthate and trithiocar-
bonate mediating agents. Various researchers have conducted more detailed evalu-
ations regarding the effectiveness of trithiocarbonate CTAs. For example, Loiseau
et al. [90] evaluated the homopolymerization of M10 with dibenzyl trithiocarbon-
ate and bis(1-phenylethyl)trithiocarbonate in methanol, ethanol, 2-propanol and
dioxane. Polymerizations were generally controlled, but some transfer to solvent
was observed for higher targeted molecular masses/conversions. Lai et al. [13] eval-
uated the carboxyl-functional trithiocarbonates C8 and C11 in both aqueous and
organic (DMF) media at 70 or 80 ◦C. Both CTAs proved effective, with the result-
ing M10 materials having narrow molecular mass distributions. More recently,
Khousakoun et al. [91] reported the synthesis of ABA triblocks of poly(ethylene
oxide) methyl ether methacrylate (A block) with M10 using dibenzyl trithiocar-
bonate, V-501 in n-butanol at 90 ◦C. The aqueous solution properties of the ABA
triblock copolymers were subsequently evaluated as a function of temperature and
ionic strength. Schilli et al. [92] have also reported the synthesis of such doubly
hydrophilic block copolymers of M10 with M33 in methanol. Additionally, Millard
et al. [60] have reported the use of γ -irradiation and aqueous room temperature
RAFT via the trithiocarbonate-mediated polymerization of M10. Morel et al. [93]
have described the xanthate-mediated block copolymerization of M10 with vinyl ac-
etate, and Hoogenboom et al. [94] have reported the indirect synthesis of poly-M10
employing the protected acrylic monomer 1-ethoxyethyl acrylate in toluene with
AIBN and 2-cyano-2-butyl dithiobenzoate as the initiator/RAFT CTA pair.

In contrast to the fairly extensive RAFT studies of M10, relatively little has
been done with respect to the RAFT polymerization of M11. The first report
describing the polymerization of M11 was that of Chong et al. [95], in which
AB diblock copolymers with benzyl and methyl methacrylates were prepared
in DMF with cumyl dithiobenzoate as the mediating agent. Following this, de
Brouwer et al. [96] reported the RAFT miniemulsion synthesis of poly[(2-ethylhexyl)
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methacrylate-block-(methyl methacrylate-co-M11)] via a semicontinuous procedure.
Sprong et al. [97, 98] reported the RAFT synthesis of model alkali-soluble rhe-
ology modifiers, in which M11 was copolymerized with methyl methacrylate in
dioxane with AIBN and bis(thiocarbonyl) disulfide. In addition to M11, two other
α-substituted acrylic acids have been polymerized via RAFT, namely, α-ethylacrylic
acid (M12) [99] and α-propylacrylic acid (M13) [100].

7.4.2
Cationic Monomers

Like anionic monomers, cationic or potentially cationic, substrates are also of fun-
damental interest given their broad applications in areas as diverse as water pu-
rification, enhanced oil recovery, cosmetics and as antibacterial agents. As with
the acidic/anionic substrates, various cationic/3o amine monomers have been
examined. Figure 7.6 shows examples of such substrates. Also mirroring the
acidic/anionic substrates, examples from all the major monomer families have
been examined, as well as some ‘unique’ representatives of this class, namely, the
vinyl pyridines, M18 and M19 [2]. As with the anionic/acidic monomers discussed
above, the reason for choosing such substrates, at least with respect to the synthesis
of water-soluble copolymers, is typically dictated by their solubility characteristics.
For example, while M15–M17 and M23 are permanently hydrophilic, the remain-
ing substrates exhibit reversible hydrophilicity/hydrophobicity either as a function
of aqueous solution temperature (M20 and M22) or aqueous solution pH (M14,
M18, M19 and M21).
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Fig. 7.6 Chemical structures of permanently cationic and tunably
cationic monomers that have been polymerized via RAFT.
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Fig. 7.7 Hydrodynamic radius plotted as a function of solution pH for
M14–M15 block copolymers of varying composition – 57:11 (open
circle), 57:22 (open square), 57:34 (open triangle), 57:50 (open
diamond) and a random copolymer of M14–M15 with a composition of
55:57 (solid diamond).

N,N-dimethylbenzylvinylamine, M14, is an excellent example of a ‘smart’ build-
ing block, being pH responsive. Specifically, polymers derived from M14 are hy-
drophobic with neutral but become hydrophilic when the tertiary amine residues
are protonated. M14 has been employed as a ‘smart’ building block in several studies
[79, 101, 102]. For example, Mitsukami and coworkers recently reported the synthe-
sis and aqueous solution properties of a range of M14–M15 AB diblock copolymers
[101]. The block copolymers were prepared using C1/V-501 as the CTA/initiator
pair directly in water to yield materials with controllable molecular masses and
low polydispersity indices. The pH-induced, reversible self-assembly of such block
copolymers was demonstrated using a combination of NMR spectroscopy, dynamic
and static light scattering (SLS), as well as fluorescence spectroscopy.

For example, Fig. 7.7 shows the change in measured hydrodynamic radius (Rh),
as determined by dynamic light scattering, for a series of M14–M15 block copoly-
mers, as well as a statistical copolymer for comparative purposes, as a function of
aqueous solution pH. In all instances, sizes consistent with unimers are observed
at pH > ca. 7. Under such conditions, the M14 block is expected to be predomi-
nantly protonated and thus hydrophilic, as is the permanently charged M15 block.
At pH ∼ 7, with the exception of the statistical copolymer, an abrupt change in
the Rh is observed with observed sizes in the range of 6.0–9.0 nm. Such changes
are consistent with a hydrophilic-to-hydrophobic phase transition associated with
the M14 block and the onset of a self-assembly process. Such supramolecular
self-assembly was verified by SLS and fluorescence spectroscopy. Sumerlin et al.
have likewise taken advantage of the facile phase transition associated with M14
as a function of pH in their studies of M14–N,N-dimethylacrylamide AB diblock
copolymers [102]. As with the M14–M15 copolymers, the AB diblocks were demon-
strated to undergo pH-induced micellization. Amphiphilic AB diblock copolymers
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of styrene with structurally similar derivatives of M15 have been prepared indi-
rectly by the reaction of a tertiary amine such as NEt3 with the vinylbenzyl chloride
residues in styrene–vinylbenzyl chloride precursor copolymers [103]. The perma-
nently cationic, hydrophilic phosphonium styrenic derivatives M16 and M17 have
only recently been evaluated under RAFT conditions and will be discussed in more
detail below [82].

The vinyl pyridine substrates M18 and M19 have likewise been little studied
to date, although both are readily polymerized in a controlled manner. Yuan
et al. [104] were the first to report on the RAFT polymerization of this particu-
lar monomer class. AB diblock copolymers of styrene with M19 were prepared in
DMF with dibenzyl trithiocarbonate and AIBN. Following this report, Convertine
et al. [105] reported the synthesis of M18 and M19 homopolymers as well as AB
diblock copolymers composed of the two monomers. Homopolymers of M18 or
M19 were prepared with cumyl dithiobenzoate and AIBN at 60 ◦C. All experimen-
tal data indicate that the (co)polymerizations proceeded in a controlled manner
(Figs. 7.8 and 7.9). Figure 7.8a–7.8c show the size-exclusion chromatograms for
an M18 homopolymerization coupled with the evolution of Mn and Mw/Mn with
conversion (Fig. 7.8b) and the pseudo-first-order kinetic plot (Fig. 7.8c). The sys-
tematic shift to lower retention volume of the size-exclusion chromatograms with
increasing polymerization time, the linear evolution of Mn, agreement with the
theoretical Mn’s, the low Mw/Mn values and the linear first-order kinetic plot are
consistent with a controlled polymerization. The ability to prepare M18–M19 in the
‘forward’ and ‘reverse’ directions was also demonstrated, as can be clearly seen in
the size-exclusion chromatograms in Fig. 7.9.

The RAFT polymerization of the (meth)acrylic derivatives, M20–M22, has been
examined by several research groups. The polymerization of M20 has been reported
in several papers, although typically as a part of a larger screening study [1, 95, 106].
Recently, Sahnoun et al. [106] conducted a detailed examination of the homopoly-
merization of M20 in dioxane at 90 ◦C with 1-methyl-1-cyano-ethyl dithiobenzoate,
with an emphasis on the effect of [M]:[CTA] and [CTA]:[I] with respect to control
over Mn and the molecular mass distribution, conversion and polymerization time.

Yusa et al. [107] reported the synthesis of M21-based AB diblock copolymers with
M23. Consistent with previous reports regarding the aqueous solution behavior of
M21-based block copolymers, the M21–M23 block copolymers were shown to un-
dergo pH-induced supramolecular assembly by virtue of the tunably hydrophilicity/
hydrophobicity of the M21 block.

To date, very little has been reported with respect to the synthesis of cationic
acrylamido (co)polymers by RAFT. Vasilieva et al. [108] investigated the homo- and
copolymerization of M23 (R = CH3) with C1 and V-501 under buffered conditions
(Fig. 7.10).

The acceptable correlation between the theoretical and the observed Mn’s cou-
pled with the linearity of the Mn vs conversion curve and the low Mw/Mn values
all indicate that M23 polymerizes in a controlled fashion under buffered condi-
tions. The use of buffer is an important requirement for achieving such controlled
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corresponding pseudo-first-order rate plot (c).

polymerizations. As discussed above, acrylamido monomers are susceptible to hy-
drolysis in aqueous media, liberating primary, secondary or tertiary amines. In the
case of M23, monomer hydrolysis would yield a primary amine that is capable of
reacting with the thiocarbonylthio functional group of the CTA, resulting in loss of
mediating agent. Additionally, the low-pH buffered environment is desirable since
RAFT CTAs are more stable toward hydrolysis under acidic conditions and it also
facilitates the protonation of any primary amine liberated via monomer hydrolysis
[109].
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7.4.3
Zwitterionic Betaine Monomers

Betaine monomers represent a specialized family of functional substrates. Poly-
meric betaines are interesting for several reasons, including their antipolyelec-
trolyte characteristics in water [110], their well-documented bio/blood compatibility
[109, 111, 112], as well as their less well-documented antimicrobial properties [113].
Synthetic polybetaines have been known since the 1950s; however, even today there
are a very few examples of such materials that have been synthesized with well-
defined molecular characteristics/architectures [114–117] and even fewer reports
in which such materials have been prepared directly, i.e. via the direct, controlled
polymerization of betaine monomers.

One of the reasons why it is difficult to polymerize such substrates in a di-
rect manner is their extremely limited solubility in suitable solvents. Sulfobetaine
monomers, and polymers derived thereof, in particular, i.e. M24–M28, Fig. 7.11
exhibit especially limited solubility properties. For example, materials derived from
such zwitterionic building blocks are generally soluble only in aqueous salt solutions
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and certain fluorinated alcohols/acids [118–120]. Even in aqueous salt solutions the
inherent solubility is dependent on the type (nature of the cation and whether it is
mono vs divalent) and total concentration of low-molecular-weight electrolyte. The
CSC, or critical salt concentration, defined as the concentration of low-molecular-
weight electrolyte needed for dissolution, is one aqueous solution characteristic that
is often examined for new polymeric betaines. 2,2,2-Trifluoroethanol has been pre-
viously demonstrated to be a thermodynamically better solvent for polymers derived
from M25 than 1.0 M NaCl [121]. The first disclosure of the RAFT polymerization
of a betaine monomer was by Arotcarena et al. [122]. Unfortunately, no information
was presented actually verifying that the betaine monomer (co)polymerized in a
controlled fashion. Subsequently, Donovan et al. [123, 124] reported the polymer-
ization of M24–M26 directly in water in the presence of 0.5 M NaBr, employing
C1 as the RAFT agent and V-501 as the source of primary radicals at 70◦C. In
this instance all the polymerizations were demonstrated to possess the features
associated with a controlled/living polymerization (see Fig. 7.12).
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M27 and M28 represent betaine monomers reported by Mertoglu et al. [85, 86].
The RAFT polymerization of M27 has thus far proven to be elusive, although
the reasons for this are not clear since the monomer will homopolymerize under
conventional free radical conditions.

In addition to the sulfobetaines, several groups have reported the polymeriza-
tion of phosphobetaine monomers. For example, the CAMD group in Australia
disclosed the polymerization of 2-acryloyloxyethyl phosphorylcholine (M29, Fig.
7.11), with both butyl acrylate [125] and styrene [126]. In the case of the styrene-
based block copolymers, a polystyrene macro-CTA was first prepared using benzyl
dithiobenzoate. Block copolymers were subsequently prepared in a DMF/methanol
solvent mixture, with AIBN employed as the free radical source. Copolymerizations
were conducted at 60 ◦C for 24 h. Two polystyrene macro-CTAs of different Mn’s
were prepared, thus allowing the synthesis of a wide range of block copolymers
of varying composition and molecular mass. The resulting block copolymers were
generally soluble in carbon disulfide and could be cast into films from this solvent
to yield novel honeycomb-structured porous materials. In the case of the butyl-
acrylate-based block copolymers, butyl acrylate homopolymers were first prepared



c07 November 17, 2007 13:1 Char Count=

258 7 RAFT Polymerization in Homogeneous Aqueous Media

(a)

(b)

50 000

40 000

30 000

20 000

10 000

0
0.0 0.2 0.4 0.6

Mn SEC
Mn Theory
Mn /Mn

M
w

/M
n

In
[M

] o
\[

M
] t)

Fractional conversion Time (min)

Elution Time (min)

R
I r

es
p

o
n

se

0.8 1.0

M
n

(c)

Fig. 7.12 Aqueous size-exclusion chromatographic traces
demonstrating the evolution of molecular mass (a), the Mn vs
conversion plot (b, and the pseudo-first-order rate plot (c) for the
homopolymerization of M26.

using C12 as the RAFT agent with AIBN in toluene. M29 was block copolymer-
ized with the macro-CTA in a methanol/dimethylacetamide solvent mixture with
AIBN. While analysis of the resulting block copolymers proved difficult, the au-
thors did demonstrate, via light scattering studies, that the AB diblock materi-
als were capable of undergoing supramolecular self-assembly to form nanosized
aggregates.

Yusa et al. [127] reported the aqueous RAFT polymerization of 2-
methacryloyloxyethyl phosphorylcholine (M30) using C1, with V-501 at 70 ◦C for
2 h. After a small induction time of ca. 10 min, the polymerization proceeded
in a controlled manner, as evidenced by the kinetics, the linear evolution of Mn

with conversion and the narrow molecular mass distributions. The only appar-
ent anomaly was the poor agreement between the theoretical and experimental
Mn values, as determined by aqueous size-exclusion chromatography (SEC). How-
ever, the SEC system was calibrated with poly(sodium styrenesulfonate) standards
that are not ideal for the poly-M30 homopolymers. Significantly better agreement
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between the target and experimental Mn’s was observed in SLS studies where the
measured value of 28 400 was in reasonable agreement with the theoretical value of
21 800. A poly-M30 homopolymer with a DP of 96 was subsequently employed in
the block copolymerization with n-butyl methacrylate (BMA) to form amphiphilic
block copolymers. Block copolymerizations were performed in MeOH. The first-
order kinetic plot for the polymerization of BMA with the poly-M30 macro-CTA
did exhibit some downward curvature, implying the loss of propagating radicals.
Several block copolymers were prepared and their aggregation behavior in aque-
ous media examined. The formation of micelles was confirmed using fluorescence
spectroscopy and N-phenyl-1-naphthylamine (PNA) as a probe. The emission max-
ima for PNA were plotted as a function of copolymer concentration. In the case
of the M3096–BMA76 block copolymer, the maxima were essentially constant at
ca. 464 nm in the low-concentration regime but steadily decreased to a blue shift
wavelength of 394 nm at concentrations >0.2 g·L−1. In the case of M3096–BMA22,
the blue shift was less pronounced, reaching saturation at 408 nm at concentra-
tions >0.5 g·L−1. Such decreases in the emission maxima are consistent with
the PNA being sequestered into a more hydrophobic environment, and given the
block architecture of the materials, it is likely that multimeric micelles are be-
ing formed. The concentration at which the blue shift starts can be regarded as
the critical micelle concentration (cmc). SLS measurements of the polymer ag-
gregates allow a determination of the aggregate molecular mass and Nagg. The
experimentally determined Nagg for M3096–BMA76 and M3096–BMA22 were 224
and 39 respectively. The core-shell structure of multimeric polymer micelles gives
nanoparticles with hydrophobic cores or potential ‘cargo holds’ capable of seques-
tering hydrophobic compounds; this forms the basis of the fluorescence experi-
ment. However, the sequestering abilities of such nanoparticles are not limited
to fluorescence probes. Indeed, polymeric micelles have been extensively evalu-
ated as potential delivery vehicles for pharmaceutically important compounds. The
M30m–BMAm block copolymers were briefly examined with respect to their ability
to sequester paclitaxel (PTX), a hydrophobic drug commonly used for the treatment
of ovarian and breast cancers. It was shown that the block copolymers were able
to sequester significantly more PTX than analogous statistical M30–BMA copoly-
mers, a feature attributed to the different types of structures formed in aqueous
media.

Inoue et al. [128] reported the synthesis of copolymers with differing architectures
composed of M30 with 2,2,2-trifluoroethyl methacrylate. Copolymers with block,
statistical and gradient architectures were prepared using C1 and AIBN in vari-
ous organic solvents and/or cosolvent combinations. SEC analysis, in 1,1,1,3,3,3-
hexafluoroisopropanol, revealed that the copolymers possessed narrow molecular
mass distributions. The thermal properties of the copolymers were examined to de-
termine the effect, if any, of chain architecture on the bulk properties. Differences
in the differential scanning calorimetry (DSC) thermograms were observed for the
block vs gradient copolymers and were attributed to the different bulk morpholo-
gies, with the block copolymer most likely possessing a distinct phase-separated
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morphology, whereas the gradient copolymers were presumed not to exist in a
distinct phase-separated state by virtue of the continuous change in monomer
distribution in the copolymer.

7.4.4
Polyampholytic Materials

Related to polymeric betaines are polyampholytes, which are the second major
group of polyzwitterions [129]. These differ from polybetaines in the nature of
the location and number of cationic/anionic residues. Whereas polymeric betaines
contain both the cationic and anionic/potentially anionic functionality on the same
monomer unit, and as a result are charged balanced, polyampholytes have the
ionic residues located on distinct monomer units. As a result, polyampholytes may
be charged balanced, or may contain various ratios of anionic/cationic functional-
ity [110]. Well-defined polyampholytes with either statistical or block architectures
are, like polybetaines, difficult to prepare directly. However, such materials can
be prepared indirectly via protecting group chemistry and/or postpolymerization
modification. RAFT, given its versatility, would be expected to be the best currently
available method for preparing such materials directly with well-defined molecu-
lar characteristics. Surprisingly, however, little has been reported to date utilizing
RAFT for the synthesis of such specialized materials with only two papers describ-
ing their direct synthesis by this technique [82, 130]. The first report was by Xin et al.
[130], in which homopolymers, with narrow molecular mass distributions, of M20
were prepared in anisole with AIBN and tert-butyl dithiobenzoate. The subsequent
use of these poly-M20 homopolymers as macro-CTAs in the block copolymerization
with sodium acrylate in a water/methanol mixture yielded the corresponding block
polyampholytes. More recently, Wang and Lowe [82] described the synthesis of
statistical and block copolymers of M16 or M17 with M2. M16/M17 homopolymers
were first prepared with C9/V-501 directly in water (Fig. 7.13).

Figure 7.13a shows a series of aqueous SEC traces of aliquots taken from a ho-
mopolymerization of M16. The systematic shift to lower retention time, i.e. higher
molecular mass, is consistent with a controlled polymerization. Figure 7.13b shows
plots of Mn and Mw/Mn vs conversion for the same M16 homopolymerization. Im-
portantly, and further confirming the controlled nature of the homopolymerization,
the evolution of Mn is linear and agrees almost perfectly with the theoretical values.
Additionally, and as expected, there is no effect of [CTA]:[I] on the Mn profile. In all
instances the measured polydispersity indices are low and are typically ≤1.10. Given
the inherent difficulty in analyzing polyampholytes by aqueous SEC, the successful
formation of the statistical and block copolymers was confirmed qualitatively by
Fourier transform infrared (FT-IR) spectroscopy (Fig. 7.14).

Figures 7.14a and 7.14b show the FT-IR spectra for M16 and M2 homopolymers
respectively, while Figs. 7.14c and 7.14d show the spectra for M16 and M2 statistical
and block copolymers. The key signals associated with the two separate monomeric
building blocks are clearly visible in Figs. 7.14c and 7.14d and specifically, the
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C O and P CH3 signals associated with M2 and M16 respectively are clearly
evident.

7.4.5
Nonionic Monomers

Of all the monomeric substrates so far examined by RAFT, nonionic hydrophilic
species have been the most widely studied. Examples include various amide-based
substrates (Fig. 7.15), glycomonomers (Fig. 7.21) and (meth)acrylic poly(ethylene
glycol) derivatives (Fig. 7.23) [2]. Indeed, considering all RAFT polymerizable
monomers, the ability to control the polymerization of the amide-based monomers,
as shown in Fig. 7.15, has been, arguably, one of the most significant challenges
and represents an important advance in controlled radical polymerization (CRP).
While examples of such monomers such as N,N-dimethylacrylamide, M32, have
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been polymerized in a controlled fashion by living anionic polymerization, CRP
techniques other than RAFT have thus far proven to be of limited use for this
general class of substrates.

RAFT is the only polymerization technique that reliably allows for the controlled
polymerization of acrylamide, M31. However, careful attention must be paid to
the choice of mediating agent and polymerization conditions [66]. The successful
polymerization of M31 has been achieved with C2 in conjunction with 2,2′-azobis[2-
methyl-N-(2-hydroxyethyl)propionamide] (VA-086) under buffered conditions
(pH = 5.0). M31 has also been successfully polymerized at room temperature in
aqueous media, with the trithiocarbonate-based RAFT agent C8 employing various
azo initiators [131].

Poly(N,N-dimethylacrylamide), from M32, is a readily water-soluble polymer
that does not exhibit any phase-transition behavior in water, at least not between
0 and 100 ◦C and 1 atm. It readily serves as a permanently hydrophilic building
block in the synthesis of amphiphilic or stimuli-responsive materials. M32 has
been polymerized by RAFT in both aqueous and organic media under a range of
conditions. For example, Donovan et al. have reported the polymerization of M32
in water, benzene and a water/DMF solvent mixture [132, 133]. These studies eval-
uated several different CTAs, including C1 and C3, as well as cumyl dithiobenzoate
under a range of conditions. Of all the CTAs evaluated, C3 was demonstrated to
be particularly useful. Laschewsky and coworkers [86, 134] have reported the RAFT
synthesis and aqueous solution studies of several different M32-based copolymers,
including copolymers with M28 and n-butyl acrylate. For example, homopolymers
of M32 were prepared with C1 in water at 48 ◦C for 5 h, using V-545 as the
source of primary radicals. The M32 homopolymer was subsequently used for
the block copolymerization with M28. The AB diblock copolymers were shown
to undergo stimulus-induced self-assembly by virtue of the salt-responsive nature
of the M28 block. Li et al. [135] recently described the synthesis of ABC triblock
copolymers of poly(ethylene oxide) (PEO), M32 and M33 with a small amount of
N-acryloxysuccinimide using a PEO-functional RAFT CTA (Fig. 7.16).
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It was shown that the triblock copolymers were molecularly dissolved at T <

LCST (lower critical solution temperature) of the M33 block whereas the triblock
copolymers underwent supramolecular self-assembly when the aqueous solution
temperature was raised above the LCST of the M33 block to form aggregates with a
hydrophobic M33 core, an outer PEO stabilizing corona and an inner hydrophilic
corona of M32 and N-acryloxysuccinimide. The presence of the highly reactive
N-acryloxysuccinimide in the inner corona facilitated a facile, postassembly modi-
fication by reaction with ethylenediamine to yield shell-cross-linked aggregates.

N-Isopropylacrylamide, M33, is one of, if not the, most widely studied neutral
hydrophilic monomer in polymer science. This is due in part to its readily accessi-
ble LCST in water (ca. 32 ◦C) and the fact that this value is close to physiological
temperature. Such interest has been mirrored in RAFT studies. It is not possible to
review all relevant literature here and readers are directed to a recent review article
where the RAFT synthesis and characterization/properties of M33-based materials
are discussed in more detail [2]. An early detailed study of the RAFT polymeriza-
tion of M33 was reported by Ganachaud et al. [136]. M33 was polymerized in the
presence of benzyl and cumyl dithiobenzoates with AIBN in benzene and dioxane
respectively. Also, Schilli et al. [25] have polymerized M33 with benzyl and cumyl
dithiocarbamates in 1,4-dioxane. Given that M33 is readily water soluble, it would
be desirable to prepare (co)polymers directly in water. However, homogeneous
aqueous conditions require that the solution temperature be kept below the LCST
of the poly-M33 to prevent phase separation during polymerization. Careful choice
of reagents has recently enabled this to be achieved. As highlighted above, M33
can be polymerized in organic media. The use of organic solvents has the added
advantage of reagent compatibility; i.e. there is a much wider choice of reagents,
such as initiators, and RAFT agents, which can be employed in organic media,
under a broader range of polymerization conditions.
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Recently [137], we described facile conditions for the homopolymerization of
M33, using 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid, C11, as
the RAFT agent and 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70) as the
initiator in DMF (33 wt % monomer) at room temperature. Key to success in this
particular study was the use of an azo initiator (V-70) with an appropriate half-life
at room temperature.

Figure 7.17a shows an example of the experimentally determined SEC traces (RI
signal) for the homopolymerization of M33 at [CTA]0:[I]0 (C11:V-70) of 20:1. The
monotonic shift of the traces to lower elution volume (higher molecular mass) with
increasing polymerization time is qualitatively indicative of a controlled polymeriza-
tion. Additionally, the chromatograms show no evidence of high-molecular-mass
impurities (most commonly visualized as a shoulder on the left of the trace), even at
extended polymerization times. Figure 7.17b shows the plot of polydispersity index
(PDI) vs conversion. It is clear that the PDI remains low (Mw/Mn ≤ 1.10) through-
out the course of the homopolymerizations. A distinguishing feature of controlled
polymerizations is a linear evolution of Mn with conversion. Figure 7.17c shows
these plots at three different ratios of C11/V-70. In all instances the plots are linear
and indicate that there is no particular favored C11/V-70 ratio, at least of the three
examined. There is however, as expected, an effect of this ratio on the kinetics
of homopolymerization (see Fig. 7.17d), with the higher ratio leading to slower
polymerization. The pseudo-first-order kinetic plots are essentially linear, at least
for the major part of the polymerization, indicating a constant number of active
species, although some slight curvature is observed at extended polymerization
times/higher conversions.

Convertine et al. [138] also described the synthesis and aqueous solution proper-
ties of thermally responsive M33/M32 diblock copolymers as well as M33/M32/M33
triblock materials. The ABA triblock copolymers were prepared using the difunc-
tional trithiocarbonate RAFT agent C8, while the diblock copolymers were synthe-
sized using the novel monofunctional, water-soluble species C10. All polymeriza-
tions were performed at 25 ◦C directly in water with 4,4′-azobis[2-(imidazolin-
2-yl)propane] dihydrochloride (VA-044) as the source of primary radicals at a
[CTA]0:[VA-044]0 of 3:1. This low ratio was employed due to the relatively long
half-life of VA-044 at 25 ◦C. The AB and ABA block copolymers were prepared
with fixed M32 but variable M33 block lengths so as to facilitate the systematic
evaluation of the effect of the DP of M33 on the aqueous solution properties. The
block copolymers were characterized using a combination of SEC, 1H NMR spec-
troscopy, T2 relaxation measurements, dynamic light scattering and SLS. The M32
macro-CTAs were prepared in a controlled manner as judged from the kinetics,
control over Mn and the low PDIs, which ranged from 1.03 to 1.32. Likewise the
formation of the block copolymers proceeded with a high degree of efficiency as
likewise judged from the Mn control, the low PDIs (Mw/Mn = 1.03–1.21) and the
clean, symmetric nature of the block copolymers SEC traces. While poly-M32 is
permanently hydrophilic, i.e. it does not undergo a macroscopically observed phase
transition as a function of aqueous solution temperature, as has already been noted,
poly-M33 is characterized by its readily accessible coil-to-globule phase transition
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Fig. 7.17 Experimental data for the room temperature polymerization of
M33 with C11/V-70 in DMF. (a) Size-exclusion chromatograms
demonstrating the evolution of molecular mass with conversion, (b) the
change in polydispersity with conversion, (c) the evolution of Mn with
conversion as a function of [C11]:[V-70] and (d) the pseudo-first-order
kinetic plots as a function of [C11]:[V-70].
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that occurs at ca. 32 ◦C. As such these di- and triblock copolymers are expected to
undergo temperature-induced supramolecular self-assembly at temperatures above
the LCST of the poly-M33 blocks. To demonstrate this self-assembly process, as
well as the reversibility of this process, Fig. 7.18a shows the z-average intensity size
distribution for an M33460–M32100 diblock copolymer at 1.00 g·L−1 at 25 and 45 ◦C,
i.e. below and above the LCST of the poly-M33 block. At 25 ◦C the z-average Dh is
ca. 10 nm, which is consistent with molecularly dissolved unimer chains, whereas
at 45 ◦C, above the LCST of poly-M33, the Dh is ca. 80 nm and has a measured
aggregation number of ca. 213, as determined by SLS.

Fig. 7.18 (a) The z-average size distribution for an M33460–M32100

diblock copolymer at 25 and 45 ◦C, and (b) the change in hydrodynamic
diameter for the same block copolymer when subjected to five
heating/cooling cycles.
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The reversibility of this self-assembly process is demonstrated in Fig. 7.18b,
which shows the change in Dh for the same diblock copolymer when cycled through
five heating/cooling cycles. Not only is this self-assembly process clearly reversible,
it is also remarkably consistent. A complimentary method for monitoring the
self-assembly process is NMR spectroscopy. The relative peak intensity of specific
copolymer building blocks can be conveniently monitored as a function of temper-
ature. For example, Fig. 7.19a shows a series of 1H NMR spectra recorded in D2O
of the M33460–M32100 block copolymer as a function of solution temperature. The
key peaks associated with the poly-M33 block (Figs. 7.19a, peaks labeled b and c)
clearly decrease in intensity, at or around the LCST of the poly-M33 block, relative

Fig. 7.19 (a) A series of 1H NMR spectra recorded in D2O of an
M32–M33 block copolymer as a function of temperature, and (b) the
change in T2 spin–spin relaxation times for two M32–M33 block
copolymers.
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to the dimethyl protons of the poly-M32 block (Fig. 7.19a, peaks labeled a). Such a
relative decrease is consistent with dehydration/desolvation and restricted mobility
of the poly-M33 block. While such a straightforward experiment gives a qualitative
indication of the dehydration/reduced mobility associated with the coil-to-globule
transition of the poly-M33 block, a more quantitative picture of this process can be
obtained by monitoring the changes in proton spin–spin relaxations. The spin–spin
relaxation (T2) for polymers is heavily influenced by local rigidity with protons in
more constrained environments exhibiting faster T2 relaxations than identical pro-
tons in less constrained molecular environments. As such T2 measurements afford
a method for monitoring the change in segmental motion that accompanies the
coil-to-globule phase transition of the poly-M33 block and as such the self-assembly
process.

Figure 7.19b shows the T2 values observed at d ∼ 3.9 ppm, which correspond
to the pendent poly-M33 methyne proton, for the AB diblock copolymers poly-
M3371–poly-M32100 and poly-M33460–poly-M32100. Initially, there is gradual in-
crease in the T2 values due to increased thermal motion, after which the T2 value
stabilizes at around 0.20 s for both block copolymers. In the case of the poly-
M33460-based copolymer, a sharp decrease is observed at ca. 33 ◦C, with the T2

value falling from 0.194 to 0.0213 s at 36 ◦C. A similar decrease is observed for
the poly-M3371-based copolymer, although the transition occurs at a slightly higher
temperature. Such transitions are entirely consistent with the onset of supramolec-
ular self-assembly.

Similar stimuli-responsive block copolymers with an M33 as the ‘smart’ building
block have been reported by Morishima and coworkers [139], Liu and Perrier [140],
Yin et al. [100], Millard et al. [60], Zhang et al. [141] and Mertoglu et al. [86] under a
range of experimental conditions with a variety of RAFT CTAs. In addition to linear
block copolymers, M33 has been used as a building block in the preparation of other
novel materials including water-dispersible multiwalled carbon nanotubes via a
grafting-from procedure using an immobilized dithioester CTA [142]; dendritic ma-
terials incorporating M33 have been reported by Zheng and Pan and Ge and cowork-
ers [143, 144] (Figs. 7.20a–7.20c); star copolymers have been reported by Zheng
and Pan [145]; highly branched poly-M33 prepared using the polymerizable CTA
3H-imidazole-4-carbodithioic acid 4-vinylbenzylester were reported by Carter et al.
[146, 147] (Fig. 7.20d); and the synthesis of biotin–M33 bioconjugates either via post-
polymerization modification or via the use of a biotin-functional trithiocarbonate
have been reported by Kulkarni et al. [148, 149] and Hong and Pan [150e] (Fig. 7.20).

N-acryloylmorpholine, M34, is a little studied water-soluble acrylamido derivative
[7, 151–153]. To date, the RAFT polymerization of this monomer has been studied
exclusively by Charreyre et al. The initial report focused on the effect of dithioester
structure, with the researchers evaluating a range of RAFT agents. These in-
cluded carboxymethyl dithiobenzoate, menthonyl dithiobenzoate, the difunctional
species 1,3-bis(2-(thiobenzoylthio)prop-2-yl)benzene and tert-butyl dithiobenzoate
[154]. Polymerizations were conducted in dioxane at 60 and 90 ◦C, with AIBN
used as the source of primary radicals. A comparison of carboxymethyl dithioben-
zoate with tert-butyl dithiobenzoate under identical conditions (at 60 ◦C) clearly
highlighted the effect of RAFT agent structure, and specifically the nature of the
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R group, on the polymerization kinetics, polydispersity and molecular weight con-
trol, with tert-butyl dithiobenzoate (which possesses a tertiary R group vs a primary
R group on carboxymethyl dithiobenzoate) proving to be overall more effective.
A comparison of tert-butyl dithiobenzoate with menthonyl dithiobenzoate led to
no distinctive differences in effectiveness as mediating agents. Both RAFT agents
have bulky R groups that fragment to yield tertiary-carbon-centered radicals. While
a small difference in expected fragmentation and reinitiation rates was proposed
for the menthonyl derivative based on simple steric considerations, the effect was
insufficient to manifest itself under the experimental conditions. The difunctional
RAFT agent also proved to be an efficient mediating species. It was also noted
that in some instances apparent side reactions led to a decrease in the overall
control, given the observed decrease in Mn and a rapid increase in polydispersity
at high conversion. Along with the concomitant discoloration observed in these
instances, the authors proposed reactions resulting in dithioester degradation to
yield sulfides that are capable of acting as nondegradative irreversible transfer
agents. More recently, Bathfield et al. [155] reported the homopolymerization of
M34 using a series of functional amide-based dithioester RAFT agents, including
two examples with functional bio-related R groups derived from galactopyranose
and biotin. Of particular note here is the ability to selectively react with the pri-
mary amine-containing molecules at the succinimidyl ester without any competing
thiocarbonylthio degradation. Homopolymerizations were conducted in dioxane at
90 ◦C and in all instances were shown to proceed in a controlled manner.

Methacrylamide, M35, has recently been shown to polymerize in a controlled
fashion in aqueous media provided appropriate attention is paid to the solution
conditions [156]. Polymerizations of M35 were performed with C1 at 70 ◦C in
both buffered and nonbuffered aqueous media. Similar to the observations made
for other (meth)acrylamido monomers in nonbuffered conditions at elevated tem-
peratures with a dithioester RAFT agent, it was found that M35 homopolymer-
izations exhibited controlled characteristics for the first ∼3 h after which the
molecular mass distribution broadened significantly and a substantial deviation
of the experimentally determined molecular mass from the theoretical value was
observed. Such behavior was ascribed to the loss of CTA (or macro-CTA) pre-
sumably via a combination of hydrolysis and aminolysis. Conducting the poly-
merization in an acidic buffer circumvented the problem of CTA loss and led to
conditions in which the polymerization was controlled over the entire course of the
reaction.

N-(2-hydroxypropyl)methacrylamide, M36, is a well-established biocompatible
species that has long-attracted attention in the biomedical field. At present there
are only a few reports describing the RAFT synthesis of (co)polymers derived from
M36. Scales and coworkers [157] described the direct polymerization of M36 in
water, using C1 and V-501 in an acetic acid buffer at pH 5.2 and 70 ◦C. This report
focused simply on demonstrating the controlled nature of the polymerization of
M36 and, aside from some deviations in the first-order kinetic plots at intermediate-
to-high conversion, the polymerizations exhibited the expected characteristics for
a controlled process. Subsequently, Yanjarappa et al. [158] reported the synthesis
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of statistical copolymers of M36, with N-methacryloyloxysuccinimide employing
1-methyl-1-cyanoethyl dithiobenzoate, and AIBN in t-BuOH/DMF at 80 ◦C for 8 h.
The controlled-structure, activated copolymers were subsequently derivatized via
peptide coupling with a species that had previously been demonstrated to inhibit the
assembly of anthrax toxin. The modification was performed in anhydrous dimethyl
sulfoxide (DMSO) at 50◦C followed by quenching with 1-amino-2-propanol to yield
a polyvalent inhibitor. This polyvalent inhibitor was shown to be at least 3 orders of
magnitude more potent with respect to its inhibitory characteristics than the cor-
responding monovalent peptide. M36 has also been homopolymerized and block
copolymerized, with M33 using a novel biotinylated RAFT CTA, as described by
Hong and Pan [150]. Homopolymers of M36 were readily prepared using this novel
CTA in MeOH with AIBN as the source of primary radicals. Consistent with the
use of this CTA for the homopolymerization of M33, the homopolymerization of
M36 proceeded in a controlled fashion. The authors subsequently used a poly-
M36 macro-CTA to prepare novel temperature-responsive block copolymers with
M33. The novel biotin-functionalized block copolymers were shown to undergo
supramolecular self-assembly to form novel core-shell structures, in which the sur-
face is decorated with biotin, with average hydrodynamic diameters of ca. 40–50
nm. Recently, the Scales et al. reported the synthesis of AB diblock copolymers of
M36 with M23 (R = H) and their ability to complex and stabilize small interfering
ribonucleic acid (siRNA) [159]. It was shown that the block copolymers were able
to effectively stabilize a model, 43 nucleotide siRNA under simulated physiological
conditions. The ability of the block copolymers to protect the siRNA from enzymatic
degradation was also evaluated. It was shown that two block copolymers in partic-
ular (of molar composition M36258-b-M2313 and M36258-b-M2323) were particularly
effective in preventing degradation of the siRNA by ribonuclease A.

N-Acryloyl pyrrolidine (M37) is a well-known water-soluble amide monomer
whose homopolymers exhibit LCST behavior with a cloud point of ca. 50 ◦C [86].
At present M37 has only been employed as a hydrophilic/‘smart’ building block
in RAFT-synthesized (co)polymers by the group of Laschewsky [86]. M37 was suc-
cessfully homopolymerized for 23 h with cumyl dithiobenzoate at 70 ◦C in toluene
with AIBN to yield poly-M37 with an experimentally determined Mn of 15 000
at 78% conversion, although unfortunately no experimental evidence confirming
the controlled nature was presented. In the same report, M37 was successfully
block copolymerized with n-butyl acrylate, M32 and M33. Subsequently, the same
group published a detailed report concerning the surfactant properties of a series
of amphiphilic block copolymers with a poly(n-butyl acrylate) hydrophobic block
including one example with M37 as comonomer [160].

N-Vinylpyrrolidone, M38, is an extremely important water-soluble building block
and has attracted significant attention from the biomedical field due to its biocom-
patibility and nontoxicity. Unfortunately, M38 is a nonconjugated monomer in
the sense that the alkene π -electrons are not conjugated with the C O functional
group and as such is structurally similar to vinyl acetate. As with vinyl acetate
the controlled polymerization of M38 represents a significant synthetic challenge.
With respect to RAFT, the controlled polymerization of M38 has only recently been
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reported and can only be achieved with select families of RAFT agents, and specif-
ically with certain trithiocarbonate, xanthate and dithiocarbamate derivatives [161–
163]. For example, Wan et al. [161] described the simultaneous control of both
molecular weight and polymer tacticity in the polymerization of M38 mediated
with xanthates, C13 and C14, under bulk conditions at 60 ◦C with AIBN. Of the
two xanthates, C13 was shown to be more effective in conferring controlled char-
acteristics with, for example, Mw/Mn values in the range 1.10–1.26 in contrast to
1.32–1.47 for C13. This difference in ability to control the polymerization of M38
was attributed to the enhanced leaving group ability of the R group in C14 compared
to the benzylic species in C13. Also in this report the authors demonstrated that it
is possible to induce the stereospecific polymerization of M38 using fluoroalcohol
solvents. Tacticity control in the free radical polymerization of M38 has proven to
be difficult, although there has been some success with vinyl acetate. The authors
examined the use of CF3CH2OH, (CF3)2CHOH and (CF3)3COH under both con-
ventional free radical and RAFT polymerization conditions. For normal free radical
polymerization of M38, the authors found that the syndiotacticity of the resulting
poly-M38 increased with increasing bulkiness of fluoroalcohol, with (CF3)3COH
being the most effective. Additionally, lowering the polymerization temperature
also enhanced the syndiotacticity (∼59.0 % obtained with (CF3)3COH at 20 ◦C).
This observation was consistent with those made for vinyl acetate where bulkier,
more acidic fluoroalcohols likewise resulted in enhanced syndiotacticity. The na-
ture of the mechanism responsible for inducing such stereocontrol was probed
using a combination of 1H and 13C NMR spectroscopy. Addition of fluoroalcohol
to a CDCl3 solution of M38 indicated the formation of a 1:1 M38:fluoroalcohol,
hydrogen-bonded complex, as evidenced by the downfield shift of the C O res-
onance associated with M38 in the 13C NMR spectrum (from ca. 173.3 to 175.6
ppm) and the much more significant downfield shift of the OH resonance of the
fluoroalcohol in the 1H NMR spectrum from 4.34 to 9.04 ppm (for (CF3)3COH).
Finally, the authors demonstrated the ability to simultaneously control the poly-
merization as well as the tacticity by conducting a series of RAFT polymerizations
of M38 in various fluoroalcohols at 20 and 60 ◦C in the presence of C14.

Polymers derived from N-vinylformamide (M39) can serve as precursors to
poly(vinylamine). The only report regarding the RAFT synthesis of M39-based
materials is that of Shi et al. [164]. A poly(ethylene glycol)-functionalized xanthate
RAFT agent was employed to prepare block copolymers with M39 in DMSO using
1,1′-azobis(cyclohexanecarbonitrile) (VAZO-88) as the source of primary radicals
at 100 ◦C. The polymerizations were stated to proceed in a controlled fashion,
although the resulting polydispersity indices were large with Mw/Mn = 1.7–2.3.

7.4.6
Glycomonomers

Recently, researchers have extended their studies of nonionic water-soluble species
to include the biologically significant sugar-containing family of monomers (gly-
comonomers). Glycopolymers are most commonly prepared by the polymerization
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Fig. 7.21 Chemical structures of glycomonomers polymerized via RAFT.

of a protected precursor followed by postpolymerization conversion to the free
sugar. There have, however, been several recent reports of the direct polymer-
ization of glycomonomers without recourse to protecting group chemistries. Of
particular note are the reports by Armes et al., describing the ATRP synthesis of
several well-defined glycopolymers. Given the versatility of RAFT, it is not surpris-
ing that it is also possible to polymerize glycomonomers directly. For example,
Lowe et al. demonstrated that 2-methacryloxyethyl glucoside (MAGlu, M40, Fig.
7.21) may be polymerized in water with C1 as the RAFT agent and V-501 as source
of free radicals, at 70 ◦C.

Under these conditions, the homopolymerization of M40 proceeds cleanly (see
Fig. 7.22) at least up to 40% conversion, after which deviations from the theo-
retical Mn are observed. The upward curve in the experimentally determined Mn

values could well be due to thiocarbonylthio hydrolysis. The pseudo-first-order rate
plot (see inset) is linear, indicating a first-order dependence on monomer. The
PDI decreases with increasing conversion. All these features indicate that under
these conditions the homopolymerization of M40 is a controlled process. Addition-
ally, the homopolymerization of the protected glycomonomer 3-O-methacryloyl-1,
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for the homopolymerization of M40 directly in water at 70 ◦C with C1.

2:3,4-di-O-isopropylidene-D-galactopyranose (MAIpGP, M41) and its subsequent
use as a macro-RAFT agent for the synthesis of AB diblock copolymers with 2-
(dimethylamino)ethyl methacrylate in DMF have been reported [165]. M41 is not
commercially available, but can be prepared by a number of routes, including acy-
lation of 1,2:3,4-di-O-isopropylidene-D-galactopyranose with methacrylic anhydride
or reaction with methacryloyl chloride. M41 polymerizes in a controlled fashion in
DMF, employing either cumyl dithiobenzoate or 1-methyl-1-cyanoethyl dithioben-
zoate in conjunction with AIBN. Homopolymers of M41 are easily and quantita-
tively converted to the corresponding free sugar by treatment with a trifluoroacetic
acid/water mixture at room temperature. Furthermore, homopolymers of M41 may
be employed as macro-RAFT agents for the preparation of block copolymers with
other methacrylic monomers such as M20. The CAMD group in Australia has
also reported the direct polymerization of free sugar monomers by dithioester-,
dithiocarbamate- and xanthate-mediated RAFT. For example, they reported the
synthesis of the vinyl ester monomer 6-O-vinyladipoyl-D-glucopyranose, M45, via a
chemoenzymatic route, and its subsequent polymerization with C7 and the xanthate
derivative methyl 2-(ethoxycarbonothioylthio)propanoate [166]. The same group has
also described the RAFT polymerization of methyl-6-O-methacryloyl-α-D-glucoside,
M42, using C1 with V-501 at 70 ◦C in aqueous media [167], and recently extended
these studies to include the preparation of novel diblock glycopolymers [168]. Macro-
RAFT agents were prepared via the homopolymerization of M40 and M42, using
C1 in aqueous media to yield homopolymers with experimentally determined Mn’s
of 21 200 and 25 600 for poly-M40 and poly-M42 respectively with corresponding
Mw/Mn values of 1.12 for both species. Poly-M40 was subsequently chain extended
with M42 and poly-M42 was chain extended with M43 to yield well-defined glycol-
block copolymers. Block copolymerizations were performed in water/ethanol mix-
tures (9/1 v/v) and proceeded with first-order kinetics up to ca. 50% conversion
in both instances. The structure of the resulting copolymers was confirmed via
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1H and 13C NMR spectroscopy. The thermal properties were briefly examined via
DSC, in which a single Tg was observed for all materials (homopolymers and block
copolymers) in the range 105–180 ◦C and indicates the absence of phase separation
of the block copolymers under bulk conditions. Bernard et al. described the homo
and block copolymerization of acryloyl glucosamine, M44, using C12 and V-501 in
a water/ethanol mixture at 60 ◦C [169]. After confirming the controlled nature of
the homopolymerization, a macro-CTA of M44, with a DP of 180, was employed for
the subsequent block copolymerization with M33 to yield new thermoresponsive
AB diblock copolymers. Block polymerizations were conducted at 60 ◦C in a 1/1
H2O/DMSO cosolvent mixture that was required to maintain the solubility of the
growing poly-M33 chains. Successful block copolymerization was confirmed by
SEC with high blocking efficiency observed, although there was some evidence of
residual homopolymer impurity.

Aside from the nonionic glycomonomers highlighted above, the other major class
of nonionic acrylics are the poly(ethylene glycol) derivatives, poly(ethylene glycol)
methyl ether acrylate, M46, and poly(ethylene glycol) methyl ether methacrylate,
M47 (Fig. 7.23). The RAFT (co)polymerization of these monomers has been suc-
cessfully accomplished, as reported by Mertoglu et al. [85]. M46 was polymerized in
0.5 M KCl at 48 ◦C with C5 and 2,2′-azobis(2-methyl-N-phenylpropionamide) dihy-
drochloride as the initiator. After an induction period of ca. 60 min the monomer
homopolymerized smoothly following first-order kinetics up to ca. 85% conversion,
after which a negative deviation was observed. The evolution of molecular mass
was monitored using SEC with an online light scattering detector and increased
in a linear manner with conversion with the experimentally determined molecu-
lar masses being close to the theoretically targeted values. Similar experimental
observations were made for M47, although C1 was employed in conjunction with
2,2′-azobis(2-methylpropionamidine) dihydrochloride as the CTA/initiator pair and
polymerizations were conducted in pure water.

7.5
Examples of Experimental Procedures

Here we give examples of experimental procedures for the synthesis of suitable
aqueous RAFT agents, as well as general conditions for performing RAFT poly-
merizations under homogeneous aqueous conditions.
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7.5.1
Synthesis of 4-Cyano(Pentanoic Acid) Dithiobenzoate (C1) [79]

7.5.1.1 Synthesis of Dithobenzoic Acid
To a thoroughly dried 1.0-L, three-necked, round-bottomed flask equipped with
a magnetic stir bar, addition funnel (250.0-mL capacity), thermometer and rub-
ber septum for liquid transfers, was added sodium methoxide (30% solution in
methanol, 180.0 g, 1.0 mol). Anhydrous methanol (250.0 g) was added to the flask
via cannula, followed by the rapid addition of elemental sulfur (32.0 g, 1.0 mol).
Benzyl chloride (63.0 g, 0.5 mol) was then added dropwise via the addition funnel
over a period of 1 h, at room temperature under a dry nitrogen atmosphere. The
reaction mixture was subsequently heated in an oil bath at 67 ◦C for 10 h. After this
time, the reaction mixture was cooled to 7 ◦C using an oil bath. The precipitated
salt was removed by filtration and the solvent removed in vacuo. To the residue
was added deionized water (500.0 mL). The solution was filtered a second time and
then transferred to a 2.0-L separatory funnel. The crude sodium dithiobenzoate
solution was washed with diethyl ether (3 × 200.0 mL). Diethyl ether (200.0 mL)
and 1.0 N HCl (500.0 mL) were added, and the dithiobenzoic acid was extracted
into the ethereal layer. Deionized water (300.0 mL) and 1.0 N NaOH (600.0 mL)
were added, and the sodium dithiobenzoate was extracted into the aqueous layer.
This washing process was repeated two more times to finally yield a solution of
sodium dithiobenzoate.

7.5.1.2 Synthesis of Di(Thiobenzoyl) Disulfide
The synthesis of di(thiobenzoyl) disulfide (DTBD) is an extremely important syn-
thetic procedure since DTBD serves as a convenient precursor to many different
RAFT CTAs, and not just those species suited for polymerization in water. The
general procedure is shown in step 1 of Scheme 7.4.

Potassium ferricyanide (III) (32.9 g, 0.1 mol) was dissolved in deionized water
(500.0 mL). Sodium dithiobenzoate solution (350.0 mL) was transferred to a 1.0-L
conical flask equipped with a magnetic stir bar. The potassium ferricyanide solution
was added dropwise to the sodium dithiobenzoate solution via an addition funnel
over a period of ∼1 h under vigorous stirring. The resulting red precipitate was

Cl
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NaOMe/MeOH
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Scheme 7.4 Synthesis of C1 from dithiobenzoic acid.
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filtered and washed with deionized water until the washings were colorless. The
solid was dried in vacuo at room temperature overnight.

7.5.1.3 Synthesis of C1
To a 250-mL, round-bottomed flask was added distilled ethyl acetate (80.0 mL).
To the flask was added dry 4,4′-azobis(4-cyanopentanoic acid) (V-501) (5.84 g,
21.0 mmol) and DTBD (4.25 g, 14.0 mmol). The reaction solution was then heated
at reflux for 18 h. After cooling, the ethyl acetate was removed in vacuo. The crude
product was purified by column chromatography (silicagel 60 Å, 70–230 mesh),
using ethyl acetate:hexane 2:3 as eluent. Fractions that were red in color were com-
bined and dried over anhydrous sodium sulfate overnight. The solvent mixture was
removed in vacuo, and the red oil residue placed in a freezer at −20 ◦C whereupon
it crystallized. The target compound was recrystallized from benzene.

7.5.2
Synthesis of C9

The synthesis and application of C9, Scheme 7.5, was first reported by Wang et al.
[14].

7.5.2.1 Experimental
3-Mercaptopropionic acid (10.6 g, 0.1 mol), distilled/deionized water (100 mL) and
50 wt % NaOH solution (16.0 g, 0.2 mol) were added to a 250-mL, round-bottomed
flask equipped with a magnetic stir bar. The mixture was stirred for ca. 30 min
prior to the dropwise addition of carbon disulfide (6.0 mL, 0.1 mol). The resulting
yellow solution was stirred overnight. 2-Bromopropionic acid (15.3 g, 0.1 mol) was
then added to the solution dropwise and the mixture left to stir overnight. The
reaction mixture was then acidified via the addition of concentrated hydrochloric
acid, and the resulting precipitate isolated by Buchner filtration. The isolated solid
was washed with deionized water and subsequently dried in vacuo overnight at
ambient temperature.
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7.5.3
Homopolymerization of M16 with C9

To a 20.0-mL, round-bottomed flask equipped with a magnetic stir bar was added
4-vinylbenzyl(trimethylphosphonium) chloride (M16) (4.0 g, 1.751 × 10−2 mol), 2-
(2-carboxy-ethylsulfanylthiocarbonylsulfanyl) propionic acid (C9) (34.0 mg, 1.339 ×
10−4 mol), V-501 (4.0 mg, 1.429 × 10−5 mmol) (target Mn = 30 000, [CTA]:[I] =
10) and D2O (8.0 g). The flask was immersed in an ice bath and left to stir for
∼1 h to ensure complete dissolution of all components. Subsequently, the contents
were split equally between eight small vials that were sealed with rubber septa.
Each vial was then purged with N2 for ca. 30 min while immersed in an ice bath.
After purging, all vials were immersed in a preheated oil bath at 80◦C. Vials were
removed from the oil bath at regular time intervals and polymerization terminated
via immediate exposure to air and quenching with liquid nitrogen.

7.5.4
Block Copolymerization of M16 with M14

Below is a typical procedure for the preparation of a poly(M16-block-M14) copolymer
with a molar ratio of M16:M14 = 1:1.

To a 25-mL, round-bottomed flask equipped with a magnetic stir bar were added
the M16 macro-CTA (0.5 g, 2.19 × 10−3 mol), M14 (0.35 g, 2.20 × 10−3 mol),
10-mL pH 4 buffer solution (sodium acetate/acetic acid, 6.0 M, prepared in advance)
and V-501 (2.0 mg, 7.14 × 10−6 mol). The mixture was stirred while being purged
with dry nitrogen for ca. 1 h before it was immersed in a preheated oil bath at 80
◦C. After 1 h the polymerization was stopped by immediate exposure to air and
quenching in liquid nitrogen. The mixture was dialyzed against distilled water for
2 days with change of water twice daily. Following this, the product was isolated via
lyophilization.
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8
RAFT-Mediated Polymerization in Heterogeneous
Systems

Carl N. Urbani, and Michael J. Monteiro

8.1
Introduction

8.1.1
Background of Emulsion Polymerization

Emulsion (or ‘latex’) polymerization allows the formation of polymer colloids dis-
persed in water. This technology gained importance rapidly during the Second
World War to produce synthetic polymers to replace natural rubber, and now has
become a global industry that continues to expand from base commodity products
for the building industry (e.g. paints, concrete additives, adhesives, sealants and
tough plastics) to high-value-added biomedical products (e.g. drug-delivery devices,
materials for diagnostic kits and assays) [1, 2]. The reason for the ubiquitous use of
synthetic polymer colloids formed via emulsion polymerizations is the control of
particle size distribution (PSD), particle morphology, molecular weight distribution
(MWD) and polymer chemical composition, all of which control the final properties
and function of the material. Polymer colloids can be constructed of two or many
different types of polymers with very different chemical compositions, leading to
the formation of a variety of ‘latex’ particle morphologies (see Fig. 8.1), ranging
from core-shell, hemisphere, salami, raspberry to separated individual particles
(each with different polymers) [2, 3]. Depending upon the morphology the physical
properties can be tailored to the application. For example, core-shell morpholo-
gies are generally used for pressure-sensitive adhesives where the core imparts
cohesive strength and the shell-adhesive strength. This morphology is also widely
used in films to impede the propagation of microcracks, in which the crack will
propagate until it reaches a hard polymer nanosphere embedded in the film. The
surface of polymer colloids can also be chemically modified for the attachment of
antibody molecules. These particles can serve as immunospecific markers for the
corresponding antigens and can be fluorescently labeled for analytical detection of
specific proteins.

Handbook of RAFT Polymerization. Edited by Christopher Barner-Kowollik
Copyright C© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31924-4
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Fig. 8.1 Types of polymer particle morphologies.

The major advantage of water over bulk monomer or organic solvents is the
environment-friendly nature of the reaction medium. Waterborne processes are
cheap, can be used for a broad range of monomers and a wide range of experimental
conditions, the heat transfer is highly efficient, high conversions with low monomer
residuals can be reached, there are no organic volatile compounds and one can
obtain high polymer solids (∼50 wt %) in a low viscosity environment, which means
the polymer is easy to process. Another advantage in emulsion copolymerization is
that the morphology of the particle can be controlled. Coupling the advantages of
living radical polymerization (LRP) to prepare well-defined polymer architectures
with the above advantages of carrying out the polymerization in water will provide
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a new class of specialty polymer materials for use in the coatings industry and in
biomedical applications.

The end result of the emulsion polymerization process is the formation of poly-
mer colloids stabilized with surfactant and dispersed in an environment-friendly
medium, water. The kinetic processes of entry, exit and termination in the water
phase and particles dictate the PSD and MWD [4]. The obvious advantage of us-
ing emulsion polymerization is that radicals are compartmentalized in each ‘latex’
particle, physically isolating polymeric radicals in one particle from polymeric rad-
icals in all other particles. This leads to very fast rates of polymerizations and high
conversion of monomer to polymer. Should such rapid polymerizations be found
in solution or bulk reactions, the increase in temperature would most probably
cause the reaction vessels to explode. In emulsions, this is overcome, as the water
provides good heat transfer from the reactor to the environment.

The MWD, copolymer chemical composition, PSD and morphology can also be
controlled by the type of polymerization process. In general, there are three types
of processes [1, 2, 5–7]. The first is a batch polymerization, in which all ingredients
are mixed together at the beginning of the polymerization, and thus the growth of
particles occurs at the same time. The limitation of this process is that little can be
done, apart from changing the temperature, to control the properties of the ‘latex’.
The second is a semicontinuous or semibatch process, which involves the initial
addition of some of the ingredients and the slow feed of other ingredients over time.
The mode of addition allows control of particle growth, copolymer composition and
morphology. It also provides a process to control the heat of reaction through the
feeding of initiator or redox activator, and allows reproducibility of the ‘latex’. The
third is the continuous addition of all ingredients over time into a stirred tank
or tanks linked in series, while the ‘latex’ is removed at a similar rate as that of
addition. This means that ‘latexes’ with high uniformity and reproducibility are
made at high rates.

8.1.2
Types of Heterogeneous Free-Radical Polymerizations

There are a wide variety of heterogeneous polymerization systems that have been
developed. In this chapter, we will focus only on those specifically used to imple-
ment RAFT-mediated polymerizations. These include the following: ab initio and
seeded emulsion polymerizations, miniemulsions, microemulsions, self-assembly
and degassed polymerizations.

An ab initio emulsion polymerization [2–6, 8] begins with a reaction containing
a water-insoluble vinyl monomer(s) in the presence of a free-radical aqueous sol-
uble initiator, water and micelle-forming surfactant. When these ingredients are
placed under shear, the system forms monomer-swollen micelles (approximately
15–30 nm in diameter) dispersed in water and large droplets of monomer stabi-
lized by surfactant. Polymerization occurs when an initiator-derived radical reacts
with the monomer in the water phase and propagates to a critical chain length
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(of z monomer units) whereby its solubility in water diminishes and it enters a
monomer-swollen micelle. This oligomeric radical (or z-mer) is now in a monomer-
rich environment and propagates rapidly to form a young ‘latex’ particle. This stage
of the emulsion polymerization is termed interval I (i.e. the nucleation stage for
particles), and its end is defined by the disappearance of micelles due to the drop in
the surfactant concentration in the water phase below the critical micelle concen-
tration. Particle growth continues via propagation of the polymeric free radical in
the particle, and the monomer that is being converted into polymer is continuously
replenished by monomer from the droplets, maintaining the concentration in the
polymer particles high and constant – termed interval II. Interval III commences
when there are no more monomer droplets present in the system, resulting in
a concomitant decrease in monomer concentration in the growing particles with
conversion (Scheme 8.1). To obtain a narrow PSD, a very high initiator concentra-
tion or high temperature is required to produce a high radical flux to nucleate and
convert as many micelles as possible to particles.

In an emulsion polymerization, the propagating polymeric radical can undergo
several fates at any stage of the polymerization. For example, the polymeric radical
can transfer to monomer to form a monomeric radical and a dead polymer chain.
The monomeric radical can either propagate with monomer present in the particle
or exit the particle, via diffusion, and can either terminate in the water phase or
enter another particle and terminate the propagating polymeric radical present in
that particle via instantaneous termination. The end results of transfer, entry and
exit events are an increase in the number of dead chains formed and ultimately a

Scheme 8.1 Mechanism of particle formation in a basic ab initio emulsion polymerization.
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Scheme 8.2 Mechanism of secondary particle formation (or homogeneous nucleation).

broadening of the MWD. It is the formation of dead polymer in both emulsion and
bulk and solution free-radical polymerizations that limits the control over the main
components of macromolecular structure and design.

A seeded emulsion polymerization [2–4, 9, 10] begins with a reaction containing
a ‘latex’ that has been previously prepared with a well-defined particle size and
PSD. Monomer, aqueous soluble initiator and some additional surfactant are then
added and the polymerization initiated. The main locus of polymerization is in
the seed particles, thus eliminating the nucleation period (or interval I in an ab
initio polymerization), and therefore one can start the polymerization in interval
II or III. In other words, the seed particles act as nanoreactors, and allow control
over the rate of polymerization, the MWD and more importantly the final particle
size and distribution. To avoid additional or a second crop of particles through
secondary nucleation (or homogeneous nucleation), the initial number of seeded
particles must be high to increase the probability of entry into particles rather than
growth of the radicals in the water phase to a water-insoluble species (reaching a
jcrit-mer, see Scheme 8.2). These species collapse, swell with monomer and grow
in the same fashion as the other particles. Seeded particles in some cases can
consist of a different polymer to that of the second polymer, and allow control of
the particle morphology due to the chemical incompatibility of the seed polymer
and the second polymer. However, for these polymerizations to be carried out
successfully the second monomer should effectively swell the seeded particles.
Seeded emulsion polymerizations are also an ideal system to study the kinetics of
heterogeneous polymerizations and allow kinetic parameters, such as entry, exit
and termination, to be determined.

A miniemulsion polymerization [2, 3, 11–14] begins with a reaction containing
water-insoluble monomer, surfactant, cosurfactant (e.g. hexadecane), water-soluble
initiator and water. The strict definition of miniemulsions is the formation of
surfactant-stabilized monomer droplets of size ranging between 50 and 500 nm.
The cosurfactant is an important ingredient as it can limit the diffusion of monomer
from the smaller particles to the larger ones (i.e. Ostwald ripening), and can provide
additional surface stability against droplet coagulation depending on its chemical
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Scheme 8.3 Method for the formation and polymerization of miniemulsions.

composition. The diffusion of monomer via the action of Ostwald ripening from
small to larger droplets results in the growth of the larger droplets until they reach
a critical size of usually greater than 500 nm, become buoyant and then rise to
form a single monomer phase at the top of the reaction vessel. Miniemulsions
are typically formed through high shear, by subjecting the system to ultrasonifi-
cation, homogenizer or microfluidizer. The high shear produces small monomer
droplets stabilized by the surfactant and cosurfactant. Polymerization of the system
should result in each droplet becoming a particle (or one-to-one copy of droplets
to particles, Scheme 8.3). In reality, there are fewer particles than droplets. This
suggests that nucleation is an important consideration even in miniemulsions
and as will be described later, has implications on RAFT-mediated miniemulsion
polymerizations. Once again, the number of droplets must be high to avoid sec-
ondary particle (homogeneous) nucleation. The number of particles is therefore
strongly dependent upon the initiator concentration and suggests that nucleation
is primarily via the monomer droplets and that only a fraction of droplets become
particles.

A microemulsion polymerization [2, 15, 16] begins with a reaction containing water,
monomer (few wt % to water), surfactant, water-soluble initiator and cosurfactant
that should be low-molecular-weight alcohol. Microemulsions are thermodynam-
ically stable due to a low interfacial tension that compensates for the dispersion
entropy. The droplet sizes are much smaller than miniemulsion droplets, and the
reaction mixtures are usually transparent. Consequently, the number of droplets
is very high and as such the resulting ‘latex’ contains only a few polymer chains
per particle, sometimes equal or close to one. (Conventional ab initio emulsion
polymerizations, on the other hand, produce particles that contain many polymer
chains per particle.) The amount of surfactant and cosurfactant required to obtain
microemulsions is usually extremely high (with monomer to surfactant ratios rang-
ing from 0.3 to 1.0), thus limiting their use in biomedical applications or for the
production of large quantities of pure well-defined polymer. However, very small
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‘latex’ particles are formed, ranging between 20 and 40 nm. The mechanism of
microemulsions is believed to occur via the continuous nucleation of droplets over
time, and thus the number of particles increases with conversion. This is a result
of the high surfactant and thus high micelle concentration, in which nucleation is
preferential in the micelles rather than particles.

8.1.3
Aim of the Chapter

LRP has emerged as the most versatile technique to produce polymers with con-
trolled architecture and MWD. In solution and bulk systems, the most used living
radical techniques are (i) reversible addition–fragmentation chain transfer (RAFT)
[17–22], (ii) atom transfer radical polymerization (ATRP) [23–28], (iii) nitroxide-
mediated polymerization (NMP) [29–33] and (iv) metal-catalyzed radical polymer-
ization (e.g. single-electron-transfer LRP) [34–39], which have been used to make
new, interesting and smart polymeric materials. The versatility of these polymer-
ization techniques is attributed to the vast number of monomers capable of being
polymerized effectively, a wide range of acceptable solvents, including water, and
the ability to conduct polymerizations at ambient temperature. LRP has offered the
polymer scientist an avenue for preparing polymers with effectively uniform chain
lengths parallel to that of an organic chemist’s synthesis of organic compounds.
The various architectures that can be prepared in bulk or solution are now left up
to the imagination, and moreover the applications for such architectures are slowly
being realized (see Chapter 13).

The challenge is to prepare polymer colloids with these architectures in an
environment-friendly media, water, and with controlled PSD, MWD, morphology
and chemical composition. All living radical techniques have been applied under
heterogeneous conditions in suspension, dispersion, ab initio emulsion, seeded
emulsion and miniemulsion, using water as the reaction medium. There have
been recent reviews of the techniques in dispersed media [40–42]. The purpose of
this chapter is to survey the current literature on the use of RAFT-mediated poly-
merization in dispersed media, derive a mechanistic understanding and describe
the advantages and limitations of RAFT in dispersed media.

There have been many claims of successful LRP via ab initio, seeded emulsion
polymerizations or miniemulsion polymerizations. We define a successful emul-
sion polymerization as the ability to produce polymer with an MWD that would
be found in bulk or solution polymerizations. For example, should the polymer-
ization of monomer in the presence of RAFT agent give a polydispersity index
(PDI) of 1.1 in solution, then a successful emulsion polymerization would pro-
duce polymer with close to the same PDI and number-average molecular weight
(Mn). This will also apply to RAFT agents that have a low chain-transfer constant
(Ctr,RAFT) to the polymeric radical, in which PDIs of close to 2 are found in bulk and
solution.
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8.2
Effect of Ctr,RAFT on Mn and PDI in Homogeneous Systems

The mechanism for reversible chain transfer relies on an exchange reaction between
the dormant and active species. The reaction mixture consists of a specific RAFT
agent (CTA), monomer (solvent is optional) and initiator. The initiation step to
produce active species is identical to conventional free-radical polymerization (e.g.
thermal decomposition of initiator). The amount of initiator that has decomposed
directly relates to the amount of dead polymer formed during the polymerization,
and therefore the initiator concentration must be kept low compared to that of
CTA to obtain a well-controlled number-average molecular weight (Mn) and MWD
[43]. A compromise should be reached between MWD control and the speed of the
reaction.

The reactivity of CTA toward the active species has a great influence on the Mn

and MWD evolution with monomer conversion (x) and is controlled by the value of
Ctr,RAFT (=kex/kp), where kp is the rate coefficient for propagation. Analytical equa-
tions for the evolution of the degree of polymerization, Xn (=Mn/Mw of monomer)
and PDI with x are given as follows [44]:

xn = γ0x

1 − (1 − α)(1 − x)β
or Mn = γ0x

1 − (1 − α)(1 − x)β
M0 (8.1)

PDI = 1

γ0x
+ 1

x

[
2 + β − 1

α − β
(2 − x)

]
− 2α(1 − α)

(β − α)x
[1 − (1 − x)1+β/α ] (8.2)

where M0 is the monomer molar mass, γ 0 = [M]0/[CTA]0, x is fractional conversion,
α = [P.]/[CTA] (with P., the concentration of propagating radicals) and β = Ctr,RAFT.

These equations can be used for reversible chain transfer where termination,
transfer to monomer and all other side reactions are neglected. Figure 8.2 shows
the evolution of Mn and PDI with conversion by varying Ctr,RAFT over a range of
values. At Ctr,RAFT = 1, Mn reaches its maximum value early in the polymerization
and remains constant at that value until all the monomer is consumed (i.e. at x =
1). Similarly, the PDI at early conversion reaches 2 and remains constant to x = 1,
which is similar to what is found for the addition of a conventional CTA. As the
value of Ctr,RAFT is increased, the evolution of Mn and PDI with conversion starts to
resemble that of an ‘ideal’ living polymerization. The results show that for a Ctr,RAFT

value greater than 10, Mn increases linearly with x, and there is no change in the
Mn evolution as Ctr,RAFT becomes larger. In contrast, the PDI is more sensitive to
the value of Ctr,RAFT, and the greater the value of Ctr,RAFT, the lower the PDI at early
conversion. The analytical equations clearly show that the reversible chain-transfer
technique allows polymers with controlled MWD to be made. This, coupled with
the ability to make complex architectures, offers a wide range of new materials that
can be synthesized. A full description of RAFT-mediated kinetic simulations has
been reviewed [43].
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Fig. 8.2 Effect of Ctr on the degree of polymerization (Xn) and PDI vs conversion in RAFT.

8.3
Raft in Heterogeneous Systems

RAFT has been studied in many dispersion systems, including emulsion,
miniemulsion, self-assembly and surfactant-free polymerizations. These will be
discussed in this section. A summary of all the techniques and results are given in
Table 8.1.

8.3.1
Emulsion Polymerization

8.3.1.1 Ab Initio
The first ab initio emulsion polymerizations were reported by the CSIRO group in
their patent [67]. However, their experimental procedures were designed to avoid
the presence of monomer droplets. A typical example was the emulsion polymer-
ization of butyl methacrylate (BMA) in the presence of cumyl dithiobenzoate (CDB,
a highly reactive RAFT agent with Ctr,RAFT > 1000), in which BMA (1.7 g), CDB
and water-soluble azo initiator were added into the reaction flask and then 18.7 g of
BMA and 71 mg of CDB were added slowly over 72 min. The polymer conversion
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reached 95% with a PDI of 1.22, with Mn,theory being close to the experimental
Mn [46]. These results suggested that transportation of the RAFT from droplets
to growing particles needs to be avoided. Uzulina et al. [47] carried out ab ini-
tio emulsion polymerizations with water-soluble and highly reactive dithio-RAFT
agents (Z = phenyl and R = CH2CO2H or C(CH3)2CONH2) for three different
monomers: styrene (STY), methyl methacrylate and vinyl acetate. They found for
STY polymerizations that high ratios of initiator (V-50) to RAFT agent (where R =
CH2CO2H) were required to get agreement between Mn,theory and Mexpt, but at the
cost of high PDIs (>3) and high amounts of flocculation up to approximately 40%.
They tried to overcome this problem by using a different RAFT agent (where R =
C(CH3)2CONH2); however, the PDI decreased to only 1.7 with little or no observed
flocculation. The work here suggests that water-phase reactions are important. Re-
gardless of the water solubility of the RAFT agent, control of the MWD was not
ideal.

Charmot et al. [68] introduced xanthates as the controlling agent and named their
invention MADIX (macromolecular design via interchange of xanthate). These
RAFT agents were found to have a low reactivity (Ctr,RAFT < 1 in STY polymer-
izations) and thus should follow the Mn and PDI curves where Ctr = 1, as shown
in Fig. 8.2. The ab initio emulsion polymerizations for styrene (STY) and butyl
acrylate (BA) showed that a similar MWD could be obtained as in bulk or solution;
however, the PDIs were much greater than 1 and were close to 2 [49]. Monteiro
et al. [50] showed that the evolution of Mn and PDI for BA mediated by xanthates
was very close to theory, and the greater the xanthate concentration, the lower the
average particle size. These polymer particles could be used in a subsequent poly-
merization with STY to produce block copolymers of STY and BA. It was found that
these block copolymers formed films, and the film surface as imaged by atomic
force microscopy showed that the hard polystyrene (PSTY) spheres were segregated
from each other by a soft poly-BA continuous phase. This suggests that the particle
morphology was most probably core shell and formed during the polymerization
where the phase separation of the polymers gave the most energetically favorable
morphology.

RAFT-mediated ab initio emulsion polymerization was also successfully car-
ried out for STY using the xanthate, 1-(o-ethylxanthyl)ethylbenzene, with a chain-
transfer constant close to 0.8 [51]. The study looked at the effects of surfactant,
initiator and RAFT-agent concentrations on the rate, particle size and MWD. It was
found that with an increased concentration of surfactant, sodium dodecylsulfate
(SDS), the average particle size decreased (higher number of particles) and the PSD
became narrower. Similar results were found when the RAFT-agent concentrations
were increased and it was postulated that the R radical from the xanthate produced
from the fragmentation process resulted in a greater nucleation of micelles dur-
ing interval I. Since this RAFT agent has a low chain-transfer constant, it was
assumed that the R radical would play a role throughout the entire polymerization.
The Mn found from experiment was in general twice that of Mn,theory. A tentative
explanation was put forward suggesting that this xanthate was surface active and
resided on the surface of the particles. Transmission electron microscopy showed
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that after the polymerization of these PSTY latex particles with BA and acetoace-
toxyethyl methacrylate (AAEMA, containing a reactive ketone) core-shell particle
morphologies were indeed observed.

Kanagasabapathy et al. [52] carried out an emulsion polymerization of a STY-
based monomer containing a reactive ketone group, 4-acetoxystyrene, mediated
by the RAFT agent, S-thiobenzoylthioglycolic acid (a highly reactive agent). They
found that the Mn increased linearly with conversion but interestingly, so too the
PDI (PDI = 1.61 at 70% conversion), which is opposite of what should be expected
in bulk or solution (see curve where Ctr = 100, Fig. 8.2). Polymers with functional
monomers such as AAEMA and acetoxystyrene provide a means of either cross-
linking polymer chains together or attaching compounds with amine functionality.
A new class of polymer latexes were prepared by placing the AAEMA monomer
units in different locations of the polymer chain in a poly(styrene-b-BA) latex [69].
A diamine was then added to these latexes and immediately film formed. The
mechanical properties of the film were assessed by stress–strain tensile measure-
ments, and the film properties were found to be superior to conventional blends of
similar polymer latexes even after cross-linking. Importantly, the authors were able
to produce films from polymer latexes with the same chemical composition that
showed mechanical behavior similar to polymers that are brittle, semicrystalline or
rubbery. The reason for this is the location of the reactive ketone groups in the chain
and their location either in the core or in the shell of the latex particle. It should also
be noted that the continuous phase is coupled to the PSTY nanospheres, which
will inherently provide different mechanical properties to composite blends of
homopolymers.

All the successful RAFT-mediated ab initio emulsion polymerizations were car-
ried out using low reactive agents (Ctr,RAFT < 1). Adamy et al. [48] found that when
a xanthate contained trifluoroethyl moieties as the Z group, the Ctr,RAFT for STY
was close to 3.5. The authors then used this RAFT agent in an ab initio emulsion
polymerization at 70 ◦C, using SDS as surfactant and sodium peroxydisulfate as
initiator [53]. The Mn and PDI could be accurately predicted and gave PDIs less
than 1.5, and the particle size could be controlled by changing the concentration of
the fluorinated xanthate; that is, an increase in xanthate concentration resulted in
the average particle size decreasing from approximately 90-nm diameter to 70-nm
diameter.

The use of highly reactive RAFT agents (Ctr,RAFT > 10) was studied by Nozari
and Tauer [54] for STY polymerizations under ab initio conditions. They showed
that the best control of molecular weight (in particular PDI) was from the least
hydrophobic of the dithiobenzoate agents and proposed that this was probably due
to the faster transportation of the more hydrophilic RAFT agents from monomer
droplet to growing particles. However, the PDIs found from this study were much
greater than those found from either bulk or solution polymerizations. The authors
then showed [70] that the diffusion of the RAFT agent strongly depended on its
water solubility, supporting their postulate of slow RAFT-agent transportation. They
also found degradation of the RAFT agent with peroxide initiators both inside the
particle and in the water phase.
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Urbani et al. [56] carried out a comprehensive study on the ab initio emulsion
polymerizations of STY in the presence of a reactive RAFT agent (1-phenylethyl
phenyldithioacetate, PEPDTA). However, they used a nonionic surfactant (Brij
98) instead of the convention anionic SDS. The weight fraction of STY was 10
or 20 wt % and the Brij 98 surfactant was 5 wt %. Due to the high surfactant
concentration it was found that from ‘creaming’ experiments at 10 wt % of STY,
approximately 99.4% of monomer was contained in the surfactant micelles, and
at 20 wt % approximately 86.4% of monomer was contained in the micelles. The
nonionic surfactant can accommodate the excess monomer by increasing either in
size or in number, which is very different to when SDS is used as surfactant. The
results suggest that the system in many ways resembles a micro- or miniemulsion
or an interval II emulsion polymerization. The evolution of Mn with conversion
for all targeted molecular weights (at 100% conversion) was similar to theoretically
calculated Mn’s. Interestingly, the PDIs were low and below 1.2 when Mn’s below
9000 were targeted (at 100% conversion). At higher targeted Mn’s, the PDI would
increase with conversion to values greater than 2 (at high conversions). These
results suggest a fundamental mechanism at play that will be discussed later in
this chapter.

All the ab initio emulsion experiments show that the transportation of the RAFT
agent is crucial to obtaining good ‘living’ behavior. However, Urbani’s et al. [56]
data have shown that this alone is not the governing mechanism and molecular
weight of the polymer also plays a dominant role. Can this latter mechanism be
explained by thermodynamics or kinetics?

8.3.1.2 Seeded Emulsions
Carrying out experiments using a preformed seed latex allows mechanistic data to
be derived since such systems eliminate the nucleation process. The polymeriza-
tion starts in interval II or III and parameters such as entry and exit can be readily
determined. Monteiro et al. [58] were the first to study RAFT-mediated seeded emul-
sion polymerizations, using highly reactive dithiobenzoate RAFT agents starting
in interval II. The polymerizations were problematic, as high levels of flocculation
were found and a red monomer layer, containing high amounts of RAFT agent
or RAFT-based oligomers, was observed. These oligomers would form a coagulant
once interval III was reached. They proposed that exit of the R groups from the
RAFT agent out of the growing particles was responsible for retardation, and the
MWD did not resemble that found from either bulk or solution polymerizations
with the same RAFT agents. The authors stated that the rate of RAFT-agent trans-
portation from droplets to growing particles should be at the rate of its consumption
in the particles. Therefore, for a successful ‘living’ emulsion to be carried out all
the RAFT agent must be transported within the first few percent conversion. The
results found from this work and others suggest that the diffusion rate of the RAFT
agents examined is much slower than this criterion. This explains why the low
reactive RAFT agents (xanthates) showed good ‘living’ behavior [49–51, 68, 69–]
due to the fact that the xanthate needs transport only over the whole conversion
range.
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Prescott et al. [59] used acetone to transport the RAFT agent (PEPDTA) to the
seed particles and then the residual acetone removed by rotovaporation and STY
added. The polymerizations were then carried out at 50 ◦C, and the Mn evolved
linearly with conversion and the PDIs were below 1.4 after the polymer from the
seed was subtracted. This shows that the transportation of the RAFT agent is
important, and once inside the particles can act to mediate the ‘living’ behavior
of the polymerization. With all emulsion polymerizations, the addition of RAFT
agent usually results in retardation or even inhibition of rate. Work carried out by
Prescott et al. [71, 72] and Peklak and Butte [73] has used simulations to show that
inhibition of rate is most likely due to exit and termination of R radicals formed
from fragmentation from the RAFT agent, in support of Monteiro et al.’s original
work [58] on the subject. Retardation is more complex and has been proposed to
be due to many contributing factors: size of the particles, probability of exit of R
radicals, reactivity of R radicals toward monomer, termination of radicals within
the particles and addition rate constants of entry and R radicals toward the S C
moiety. The general trend found was that a greater retardation in rate was observed
with an increase in RAFT-agent concentration. Once the inhibition period has
ceased and all the initial RAFT agent converted to small oligomeric RAFT agents,
retardation would be governed by the probability of exit and the reactivity of z-mers
(formed in the aqueous phase) to enter and react with the RAFT oligomers. Since
the average molecular weight of the polymer chains is a function of conversion,
termination will be dependent upon chain length. As such termination will be high
at low conversions should the system be under pseudobulk conditions (where one
or more radicals can reside in the same particle). The amount of retardation is
dependent upon the size of the particles and the reactivity of the S C bonds to the
radicals.

To examine these parameters more closely, the kinetics of low reactive RAFT
agents (xanthates) was studied by Smulders et al. [60]. They found that exit of
R radicals from the particles occurred via a second-order loss rate with respect
to the average number of radicals per particle, but the entry rate coefficient was
surprisingly reduced with the increase in RAFT concentration. The most plausible
explanation was that the xanthates studied were surface active due to their canonical
structure. The surface-active moieties would therefore be preferentially located at
the surface of the particles and create an inhomogeneous distribution of xanthate
oligomer or polymeric species throughout the particle. The entry of z-mers into the
particles would now have a high probability to react with the surface-active S C
moiety, resulting in exit of the R radicals – the process termed ‘frustrated entry’.
Smulders and Monteiro [61] used this knowledge to prepare block copolymers
of STY and BA with a core-shell morphology using a polymethyl methacrylate
(PMMA) seed latex. The importance of this research was not only to control the
size and morphology of the particles, but also to obtain better control of the MWD
by artificially increasing the Ctr,RAFT value by feeding the monomer into the reaction
vessel slowly over time. The PMMA seed was used to control the PSD, in which STY
in the presence of the RAFT agent was polymerized under batch conditions to give
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polymer particles with an Mn of 7000 and PDI of 2. BA was then polymerized under
semibatch conditions into these particles to give an overall Mn of 20 000 and PDI
close to 1.3 for the block copolymer, in which greater than 90% block purity was
observed. The calculated PDI of the second block (PBA) was close to 1.4, which is
lower than the theoretically determined value under batch conditions (PDI = 1.6).
The results show that by slow monomer addition feed into the reactor the PDI can
be reduced and that by using the advantage of ‘random coupling’ between the two
blocks the PDI of the final block copolymer is lower than either of the individual
blocks.

8.3.1.3 Miniemulsion and Microemulsion
Miniemulsion RAFT-Mediated Polymerizations As described above, the most im-
portant consideration for successful RAFT-mediated emulsion polymerizations is
the success of transporting the RAFT agent from droplets to the growing parti-
cles. Miniemulsions provide the most ideal dispersion methodology to locate all
the ingredients in the stabilized monomer droplets, thus avoiding the need for
RAFT transportation. The size of these droplets are much smaller (50–500 nm)
than monomer droplets found in ab initio emulsion (>1 µm) and thus have the
disadvantage that the PSD is not well controlled and dependent upon the method
to form the miniemulsion [2]. The other disadvantage of miniemulsion is that
the hydrophobic compound used to stabilize the monomer droplets from Ostwald
ripening is approximately 2 wt % relative to monomer [74].

Several phenomena were observed when using the RAFT-mediated miniemul-
sion polymerizations indicating a deviation from the idealized theory when the
miniemulsion was stabilized by ionic surfactant [62]. Inefficient droplet nucle-
ation, a steadily rising polydispersity over the reaction and the appearance of a
separate organic phase after initiation were all indications of particle instability. A
distinct difference between standard polymerizations and those that involve highly
active RAFT agents comes from the fact that in RAFT polymerization there is a
time interval early in the reaction where oligomers dominate the MWD. The pres-
ence of large quantities of oligomers is believed to be the major culprit behind the
destabilization observed through a detrimental interaction with the ionic surfactant
of the miniemulsion [62]. Conductivity measurements verified the increase of free
surfactant in the aqueous phase over the course of reaction. Despite this, results
showed clear indication of ‘living’ character with a linear evolution of molecular
weight until roughly 40% monomer conversion, after which the molecular weight
showed contributions from initiator-derived chains. Lansalot et al. [55] showed that
they could find conditions where colloidal stability was observed when using SDS.
However, the polydispersity found in their experiments ranged between 1.7 and
2.0, suggesting that these systems gave nonideal RAFT polymerization.

It was thought that destabilization could be similar to that observed for ATRP
in the presence of SDS and therefore, ionic surfactants were substituted for a
nonionic surfactant (e.g. Brij 98) [63]. This allowed well-defined polymer (PDI <

1.2) to be prepared with no stability problems. However, retardation compared to
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polymerization without a RAFT agent was found. This was prescribed to be due
to termination of the intermediate radical species, which lowered the propagating
radical concentration considerably [75]. Although the rate is significantly reduced
by intermediate radical termination (IRT), it should have little or no effect on
the MWD since the amount of RAFT-dormant chains lost through intermediate
termination is less than 5%. It was also found that a wide range of monomers could
be polymerized with control and could be further used to prepare block copolymers
with low polydispersities (<1.2) [63]. One major advantage of the RAFT process
is that acidic monomers can be used, which provide very efficient stability to the
polymer latex particles. For example, using Brij 98 (nonionic surfactant) a block
copolymer of poly-EHMA-block-poly(methyl methacrylate-co-methacrylic acid) was
prepared.

A destabilization theory to explain the observations in miniemuslions was de-
scribed by Luo et al. [74]. They argued that the growing particles in an LRP would
have a lower chemical potential than nonnucleated droplets due to the ‘super-
swelling’ effect of small oligomers. This would result in monomer transfer from
high to low chemical potential, where monomer would swell the growing particles
until equilibrium was reached. The authors suggested that by simply increasing the
costabilizer level the problems found by using ionic stabilizers would be eliminated.
Further work [64] by carrying out miniemulsions with higher levels of surfactant
and costabilizer (hexadecane) tentatively supported the Luo et al. [74] postulate.
The ‘superswelling’ theory is becoming more widely accepted as the thermody-
namic reason for poor control in RAFT-mediated dispersion polymerizations, and
was used by Urbani et al. [56] to describe their results. They commented that by
utilizing a nonionic surfactant such as Brij 98 ‘superswelling’ could be avoided
due to the surfactant’s lower efficiency [76] (i.e. it can stabilize a larger surface
area than, for example, SDS), and also hinder monomer transportation [74]. Luo
and Cui [57] used the ‘superswelling’ theory to aid in the experimental design to
produce well-defined polymer using RAFT in the presence of high amounts of
SDS and initiator. However, deviation from theory was observed when high molec-
ular weights were targeted analogous to Urbani et al.’s [56] results. In this case,
although Mn increased linearly with conversion and was close to that calculated,
the PDI values ranged between 1.5 and 1.8. They suggested that these high PDI
values were not a result of the colloidal stability but were most probably a result of a
heterogeneous distribution of RAFT agent among the particles formed at different
nucleation times. Therefore, according to the ‘superswelling’ theory, an increase
in the nucleation rate should lead to lower PDIs, which was found by Urbani
et al. [56].

‘Superswelling’ Theory The original theory of ‘superswelling’ was derived by Luo
et al. [74] and was aimed at investigating the cause of the frustrating problems
of latex instability and broad MWDs observed in RAFT-mediated ab initio and
miniemulsion polymerizations. The theory is based on the work of Ugelstad
et al. [77, 78], which describes the swelling capacity of latex particles consisting
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of polymer and oligomer and mixtures thereof using a modification of the Morton
equation.

The Luo–Tsavalas–Schork ‘superswelling’ theory is centered on the super-
swelling equilibrium of monomer between the droplets and the particles in an
emulsion polymerization consisting of monomer, molecular weight control agent
(RAFT agent) surfactant, costabilizer, initiator and water. The diffusion of monomer
in this system is governed by the monomer chemical potential difference between
droplets and particles. After nucleation, the chemical potential of monomer in the
particles is less than that in the droplets due to the presence of oligomeric polymer
[64]. In order to minimize the chemical potential in the system there is diffusion
of monomer from droplets to oligomeric particles. Experimental and theoretical
data by Ugelstad et al. [77, 78] have demonstrated that oligomers are very effective
swelling agents and can cause high swelling of polymer particles with monomer,
whereas high-molecular-weight polymer swells monomer to a much lesser extent.
In conventional free-radical polymerization, oligomers are formed throughout the
polymerization, rapidly increasing in molecular weight becoming macromolecules.
However, in a living free-radical polymerization the oligomers formed dominate
the MWD early in the reaction. The large amount of monomer transferred from
droplets (high monomer chemical potential) to oligomeric particles (low monomer
chemical potential) would give rise to the colloidal instability and ultimately loss
of molecular weight control observed experimentally. Luo–Tsavalas–Schork have
also showed using Ugelstaad’s equation that the superswelling equilibrium will be
effected to some extent by the costabilizer concentration and length, initial droplet
size, interfacial tension and molecular weight control agent (i.e. RAFT agent) con-
centration.

Considering the kinetic aspect of the polymerization system, the rate of nucle-
ation and rate of monomer diffusion through the water phase will greatly influence
the establishment of the superswelling state. If nucleation is slow and monomer
diffusion through water is fast (relative to initiation) then superswelling would
be increased due to the few number of particles being formed. If nucleation is
fast, superswelling will be suppressed due to the formation of greater numbers of
particles.

Luo et al. [79] also used miniemulsion to determine the rate constant for fragmen-
tation and addition for CDB and PEPDTA. They determined values of 314 L·mol−1

for PS-CDB and 22 L·mol−1 for PS-PEPDTA, and concluded that the fragmentation
rate constant was of the order between 104 and 105 s−1. However, there is still a
debate within the literature between slow fragmentation [80] and IRT [75], and has
been reviewed extensively [81].

Microemulsion RAFT-Mediated Polymerizations Surprisingly, there have been only
two publications on the RAFT-mediated microemulsion polymerizations by Kaler
and coworkers [65]. They conducted the RAFT-mediated microemulsion poly-
merizations of hexyl methacrylate (2.64 wt %) using dodecyltrimethylammo-
nium bromide (12 wt %) as surfactant and 2-cyano-2-yl dithiobenzoate as RAFT
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agent. The average size of the particles was small and ranged between 18 and
30 nm. The Mn increased linearly with conversions and the PDI was low provided
that the number of RAFT agents per particles was much greater than 1 [65]. They
also found that when the RAFT-agent concentration was increased, the rate of poly-
merization decreased with long inhibition times. Hermanson et al. [82] carried out
simulations to provide an explanation for the retardation in rate and the loss of
molecular weight control at low RAFT-agent concentrations. In their simulations
they used a slow fragmentation rate constant of 2.9 s−1, no exit of the R radicals and
other oligomeric radicals from the particles was implemented and it was assumed
that the RAFT agent could transport freely between particles and micelles. They
found a good correlation between simulation and experimental for the rate of poly-
merization, Mn, PDI and average particle size. However, their model assumptions
are contrary to what has been found in the literature. Luo et al. [79] found that
fast fragmentation and IRT were required to fit their miniemulsion data, and the
numerous works by Monteiro and coworkers [50, 53, 58, 60, 61], Prescott et al.
[59, 71, 72, 83–] and Butte and coworkers [73, 84] showed that exit of the R radicals
provides an explanation to why the rate was inhibited and retarded.

We believe that the RAFT-mediated polymerizations in dispersed media are a
combination between kinetic effects (exit, entry, ‘frustrated entry’ and monomer
droplet nucleation) and thermodynamic effects (‘superswelling’ theory). However,
the ‘superswelling’ theory does not fully explain why a red layer is found in ab
initio, seeded and miniemulsion polymerizations. A qualitative study by Huang et
al. [26] tried to elucidate the reason for this observation and proposed that the red
layer most probably formed due to Ostwald ripening of small droplets to large ones
where the amount of hydrophobe (hexadecane) was diluted and could not act to
stop monomer diffusion to these droplets. They found that there was approximately
3.5 times more RAFT agent to monomer in these droplets than in the stabilized
droplets. A quantitative description of the destabilization effect was described by Qi
and Schork [85], who used a derivation of the Lifshitz–Slyozov–Wagner theory to
explain the stability of miniemulsions in the presence of RAFT agents. They found
that RAFT agents more hydrophobic than the cosurfactant (the hydrophobe) led to
greater instability prior to the polymerization, but RAFT agents with similar hy-
drophobicity as the cosurfactant led to stability that was much better than miniemul-
sions without RAFT agent. The evidence given here is most probably why the use
of a nonionic surfactant led to stable and well-controlled (‘living’) miniemulsion
polymerizations [63].

Nanoprecipitation RAFT-Mediated Polymerizations Georges and coworkers [66]
used a nanoprecipitation method to prepare ‘latex’ particles where the polymer
was well defined (low PDIs). They overcame all the obstacles of destabilization
found in conventional dispersion polymerizations by precipitating low- and narrow-
molecular-weight polymer (dissolved in acetone) in water to form nanoparticles in
the presence of polyvinyl alcohol. The acetone was removed and monomer added
and polymerization initiated. The MWD was well controlled for RAFT-mediated
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polymerizations when initiated with benzoyl peroxide, with PDIs for one polymer-
ization remaining constant at 1.14 from 19 to 31% conversion [66].

8.3.2
Surfactant-Free Dispersion Polymerizations

In all the previous emulsion polymerization systems described, surfactant is used to
stabilize the initial emulsion and final ‘latex’ particles. A significant disadvantage of
surfactants is that they can migrate upon film formation and create regions that are
water sensitive. If such surfactant-stabilized ‘latex’ particles are used in biomedical
applications, there is great concern that the surfactant may dissociate from the par-
ticles, reducing particle stability and resulting in particle coagulation. It is usually
difficult and expensive to remove surfactants from the system postpolymerization.
Now the challenge for researchers is to prepare stable surfactant-free ‘latexes’ with
the polymer MWD controlled by ‘living’ radical polymerization. The next section
will discuss two types of surfactant-free dispersion polymerizations. The first is
the self-assembly of amphiphilic block copolymers to make stabilized ‘latex’ parti-
cles developed by Hawkett and coworkers, and the second is the novel degassing
technique developed by the group of Pashley and implemented in RAFT-mediated
dispersion polymerizations by the group of Monteiro.

8.3.2.1 Self-Assembly
In 2001, Charleux and coworkers [87] showed that diblock amphiphilic copoly-
mers could function to stabilize conventional ab initio emulsion polymerizations.
This work led Hawkett’s team [88] to develop the synthesis of ‘latex’ particle via a
self-assembly process. The initiator (4,4′-azobis(4-cyanopentonoic acid)) was added
to a solution of polyacrylic acid (PAA) macro-RAFT agent in water. The mixture
was brought to the reaction temperature and BA fed into the reaction to maintain
the monomer concentration below the saturation concentration of BA in the wa-
ter phase. The BA units added to the PAA macro-RAFT agent to form a diblock
copolymer, and when the number of BA units was great enough the diblock would
self-assemble into small PAA-stabilized nanoparticles, where the core consisted of
PBA. The monomer would then swell the hydrophobic PBA region and polymeriza-
tion would continue with growth of the particles. There was a linear increase in Mn

with conversion, and the PDI increased from approximately 1.25 (10% conversion)
to 1.5 (70% conversion).

They then used STY as the comonomer [89] and found that Mn increased linearly
with conversion, but the PDIs were low (below 1.2) only for molecular weights
below 10 K, analogous to the work by Urbani et al. [56]. The increase in PDI
with conversion for the higher molecular weight polymerizations could possibly be
explained by the ‘superswelling’ phenomenon.

Other methods to form ‘latex’ core-shell particles are through the self-assembly of
block copolymers in water. There has been a great deal of work on the self-assembly
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Scheme 8.4 In situ polymerization of amphiphilic block copolymers
that self-assemble into stabilized polymer particles.

of amphiphilic diblock copolymers in water, but of recent interest is the self-
assembly of amphiphilic star diblock copolymers (Scheme 8.4) [20]. Amphiphilic
four-arm star diblock copolymers consisting of styrene (STY) and acrylic acid (AA)
were made using RAFT (Z-group approach with no star–star coupling), in which
the PSTY was attached to the RAFT core moiety and PAA attached to the end of the
PSTY chains. The size of the poly(AA132-STYm)4 stars in DMF was small and close
to 7 nm, suggesting no star aggregation. Slow addition of water (pH = 6.8) to this
mixture resulted in aggregates of 15 stars per micelle with core-shell morphology
with an average diameter of 40 nm. The PSD was very narrow as determined from
field flow fractionation. In this work the authors showed through the use of star
amphiphilic polymers that the micelle size, aggregation number and morphology
could be controlled [20].

The authors used an alternative and nonintuitive method to form tethered PAA
loops in core-shell PSTY–PAA nanoparticles [90]. Instead of placing the hydrophilic
polymer (i.e. PAA) on the exterior of the four-arm star, PAA was located at the
interior of the star (close to the RAFT core moiety) and PSTY attached to the chain
ends of the PAA. When these four-arm stars were aggregated in water, they formed
core-shell particles with diameters ranging from 88 to 95 nm, in which the shell
consists of tethered PAA loops. The entropic penalty for having such loops resulted
in less densely packed PSTY core when compared to linear diblock copolymers
of the same arm length. The surface of the shell is irregular due to the tethering
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points, but when cleaved the PAA chains extend to form a regular and relatively
uniform corona.

8.3.2.2 Degassing Technique
A brief theoretical description of how degassing can stabilize hydrophobic parti-
cles will be given, followed by the implementation of the degassing technique in
conventional emulsion and RAFT-mediated emulsion polymerizations.

Theory and Historical Background

Derjaguin–Landau–Verwey–Overbeek Theory Derjaguin–Landau–Verwey–Over-
beek (DLVO) theory has long been used to describe the colloidal stability of elec-
trostatically stabilized dispersions [1, 2]. The theory, developed in the 1940s by
Derjaguin, Landau, Verwey and Overbeek [91, 92], describes the forces between
charged surfaces in a liquid medium, which combines van der Waal’s force of
attraction and the electrostatic repulsive forces generated from the counterions in
the electric double layer. The electric double layer can be generated by any ionic
species absorbing at the surface of hydrophobic materials dispersed in water, but
generally for emulsion polymerizations this is created by added ionic surfactant.
The potential at the electric double layer is assumed to be distributed by the non-
linear Poisson Boltzmann equation for point ions. The theory suggests that the
stability of electrostatically stabilized oil in water dispersions is dependent on the
total energy function, VT. Where VT is a contribution of the repulsive, VR and VB

(the born repulsion) and attractive, VA, forces (Fig. 8.3).
Using this theory, the interaction energy, Vm, between two charged particles in

water can be calculated, where Vm is a measure of the minimum energy required for
coagulation of the dispersed particles or coalescence of the dispersed oil droplets.
Generally, if Vm, for electrostatically charged particles dispersed in water, is greater
than 10 kT, it is likely that the particles will remain dispersed and stable [2].

The Hydrophobic Interaction In recent years the development of a plethora of new
forces has emerged, which have been unintentionally grouped and labeled non-
DLVO forces. These are suggested forces which DLVO theory has failed to account
and have included the effects of hydration, specific ion effects, Sugami forces, ion
fluctuation, protrusion, Helfrich and depletion [93].

Using DLVO theory alone, Pashley [94] calculated that the interaction energy
between two surfactant-free dodecane droplets of 300 nm in water had an energy
barrier of 800 kT. This suggests that once dispersed the significant surface elec-
trostatic potential of the droplets will increase the energy required for coalescence
greater than that for any other colloidal system, and they should remain dispersed
and stable in water. The failure of DLVO to account for droplet coalescence in this
system was prescribed to a new long-range hydrophobic attractive force [94]. The
hydrophobic interaction has received much attention. Israelachvili and Pashley [95]
showed that for two crossed cylinders of mica, surface coated with a monolayer of
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Fig. 8.3 Schematic describing the potential energy (VT) as a function of
distance (h) between electrostatically stabilized dispersed particles.

cationic surfactant, in water, the contribution of the hydrophobic interaction was
found to be an order of magnitude greater than van der Waal’s forces and decayed
exponentially in the range of 1–10 nm. For pure polypropylene and polystyrene sur-
faces in water the hydrophobic interaction extended up to 30 nm and was observed
to be largely unaffected by the presence of electrolytes [96]. The attractive force has
been observed to extend over very long ranges (up to 300 nm) between surfaces
formed through nonequilibrium processes, such as LB deposition [97, 98], and
silanation [99, 100]. The apparent range of these forces extends beyond the range
for van der Waals and is up to one hundred times greater in attraction. There is cur-
rently no theoretical working model to explain the mechanism of the hydrophobic
interaction. However various theories have been suggested. Initially, it has been
proposed that changes in water structure at or near the surface of two hydrophobic
species, due to enhanced hydrogen bonding, resulted in displacement of water
molecules in the interlayer region to the bulk and a lowering of the free energy
of the system [96]. This explanation, however, does not account for the long-range
nature of the interaction. Another theory suggested that the interaction was driven
by the metastability of water films between two hydrophobic surfaces with contact
angles greater than 90 ◦C [97]. When the particles are at close range (<1 nm), an
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Scheme 8.5 Mechanism for the gas adsorption bridge coagulation
proposed by Pashley and coworkers.

attraction is predicted just prior to spinodal cavitation, which, as suggested, could
be the microscopic origin of the hydrophobic interaction [101].

A theory that has received must attention and experimental agreement is ‘bridg-
ing bubbles’. Wennerstroem [102] suggested that the attraction was due to the
formation of a gaseous film between two hydrophobic surfaces in water. Dissolved
gas, being hydrophobic, will accumulate to some extent close to the hydrophobic
surface and the observed attractive force between the surfaces is the occurrence of
gas bubbles bridging the surfaces [102]. Pashley [94] also suggests that the coales-
cence of oil droplets in water might occur due to absorption of dissolved gas on the
droplets hydrophobic surfaces. Concentration of these gases may lead to cavitations
when the two surfaces approach (Scheme 8.5 – transport of oil via air bridges).

A study conducted by Meagher and Craig [96] showed that removing the dissolved
gases from dilute sodium chloride solutions containing polypropylene surfaces re-
duced the magnitude and range of the attractive force. Mahnke et al. [103] studied,
using atomic force microscopy, the ‘jump into contact’ distance of methylated and
dehydroxylated silica surfaces in water. The authors confirmed that the jump to
contact distances was sufficiently large so as to not be attributed to van der Waal’s
attractive force. It was determined that for surfaces with large jump distances
(>25 nm) the effects of degassing greatly reduced the jump distance, but at shorter
distances, degassing had little effect. They attributed this reduction to the presence
of bubbles on the hydrophobic solid surfaces stabilized by a combination of hy-
drophobicity and chemical heterogeneity. Later work by Meyer et al. [104] observed
similar results for mica surfaces coated with a monolayer of surfactant. Removal
of dissolved gases was seen to reduce long-range attraction, while short-range
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(<250 Å) attraction remained unchanged. Gong et al. [105] also showed that
completely removing the dissolved carbon dioxide from a suspension of methylated
silica in water reduced the rate of aggregation of the silica but for dehydroxylated
silica there was no difference.

Although there is great support for the bubble bridging theory, there is yet a
resolution of the mechanism of the hydrophobic interaction. The observations that
the magnitude and range of the attractive force varies with the type of hydrophobic
surface supports dissolved gases and bubble absorption plays a role. Whether the
case or not, oil-in-water emulsions can be stabilized by removal of the dissolved
gases in the system. The purpose of this observation and of novel application to
the polymer scientist is the preparation and polymerization of stable emulsions
initially formed and stabilized by ‘the degassing technique’.

Implementation of the Degassing Technique The general aim of the degassing
technique is to prepare stable emulsions of monomer droplets dispersed in water
without the use of added surfactant. The stable droplets (prepared by the complete
removal of dissolved gas) could then be nucleated with free radicals and polymerized
to afford stable surfactant-free polymer latex.

Early work by Karaman et al. [106] showed that stable emulsions of STY in water
could be prepared using this technique and subsequent polymerization produced
stable PSTY latex. A nondegassed mixture (control) showed clear phase separa-
tion of the STY and water prior to polymerization. The PSD was much more
monodispersed for the degassed system with spherical particles of mean diameter
46 nm. The nondegassed polymerization latex particles were roughly spherical in
appearance with broad PSD (35–200 nm diameter, average 38 nm). The narrow
polydispersity of the final PSD in the degassed system suggests the initial droplet
size distribution to be narrow.

The first RAFT-mediated surfactant-free emulsion prepared by the removal of
dissolved gases was conducted by Hartmann et al. [107]. In this work an emulsion
of STY and RAFT agent (xanthate or PEPDTA) in water was prepared by subjecting
the mix to consecutive freeze-pump-thaw cycles (high vacuum degassing). After
the degassing cycles, a turbid solution formed, with a thin monomer layer residing
on the top of the mixture (Fig. 8.4). It was determined by dynamic light scatter-
ing that the initial droplet sizes were in the order of 3–4 µm. Further emulsions
were prepared in this manner but included the hydrophobe hexadecane at 2 wt %
concentration relative to STY. The initial droplet sizes in this system were much
smaller as a result of the hexadecane minimizing the degree of coalescence of
droplets caused by Oswald ripening. The STY emulsions formed in both these sys-
tems were then polymerized with persulfate at 70 ◦C. The polymerizations showed
living character; however, secondary nucleation was attributed to the generation of
high-molecular-weight dead polymer. We believe that the stability of the droplets and
particles is due to hydroxyl anions on the surface. These preliminary data open up an
exciting avenue for the preparation of nonstabilized polymer latexes with ‘living’
functionality.
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Fig. 8.4 Photograph of the formation of a surfactant-free emulsion of
styrene in water before (a) and after (b) three consecutive
freeze-pump-thaw cycles. A turbid solution is formed after degassing,
with a thin monomer layer residing on the top of the reaction mixture
[107].

8.4
Conclusion

‘Living’ radical polymerization has opened a new field in polymer science of well-
defined nanostructures. Implementation of LRP to dispersion polymerization is a
complex interplay of both thermodynamic and kinetic effects. This is exemplified
in RAFT-mediated emulsion polymerizations. We believe that the fundamental un-
derstanding gained from the years of work by many researchers will allow polymer
nanostructures to be synthesized with precise size, chemical composition, morphol-
ogy and chemical functionality. Such nanostructures will provide new products in
the coatings area as well as biomedical applications. However, for us to reach this
goal, more fundamental research is required to further unravel the mysteries of
RAFT-mediated and other LRP systems in dispersion polymerizations.
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9
Complex Architecture Design via the RAFT Process:
Scope, Strengths and Limitations

Martina H. Stenzel

9.1
Complex Polymer Architectures

The connection of polymer science with material science requests the synthesis
of different polymer structures in order to produce material with novel properties.
These novel properties arise from the ability of complex architectures to show sig-
nificantly different solution behaviors as well as from their ability to self-assemble
into structures of higher order.

A range of structures are depicted in Scheme 9.1. Many of these structures have
been realized using anionic polymerization.

The intention of this chapter is to demonstrate that reversible addition–
fragmentation chain transfer (RAFT) polymerization is a versatile and powerful
tool to contribute to the development of further complex polymer architectures.

Key to the successful synthesis of complex polymer architectures is the presence
of a thiocarbonylthio group as an end functionality at each polymer chain as a
result of the RAFT process, which allows further chain extension or the formation
of branching points after prior attachment of the RAFT agent to a multifunctional
compound (Scheme 9.2).

9.2
Block Copolymers

The synthesis of block copolymers via RAFT polymerization has drawn significant
attention due to the range of potential applications of these structures (see Chap-
ter 13). Block copolymer synthesis has a strong focus on diblock copolymers, but
triblocks are also described. Block copolymers are most commonly obtained via
chain extension of a macro-RAFT agent. In addition, other avenues are outlined,
such as the combination of RAFT-made blocks with other polymers generated

Handbook of RAFT Polymerization. Edited by Christopher Barner-Kowollik
Copyright C© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Block copolymer Star polymer                  Comb polymer             Brush polymer 

     AB2 star             Palm-tree ABn                 H-shaped B2AB2 Dumbbell (pom-pom)

   Ring diblock        Star block (AB)n           Coil-cycle-coil                     Star AnBn

Scheme 9.1 Complex architectures.

via other polymerization techniques. Lately, novel techniques emerge – such as
click chemistry – allowing the connection of two homopolymers to generate block
copolymers and other structures.

9.2.1
Block Copolymers via Chain Extension of Macro-RAFT Agent

All polymer chains generated during the RAFT process carry a thiocarbonylthio end
group, which now acts as a so-called macro-RAFT agent. The synthesis of block
copolymers via chain extension is the simple process of starting a polymerization
of a monomer in the presence of a macro-RAFT agent resulting in the formation
of A B diblock copolymers: The macro-RAFT agent takes on a similar role as the
low-molecular-weight RAFT agent during homopolymerization.

9.2.1.1 Theoretical Considerations
A simplified view of the chain extension as presented above displays the desired
outcome; it does not take into consideration the amount of reactions (and possible
termination reactions) taking place during the reaction. Scheme 9.4 displays a
more detailed summary of the process. As pointed out earlier, prerequisite is the
utilization of a macro-RAFT agent. Similar to the homopolymerization via RAFT the
process is initiated by radicals, which start the radical polymerization of monomer
M2, which will form the second block (Scheme 9.4, pathway I). The macroradical
M2· will then undergo chain transfer with the macro-RAFT agent, which has been
obtained during RAFT polymerization of M1. Considerations regarding addition
and fragmentation are similar to those during the homopolymerization when using
a low-molecular-weight RAFT agent. After fragmentation, a macroradical based on
M1 is formed, while a macro-RAFT agent – consisting of solely M2 repeating
units – is generated. At the early stages of the polymerization the occurrences
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Scheme 9.3 Synthesis of block copolymers via chain extension of a macro-RAFT agent.

of two different macro-RAFT agents can be expected (Scheme 9.4, pathway II).
Block copolymers are formed only in the next step, when the M1 macroradical
reacts with monomer M2 (Scheme 9.4, pathway III). The blocklike macroradical
can then undergo chain transfer with two different types of macro-RAFT agents,
as displayed in Scheme 9.4, pathway IV. However, reaction IV(a) will become
less likely since all initial macro-RAFT agent should have reacted via Scheme 9.4,
pathway II. The macroradical formed via reaction IV(a) will lead to further block
structures (Scheme 9.4, pathway III), while the macroradical resulting from IV(b)
can never contribute to the formation of block copolymer and will always remain
as a homopolymer impurity in the system. Detailed inspection reveals that P(M2)
is clearly a function of the radical concentration as introduced via an initiator.
Similar to hompolymerization, termination reactions occur (Scheme 9.4, pathway
V). Depending on the mode of termination, triblock copolymers can theoretically
be expected.

Based on the theoretical mechanism, the development of the molecular weight
has been modeled taking chain-transfer constants into account. Depending on the
chain-transfer rate constant (the rate of addition to the macro-RAFT agent and
the fragmentation of the intermediate radical) and the rate of propagation of the
monomer, the evolution of the molecular-weight polydispersity can be predicted.
Also the monomer concentration was found to play a crucial role in achieving
well-defined products [1].

9.2.1.2 Practical Considerations and Experimental Results
In principle, consideration regarding the block copolymer synthesis is similar to
homopolymer synthesis. Prerequisites regarding the Z group and the leaving R
group are equivalent. The design of the Z group should facilitate the controlled
polymerization of both monomers. A requirement is therefore the identification of
a common RAFT agent for both monomers regarding the Z-group design. The only
difference is that the leaving group is a polymeric chain, which will form the first
block of the block copolymer. The ability of the polymeric leaving group to fragment
into a macroradical and restart the polymerization – here with the monomer form-
ing the second block – is vital for the successful formation of block copolymers.
Similar to low-molecular-weight compounds, not every leaving group can undergo
fragmentation at the desired rate. If the second monomer forms a relatively stable
radical – such as in methacrylates – it is advised to synthesize the macro-RAFT
agent with a leaving group of higher or equivalent stability. Recommendations on
preparation of the first blocks have been established already in the first publication
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on block copolymers via RAFT [2]. Methacrylyl radicals have a greater leaving capa-
bility than styryl or acrylyl radicals. Looking at the chain equilibrium in Scheme 9.4,
pathway II, the fragmentation toward P(M1)n· should be strongly favored, which
is possible only when P(M1)n· has a better leaving ability. If fragmentation toward
the starting material P(M2)n· is more pronounced, mainly homopolymer is pro-
duced. The general recommendation is therefore to prepare a methacrylate-type
macro-RAFT agent first, followed by chain extension with styrene- or acrylate-type
monomers.

These recommendations have been confirmed via experimental results.
Methacrylate macro-RAFT agent could easily be chain extended via acrylates,
styrene or acrylamide, while the opposite preparative strategy leads to broad
distributions and unreacted macro-RAFT agent. While certain decision-making
processes on the sequence of blocks are obvious and the estimation of the
leaving ability of the macroradical is not intricate, other macroradical stabili-
ties are established only during the actual experiment. Many block copolymers
have been reported to allow synthesis in both ways. Butyl acrylate (BA) has
successfully been polymerized in the presence of polystyrene (PS) macro-RAFT
agents, but also the opposite pathway – using styrene to chain extend poly(butyl
acrylate) – resulted in well-defined block copolymers [3]. Similar observations
were made for other systems, such as styrene with 4-vinylbenzylchloride [4]
or sodium-2-acrylamido-2-methylpropanesulfonate with sodium-3-acrylamido-3-
methylbutanoate [5]. More common is, however, that a block copolymer can only
be prepared according to a specific sequence. Even if the same monomer type is
used for both blocks, i.e. acrylates, the side chain can influence the stability of the
macroradical resulting in better defined block copolymers when the macro-RAFT
agent is prepared from the more stable macroradical. Examples are (polystyrene)
macro-RAFT with N-ethyl-3-vinylcarbazole [6], poly(acrylonitril) macro-RAFT
with BA [7], poly(N-[3-(dimethylamino)propyl]methacrylamide) macro-RAFT with
N,N-dimethylacrylamide (DMA) [8] or poly(N-tert-butyl acrylamide) macro-
RAFT with N-acryloylmorpholine [9]. In certain cases it seems possible to
use a more unusual sequence of block preparation. However, a broadening
of the molecular-weight distribution is observed indicative of some remain-
ing macro-RAFT agent. The block copolymer poly(N-isopropyl acrylamide)-b-
poly(γ -methacroyloxypropyltrimethoxysilane) had to be prepared employing an
acrylamide macro-RAFT agent due to the insolubility of the homopolymer
made from γ -methacroyloxypropyltrimethoxysilane [10]. Other examples include
methyl methacrylate/N-isopropyl acrylamide (NIPAAm) [11] and methacrylic
acid/NIPAAm [12], which were synthesized using either block first. Another ther-
moresponsive zwitterionic block copolymer was successfully prepared by adding
3-[N-(3-methacrylamidopropyl)-N,N-dimethyl]ammoniumpropane sulfonate onto
poly(N-isopropyl acrylamide) (PNIPAAm) macro-RAFT agent [13].

The molecular-weight distribution of the block copolymer can only be as good
as the initial first block, the so-called macro-RAFT agent. A significant effort in
the synthesis of block copolymers should focus on the preparation of well-defined
macro-RAFT agents. Consideration regarding the choice of RAFT agent for the first
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block as well as appropriate concentrations of monomer and initiator are prereq-
uisite. High initiator concentrations during the macro-RAFT agent synthesis may
result in a significant amount of termination products. These dead polymer chains
cannot undergo chain extension, resulting in the formation of homopolymer im-
purity in the final product. A small amount of termination products can never be
avoided, but under careful optimization be minimized [14]. The amount of termi-
nation products will increase during the course of the polymerization, meaning
that more dead polymer is formed when the monomer conversion is high. In order
to obtain a better defined block copolymer with less remaining homopolymer, the
synthesis of the macro-RAFT agent via a low conversion process may be advanta-
geous. This has been demonstrated in the synthesis of poly(6-O-methacryloyl-a-D-
glucoside)-b-poly(2-hydroxyethyl methacrylate). The macro-RAFT agent based on
poly(6-O-methacryloyl-α-D-glucoside) was isolated after having been polymerized to
a conversion of 98%. During the subsequent chain extension some initial polymer
was not initiated, which has been assigned to termination events during the macro-
RAFT synthesis [15]. Despite careful optimization of the reaction conditions, some
systems will always result in the formation of better defined macro-RAFT agents
(meaning less terminated polymers) than other polymers. Very slowly propagating
monomers such as hindered monomers will naturally result in a higher fraction
of polymer without thiocarbonylthio end groups, which cannot be chain extended
and will contaminate the final block copolymer with homopolymer [16]. In addi-
tion, it has to be considered that some polymers such as hindered monomers will
undergo a large fraction of transfer to monomer, resulting in polymers without
thiocarbonylthio end groups.

An important issue is the stability of the thiocarbonylthio end group. While
the macro-RAFT agent may have been prepared in an optimized manner from
a kinetic point of view, the destruction of the RAFT end group can result in ad-
ditional dead polymer, which cannot be chain extended. Several investigations
demonstrate the loss of the RAFT activity under the influence of heat [17],
light [18], certain pH values [19] and solvents that are known to contain oxi-
dizing species such as dioxane or tetrahydrofuran (THF) [20]. The influences
can potentially lead to the destruction of the thiocarbonylthio end group dur-
ing the polymerization, during storage or during purification via precipitation or
dialysis.

Care should be taken during the synthesis in aqueous solution since the RAFT
end group is especially prone to hydrolysis. It has been demonstrated that de-
pending on the pH value of the solution the hydrolysis can be accelerated. The
hydrolysis was significantly delayed or suppressed below pH = 7 [21]. The effect
of the pH value on the chain extension has been demonstrated, comparing the
block copolymerization carried out at pH = 5 and pH = 7. Excellent control over
the molecular-weight evolution and distribution up to high conversions was ob-
served at low pH values [8]. It was also confirmed that hydrolysis not only occurs
during polymerization, but also during purification. For example: isolation of the
macro-RAFT agent by dialysis against nonbuffered water resulted in the loss of
thiocarbonylthio end groups [8].
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Thiocarbonylthio end groups are not only sensitive against hydrolysis via water.
Aminolysis, in addition, can cause similar devastating effects and will as well result
in the cleavage of active RAFT groups [21]. The possibility of aminolysis has to be
considered when polymerizing monomers with alkaline amino functionalities. A
strong color change – typically from red/pink to orange or yellow – can indicate
the occurring aminolysis reaction [22]. Several possible pathways can suppress or
prevent this side reaction, such as solvent adjustments or the recourse to protective
chemistry. Alternatively, the increase of the rate of polymerization by decreasing the
amount of solvent can lead to faster propagation, thus restraining the competing
aminolysis process [22].

Peroxides can be responsible for the destruction of the RAFT end group, espe-
cially in solvents, which are known to generate peroxides such as dioxane and THF.
A RAFT-generated polymer left in a THF solution for certain period of time will
eventually loose its color due to the exchange of a sulfur atom within the thiocar-
bonylthio end group by oxygen resulting in an inactive end group [20]. Indeed, block
copolymerizations carried out in dioxane report frequently on incomplete chain ex-
tension as evidenced by residual macro-RAFT agent observed during size-exclusion
chromatography (SEC) measurements [23, 24].

It can therefore be concluded that there are several obstacles in the way of the
synthesis of a well-defined macro-RAFT agent. Termination events or the destruc-
tion of the thiocarbonylthio end group can prevent the complete chain extension,
leading to a mixture of homopolymer based on the first block and the desired
block copolymer. It is certainly recommended to optimize reaction conditions and
quantify the amount of dead polymer prior to chain extension, using either mass
spectroscopy [20], NMR or UV analysis [25]. A small amount of residual dead poly-
mer from the macro-RAFT agent synthesis was observed in many block copolymers’
synthesis attempts. Depending on the system, dead polymer is evidenced either as
a distinguishable second peak or as low-molecular-weight tailing in the SEC dia-
gram [26–28]. Small amount of residual polymer is in many cases not immediately
evident upon inspection of SEC curves. Alternative displays of SEC curves taking
concentration gradients into account can reveal incomplete chain extension, hence
confirming the amount of inactive or dead homopolymer.

Figure 9.1 displays the conventional way of presenting SEC curves compared
to concentration-modified SEC curves. The alternative way takes into account that
with increasing conversion of the second block the intensity of the homopolymer
is naturally suppressed [29]. This way of presenting SEC data could frequently
confirm the occurrence of homopolymer next to block copolymer [15, 30–33].

Finally, the block copolymer synthesis can be carried out after considering the
choice of the first block and the careful synthesis of the macro-RAFT agent. The
block copolymer synthesis can be challenged by the suitable choice of solvent,
especially in the synthesis of amphiphilic block copolymers. To circumvent this
problem, some block copolymers were obtained using protective chemistry or us-
ing a precursor of the side group. This alternative pathway opens up a range of
solvents, which may facilitate the synthesis by reducing problems caused by inho-
mogeneities or by chain transfer to certain solvents. Acetal protected acrylic acid



c09 December 17, 2007 12:1 Char Count=

9.2 Block Copolymers 323

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

log (M/ g.mol–1)

Fig. 9.1 Size-exclusion chromatography
(SEC) traces of polystyrene-b-
poly(N,N-dimethyl methacrylate)
(PS-b-PDMA) block copolymers prepared
from polystyrene macro-RAFT agent (Mn =
8000 g·mol−1, RAFT agent is 3-
benzylsulfanylthio-carbonylsufanylpropionic

acid) with increasing PDMA block size using
the normalized response (top) and obtained
by multiplying the normalized response with
the conversion and the maximum ratio at
100% conversion of (NPDMA + NPS) and NPS

(here = 7.5) (bottom) [32].

allowed the synthesis of poly(methyl methacrylate)-b-poly(acrylic acid) in solvents
such as toluene [34], while amphiphilic block copolymers based on acrylic acid such
as polystyrene-b-polyacrylic acid are typically polymerized in polar solvents such as
N,N-dimethyl acetamide (DMAc) [35]. A cationic block copolymer was prepared by
quaternizing polystyrene-b-poly(4-vinylpyridine) after polymerization to avoid the
search for a suitable solvent for PS and a charged monomer [36]. A similar attempt
using postquaternization was described elsewhere [4]. In another example, the
chain extension of poly(4-acetoxystyrene) macro-RAFT agent with styrene could be
carried out in bulk to afford poly(4-hydroxystyrene)-b-polystyrene after hydrolysis
[37]. Even if no suitable solvent can be found that dissolves both blocks, the RAFT
process has been proven to be highly robust even under heterogeneous conditions.
The search for a common solvent for the synthesis of block copolymers based on
an ionic block and a hydrophobic block can be impossible. However, suspension-
or emulsionlike systems can still successfully be employed to prepare these struc-
tures. In the initial state of the polymerization, the macro-RAFT agent is insoluble
in the solvent employed. With the onset of the chain extension and the formation
of block copolymer a homogenous solution is formed [38, 39].
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A successful chain extension leading to block copolymers is confirmed by the
shift of the SEC curve to higher conversions, while the molecular-weight distri-
bution remains narrow. In an ideal case the molecular-weight evolution increases
linear with conversion and can be predicted using the ratio between the (sec-
ond) monomer concentration and the macro-RAFT agent concentration and the
monomer conversion:

Mblock copolymer = [M]

[macro-RAFT]
× conversion × MM + Mmacro-RAFT

where [M] and [macro-RAFT] are the monomer and macro-RAFT agent concentra-
tions, and MM and Mmacro-RAFT are the molecular weights of the monomer of the
second block and the macro-RAFT agent, respectively.

This linear relationship can indeed be found in most cases despite reported
difficulties in determining the real molecular weight of block copolymers using
SEC. However, a slight broadening of the molecular-weight distribution – usually
in the form of low-molecular-weight tailing – can frequently be observed. This can
be assigned to the above-discussed impurities of dead polymer found in the macro-
RAFT agent. However, the mechanism of the block copolymer should be inspected
upon in detail again at this point (Scheme 9.4).

Mechanistic considerations valid for the macro-RAFT agent synthesis are also
true for the block copolymer synthesis. As outlined above and displayed in Scheme
9.4, the amount of radicals to start the block copolymer formation will determine the
amount of termination events as well as the amount of homopolymer (generated
from the second monomer). It is therefore recommended to keep the amount of
radicals as small as possible. Typically, the broadening of the molecular-weight
distribution was observed with increasing initiator concentration. The formation
of dead chains also led to the loss of control over the molecular-weight evolution
[4]. Similar to homopolymerization, a high ratio of macro-RAFT agent to initiator
concentration can suppress these unwanted side reactions. The amount of dead
chains can be estimated taking the rate of initiator decomposition as well as the
concentration of macro-RAFT agent and initiator into account [9]:

%dead chains = 2 f [I ]0 × (1 − e−kdt )

[macro-RAFT] + 2 f [I ]0 × (1 − e−kdt )

where f is the initiator efficiency, kd the initiator decomposition rate coefficient and
[I] and [macro-RAFT] are the concentrations of initiator and macro-RAFT agent,
respectively.

In fact, depending on reaction conditions, dead polymer can be found and
removed from the block copolymer by purification. In many cases, homopoly-
mers have significantly different solubility properties than the corresponding block
copolymers. Careful precipitation allows the removal of homopolymer generated
during the chain extension. The SEC curves before and after precipitation confirm
the formation of homopolymer [13, 27]. Impurities such as homopolymers will
result in deviations from the calculated molecular weight. To accommodate the
amount of dead polymer formed, the molecular-weight calculation has been modi-
fied to take the amount of polymer chains into account, which have been initiated
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by initiator only and not by the polymeric leaving group of the macro-RAFT agent.
However, it should be considered that this equation does not take termination
events into account, which can result in broadening or the formation of distinct
high-molecular-weight shoulders:

Mblock copolymer

= [M]

[macro − RAFT] + 2 f [I ]0 × (1 − e−kdt )
× conversion × MM + Mmacro-RAFT

Despite theoretical considerations regarding the optimization of all concentra-
tions including radical concentrations, the process can in reality result in addi-
tional complications, which are derived by solvent and diffusion effects. It has
been found that the length of the macro-RAFT agent can have an effect on the
block copolymer formation, as observed during the block copolymer synthesis
of polystyrene-b-poly(N,N-dimethacrylamide) [32]. While a low-molecular-weight
macro-RAFT agent resulted in complete chain extension with the complete dis-
appearance of the macro-RAFT agent, as seen in SEC, a high-molecular-weight
macro-RAFT agent can lead to bimodal distributions (Fig. 9.2). Radical concentra-
tions were kept constant in both cases and can therefore not be responsible for
the broadening. Solvent effects or potentially chain-length-dependent addition rate
coefficients to the RAFT end group can be responsible for this observation. More
investigations are necessary in this area to identify the origin of this behavior.

Worth mentioning is the effect of the macro-RAFT agent on the rate of polymer-
ization. Similar to homopolymer synthesis increasing amounts of macro-RAFT

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

log MW/g.mol –1

Fig. 9.2 SEC curves (DMAc) of PS-b-PDMA block copolymers using
polystyrene macro-RAFT agent with molecular weights 3000 g·mol−1

(top), 9000 g·mol−1 (middle) and 38 000 g·mol−1 (bottom);
[macro-RAFT] = 4 × 10−3 mol·L−1, [N,N-dimethylacrylamide] =
2 mol·L−1, [AIBN] = 4 × 10−4 mol·L−1 in N,N-dimethylacetamide at
60 ◦C [32].
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agent can introduce retardation decreasing the rate of polymerization. In addition,
similar macro-RAFT agent concentrations but with varying molecular weight can
influence the rate of polymerization significantly. A significant decrease of the
rate of polymerization with increasing chain length was observed [23, 32, 35]. The
pseudo-first-order kinetic block was, however, always found to be linear, indicat-
ing a constant radical concentration. Retardation effects caused by the equilibrium
of the RAFT agent cannot be made responsible, since the nature of the leaving
group is similar. The cause must lie in the length of the leaving group (=first
block) resulting in a range of solvent effects. Other observations regarding the rate
of polymerization include a significant deviation from the first-order kinetic plot.
Polymerizations were found to slow down, without having consumed all available
initiator [40–42].

The synthesis of block copolymers via chain extension using the RAFT process
is subject to a range of possible side reactions. However, careful optimization al-
lows the synthesis of well-defined block copolymers with polydispersity indices of
1.1. A range of block copolymers were successfully synthesized using the RAFT
process. Structures include pH- and thermoresponsive sequences, glycopolymers,
ionic blocks including cationic, anionic and zwitterionic blocks and many more
(Table 9.1). Only one limitation in the synthesis of block copolymer should be
highlighted. Only block copolymer with monomer having comparable reactivities
can be prepared. Monomers with vastly disparate monomer reactivities, for ex-
ample, styrene and vinyl acetate, cannot be copolymerized, since both monomers
require significantly different Z groups.

RAFT agents and monomers used to prepare a macro-RAFT agent and synthesize
the second block as well as investigated block copolymer systems are summarized
in Table 9.1.

9.2.2
Triblock Copolymers via Chain Extension of Macro-RAFT Agent

Triblock copolymers are prepared either by further chain extension of a diblock
copolymer (I), by utilization of a difunctional RAFT agent (II) or by employing a
trithiocarbonate RAFT agent with two leaving groups (III) (Scheme 9.5).

The implications regarding the synthesis via pathway (I) (Scheme 9.5) are similar
to the generation of diblock copolymers. Termination reactions, however, do now
result in the formation of A–B–C–B–A pentablock copolymers. A typical A–B–C–
triblock was reported employing NIPAAm, N-acryloylalanine and DMA as building
blocks [63]. In a similar approach, a range of stimuli-responsive charged A–B–C
triblocks were obtained [46]. This pathway was also employed to prepare pH- and
stimuli-responsive A–B–A triblock copolymers [12].

Pathway II requires the linkage of two RAFT agents, which can be attached to a
bifunctional linker via either the R group [28, 70] or the Z group. The mechanism
and side reactions arising during the polymerization are similar to the synthesis of
star polymers via RAFT and are discussed in the appropriate section below.
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Table 9.1 Examples of block copolymers including RAFT agent employed
to generate the macro-RAFT agent.

RAFT agents
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Neutral and stimuli-responsive monomers

The numbers in bracket indicate the table entry:

AA (13, 43, 56), AN (12, 18), BA (1, 8, 9, 10, 11, 13, 18, 23, 34, 38, 39), BMA (1), BzMA (13, 50), DEA (4),
DEAEMA (57, 58), DMA (9, 11, 13, 16, 24, 32, 35, 46, 49, 50, 54), DMAEMA (9, 12, 13, 42, 62), DMAPMA (63),
GMA (12, 26), HEA (23, 52), HEMA (21), Isoprene (7), MAA (13, 55), MAn (12, 15, 19), MMA (1, 4, 10, 12, 13,
48), NAM (4, 6), NAP (9, 11, 47), NIPAAm (1, 45–57, 61, 64), NVP (5, 25), PEGA (9, 35, 37), PEGMA (11, 26),
STY (2, 7, 8, 12, 13, 14, 15, 17, 19, 20, 22, 24, 33, 41, 43, 44, 51, 52), t-BA (7), t-BAm (6), VAc (25)
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(Continued)
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Table 9.1 (Continued)
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Table 9.1 (Continued)

Ionic monomers

HN

SO3
-Na+

O

HN

O

O-Na+

O

N

O

N+

SO3
-

HN

O

SO3
-Na+

HN

O

COO-Na+

CM1 (27) CM2 (27) CM3 (28, 32) CM4 (31) CM5 (28, 31)

O

O

O

P

O

O O-

N+

HN

O

N+

HN

O

N+

CH2

N+

SO3-

SO3
-

CM6 (33, 39) CM7
(36, 40, 58, 60)

CM8 (34) CM9 (29, 35) CM10 (29, 30)

CH2

N+ CH3H3C

CH3

O

O

N+

COO-

CH2

N+ CH3H3C

H

HN

O

N+

SO3
-

CM11
(30, 59, 63)

CM12 (37) CM13 (30) CM14 (30) CM15

O

O

O

P

O

O O-

N+

O-Na+

O

HN

SO3
-Na+

O

CM16 (38) CM17 (62) CM18 (64)

(Continued)
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Table 9.1 (Continued)

Entry First block Second block RAFT agent T (◦C) Solvent Ref.

Neutral block copolymers

1 M1 MMA R1 60 Ethyl acetate [26]
BMA R2

BA
NIPAAm

2 M4 STY M7 60 Toluene [6]
STY M4

3 M5 M6 R3 70 Water/ethanol [30]
M7 M7

4 M8 MMA R1 90 Dioxane [43]
NAM R3

DEA
5 NVP M3 R9 75 DMF [44]
6 t-BAm NAM R8 90 Dioxane [9]

NAM t-BAm
7 STY Isoprene R10 115 Bulk [45]

t-BA
8 BA STY R11 110 Benzene [3]

STY BA 60
9 BA NAP R14 66 Dioxane [38]

DMA Dioxane
M11 DMF
PEGA THF
M12 NMP

10 MA M13 R15 70 Toluene [34]
BA
MMA
DMAEMA

11 BA NAP R14 66 Dioxane [46]
PEGMA BA R3 55 Water
NAP DMA R1 70 Toluene

12 MMA STY/AN R1 60 Benzene [31]
GMA Benzene
DMAEMA Dioxane/MeOH
STY/MAn Dioxane

13 STY DMA R1 Benzene [2]
STY MeSTY R3 Benzene
BA AA R6 DMF
MA EA R18 Benzene
MMA MAA DMF
MMA STY Bulk
BzMA DMAEMA EtOAc
BzMA MAA DMF

14 M16 STY R17 90 Bulk [37]
15 M17 STY/MAn R3 60 Dioxane [23]
16 DMA M18 R8 90 Dioxane [24]
17 STY M19 R6 90 Bulk [4]

M19 STY
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Table 9.1 (Continued)

Entry First block Second block RAFT agent T (◦C) Solvent Ref.

18 AN BA R19 60 Ethylene carbonate [7]
BA AN R1

19 STY/MAn STY R9 60 Dioxane [47]
20 M21 STY R1 65 Bulk [16]

M22 R20

21 M23 HEMA R3 60 Water/ethanol [15]
22 M24 STY R23 70 DMSO [27]
23 BA HEA R21 60 DMAc [48]
24 STY DMA R21 60 DMAc [32]
25 NVP VAc R24 60 MeOH [49]
26 GMA PEGMA R25 85 DMF [50]

Block copolymers with two ionic blocks

27 CM1 CM2 R3 70 Water [40]
28 CM3 CM5 R5 70 Water [51]
29 CM10 CM9 R16 55 Water [46]
30 CM10 CM13 R3 70 Water [52]

CM11 CM14

31 CM4 CM5 R3 70 Water [5]

Block copolymers with one ionic block

32 DMA CM3 R4 70 Water [28]
R5

33 STY CM6 R6 60 DMF/methanol [53]
34 BA CM8 R14 66 NMP [38]

DMF
35 PEGA CM9 R16 55 Water [46]

DMA CM9 R3 53 Water
36 M15 CM7 R3 70 Water [54]

CM7 M15

37 CM12 PEGA R16 55 Water [25]
38 CM16 BA R3 70 Methanol [41]
39 BA CM6 R21 60 Methanol/NMP [39]

pH-responsive block copolymers

40 CM7 M15 R1 60 Bulk [55]
M15 CM7 DMF

41 STY M2 R6 80 DMF [36]
42 M20 DMAEMA R1 60 DMF [56]

R2

43 STY AA R21 60 DMAc [35]
44 STY M2 R21 60 DMAc [22]

R6

Thermoresponsive block copolymers

45 NIPAAm M9 R6 80 Dioxane [10]
46 NIPAAm DMA R13 60 Dioxane [57]
47 NIPAAm NAP R1 70 Toluene [46]

(Continued)
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Table 9.1 (Continued)

Entry First block Second block RAFT agent T (◦C) Solvent Ref.

48 MMA NIPAAm R8 70 Toluene [11]
NIPAAm MMA R13

49 DMA NIPAAm R12 25 Water [58]
50 BzMA NIPAAm/DMA R2 70 Benzene [59]
51 NIPAAm STY R3 60 Dioxane [60]

t-BMA NIPAAm
52 NIPAAm STY R21 75 THF [61]

HEA
53 M25 NIPAAm R21 60 Water/DMSO [62]

Thermo- and pH-responsive block copolymers

54 DMA NIPAAm R3 25 Water, pH = 4.8 [63]
M10 R12 70 Water, pH = 6.5

55 NIPAAm MAA R17 60 Methanol [12]
56 NIPAAm AA R22 60 Methanol [64]
57 NIPAAm DEAEMA R2 80 Dioxane [65]

Block copolymers with ionic and stimuli-responsive block

58 CM7 DEAEMA R3 70 Water, pH=6.5 [66]
59 CM11 M14 R3 70 Water [67]
60 CM7 NIPAAM R3 70 Dioxane/Water [68]
61 NIPAAm CM15 R6 Methanol [13]
62 DMAEMA CM17 R1 80 Methanol/water [69]
63 DMAPMA CM11 R3 70 Water [8]

CM11 DMAPMA
64 CM18 NIPAAm R3 70 Methanol/water [42]

AA = acrylic acid; AN = acrylonitril; BA = butyl acrylate; BMA = butyl methacrylate; BzMA = benzyl
methacrylate; DEA = N,N-diethylacrylamide; DEAEMA = 2-(diethylamino) ethyl methacrylate; DMA
= N,N-dimethyl acrylamide; DMAEMA = 2-(dimethylamino) ethyl methacrylate; DMAPMA =
2-(dimethylamino) propyl methacrylate; GMA = glycidyl methacrylate; HEA = 2-hydroxyethyl
acrylate; HEMA = 2-hydroxyethyl methacrylate; MAA = methacrylic acid; MAn = maleic anhydride;
MMA = methyl methacrylate; NAM = N-acryloylmorpholine; NAP = N-acryloylpyrrolidone;
NIPAAm = N-isopropyl acrylamide; NVP = N-vinyl pyrrolidone; PEGA = poly(ethylene glycol)
acrylate; PEGMA = poly(ethylene glycol) methacrylate; STY = styrene; t-BA = tert-butyl acrylate;
t-Bam = tert-butyl methacrylate; VAc = vinyl acetate.

A popular way to generate A–B–A triblock copolymer is via a trithiocarbonate-
based RAFT agent, which carries two leaving groups (Scheme 9.5, pathway III).
A conventional Z group is absent and the leaving group as well as later the poly-
mer chain takes on the role of the Z group as well as the R group. Examples
for such triblock copolymers are described using styrene/n-BA [2, 71], styrene/4-
vinylpyridine [72], styrene/maleic anhydride [47], Poly(ethylene glycol) methacrylate
(PEGMA)/styrene [73] or dicyclohexyl itaconate/styrene [16].
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I. Covalent attachment of a RAFT agent to an end-functionalized non-RAFT

polymer (PA), followed by RAFT polymerization (P B):

II. Initiation of polymerization of non-RAFT polymer (PA) using a functional RAFT 

agent, followed by RAFT polymerization (P B):

III. RAFT polymerization using a functional RAFT agent (PB) followed by attachment 

to non-RAFT polymer (PA):

A A A A A A A A A A A A B B B B
B

A A A A A A A A B B B B
BA

A A A A B B B B
B

B B B B
A A A A

IV. RAFT polymerization using functional RAFT agent (PB) followed by initiation of 

polymerization of non-RAFT polymer (PA):

V. Simultaneous polymerization of (PA) and (PB):

A A A A B B B B
AB

B B B B

A A A A B B B BA and B 

Scheme 9.6 Theoretical approaches to block copolymers based on a
block made by RAFT polymerization and a block composed of non-RAFT
polymers.

9.2.3
Block Copolymers Based on Polycondensates and Other Polymer Chains

The combination of polymers made from other techniques such as polycondensa-
tion or ring-opening polymerization with polymers generated via a radical process
is increasingly popular. The RAFT agent is hereby linked to another polymer via
end-group functionality. Several potential approaches are conceivable (Scheme 9.6):

9.2.3.1 Theoretical Consideration
While the synthesis of non-RAFT-made polymers follows its own kinetics, only the
RAFT process is the focus of attention here. While the five possible pathways to
combine two blocks of a different nature have all their own implications, a main
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concern is, however, the direction of attachment of the RAFT agent. Prior to the
reaction, a RAFT agent has to be designed in a suitable way to undergo reactions
with the non-RAFT polymer such as a condensation reaction or act as an initiator
for a polymerization, for example, a ring-opening polymerization. This functional
group can be located either on the Z group or on the R group of the RAFT agent.
With the attachment via the R group (R-group approach) or Z group (Z-group
approach), two different types of polymeric RAFT agents (poly-RAFT) are obtained,
both with their own characteristic mechanism.

9.2.3.2 Poly-RAFT Agent via R-Group Approach
The polymer is covalently bound to a RAFT agent via R group; thus, the first block
is part of the leaving group. Consequently, this polymer block is detached from the
RAFT agent after the initial transfer step (Scheme 9.7, pathway II). Typical features
of this type of block copolymer formation are the possibility of the formation of
homopolymer composed of the monomer of the second block (Scheme 9.7, pathway
IV) and the formation of triblock copolymers via termination by combination. Both
reactions are caused by the initiation step or the initiator concentration, respectively,
and can be adjusted accordingly (Scheme 9.7).

9.2.3.3 Poly-RAFT Agent via Z-Group Approach
The RAFT agent is covalently attached to the polymer via the Z group. Therefore, the
thiocarbonylthio group is constantly bound to the polymer. Termination reactions
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Z
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R R-Py
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III.
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PxISS
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Z

S SR-Py R

R-Py

M

M

2

2 2

Targeted product

Termination

A-B-A triblock

A-B diblock

Scheme 9.7 Block copolymer synthesis using a RAFT agent, which is
covalently attached to an end-functionalized polymer chain in an
R-group approach.
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Scheme 9.8 Block copolymer synthesis using a RAFT agent, which is
covalently attached to an end-functionalized polymer chain in a Z-group
approach.

lead now to homopolymers of the second monomer, while the formation of triblocks
is absent (Scheme 9.8).

9.2.3.4 Practical Considerations and Experimental Results
All the five possible pathways (Scheme 9.6) suggested above have been employed to
generate complex polymer architectures based on polymers, which have been pre-
pared with other techniques. The most common one in literature is the technique 1,
where a preformed end-functionalized polymer is converted into a poly-RAFT agent
by covalent attachment of a thiocarbonylthio compound. Technique 4 – a macro-
RAFT agent starting a reaction to add a block of different nature – is usually not
explored to generate block copolymers, but to produce other complex architectures,
such as comb polymers (see Section 9.4).

The types of non-RAFT polymers employed are summarized in Table 9.2. The
polymers range from poly(ethylene oxide) [2, 75–79, 84], kraton [80], polyethy-
lene [81, 82], poly(dimethylsiloxane) (PDMS) [83], poly(lactide) (PLA) [85, 86],
poly(butadiene) [87], to poly(ε-caprolactone) [90].

Type 1 poly-RAFT agents (Scheme 9.6, pathway I) have mostly been obtained
by reaction of hydroxyl-end-functionalized polymers with RAFT agents containing
carboxy groups to form an ester. An alternative route has been described for the
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Table 9.2 Block copolymers prepared from RAFT and non-RAFT polymers

Entry poly-RAFT agent Monomer Aa Solvent
T
(◦C) Ref.

1

O

O

S

O

CN S

n

STY
BzMA

1-R Bulk
benzene

60 [2]

2

O

O

S O

O

CN S

n

N-vinyl
formaide

1-R DMSO 100 [75]

3

O

O

S S

C12H25

O

S

n

O

O

S

O

S

n

BA FDA 1-R TFT 65 [76
77]

4

O

O

O

n

S

S

COOH

O

O

O

n

S

S

COOH

OS

S

COOH

NIPAAm 1-R THF 100 [78]

5

O

O

S

O

S

n

Ph

F DMA NAS 1-R Dioxane 70 [79]

(continued)
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Table 9.2 (Continued)

Entry poly-RAFT agent Monomer Aa Solvent
T
(◦C) Ref.

6

O

S

O

CN S

nm

STY/MAn 1-R Xylene
BuAc

60 [80]

7

O

S

O

SPh

n

MMA 1-R Toluene 60 [81]

8

S

S

H

n
Z

N/A 1-R N/A N/A [82]

9

O

Si

O

Si

O

O

Si

S S

S

O

O

SS

S

n

DMA/FA 1-Z TFT 60 [83]

10
O

O

O

S S

S

O

O

SS

S

n

STY/
HEMA

1-Z DMF 60 [84]

11

O

S S

S

O

O

O

HO

n

NIPAAm 2-Z DMAc 60 [85]

12

O

S S

S

O

O

HO

n
O

O

O

O

OH

n
O

NIPAAm 2-Z THF 100 [86]

13

S

O

O

S
n

O

O

C12H25S

S

SC12H25

S t-BA 2-R Benzene 60 [87]

14

HO

S S

S ε-Caprol
actone/
STY

5-Z sc-CO2 65 [88]

aApproach referring to Scheme 9.6 in combination with either the R-group approach (Scheme 9.7) or
the Z-group approach (Scheme 9.8).
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synthesis of polyethylene-based poly-RAFT agents, which were obtained by reacting
thiocarbonylated disulfide compounds Z (CS) S S (CS) Z with Mg(PE)2 via
Grignard reaction [82]. The completeness of the reaction is usually confirmed
using NMR studies. However, residual poly-RAFT agent was occasionally observed
in the subsequent polymerization. The origin of this remaining poly-RAFT agent
may be either an incomplete chain transfer or the incomplete functionalization of
the polymer with RAFT agent. Since NMR is subject to uncertainties, especially at
high molecular weight, UV spectroscopy has been shown to be a suitable technique
to quantify the amount of RAFT agent attached [84]. An elegant way to enumerate
the amount of unfunctionalized polymer and the amount of poly-RAFT agent that
did not undergo chain extension has been demonstrated via a dual detector system.
In the described case, an evaporative light-scattering detector was combined with a
UV detector in order to obtain the absolute amount of polymer next to the amount
of polymer carrying thiocarbonylthio groups [80].

The RAFT agents were in most cases attached via the R group when employ-
ing the type 1 pathway (Table 9.2). As mentioned above, R-group approaches
are always subject to termination reactions resulting in the formation of A–B–A
triblock copolymers, assuming the monomer will terminate via combination.
Indeed, high-molecular-weight shoulders are commonly observed, especially at
higher conversions. The formation of these triblock copolymers can even be forced
using UV radiation: Decomposition of the RAFT end group into radicals can cause
additional termination reactions, as evidenced by a significant increase of high-
molecular-weight products, especially triblock copolymers [80]. High-molecular-
weight shoulders were reported to be absent when using the Z-group approach,
confirming the mechanism suggested in Scheme 9.3.

The block copolymer formation evolved mostly in a controlled manner. However,
it has to be considered that the resulting block copolymer can only be as well defined
as its underlying non-RAFT polymer. Poly(ethylene oxide) has usually a narrow-
molecular-weight distribution [2, 75–79, 84] and the resulting block copolymers
were observed to have low polydispersity indices as well despite the occurrence of
some termination reactions. In contrast, the synthesis of polyethylene-poly(methyl
methacrylate) (PE-PMMA) block copolymers could only result in block copolymers
with polydispersity indices of above 2, which is mainly attributed to a relatively
broad-molecular-weight distribution of the underlying polyethylene [81].

The kinetics of the polymerization was found to be slightly influenced by the
presence of the polymeric chain and often proceeded in a fashion different to the
RAFT polymerization employing the equivalent low-molecular-weight RAFT agent.
Since the structure surrounding the thiocarbonylthio end group is equivalent, this
may be assigned to steric aspects or altered polarities adjacent to the RAFT group.
A decline of inhibition time – which is usually explained by the slow fragmentation
of the intermediate radical in the preequilibrium – was observed when comparing
the polymerization of DMA in the presence of a low-molecular-weight RAFT agent
and in the presence of the same RAFT agent, which is now attached to a PDMS
chain [83]. The poly-RAFT agent was additionally observed to influence apparent re-
activity ratios. Investigations revealed that the RAFT process does not significantly
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alter reactivity ratios in contrast to random copolymerization carried out via conven-
tional free-radical polymerization [74]. Attachment of a polymer chain to a RAFT
agent can alter the microenvironment. During the subsequent copolymerization,
the monomer with a similar polarity to the poly-RAFT agent is preferably built
in. This bootstrap effect was observed to have a significant effect on the apparent
reactivity ratio [83]. The microenvironment was also thought to be responsible for
a slow consumption of the poly-RAFT agent. While the thiocarbonylthio group
employed may have appropriate chain-transfer efficiency for a certain monomer,
the block copolymer formation was found to be incomplete. Only with increas-
ing monomer conversion, all poly-RAFT agents are eventually involved in block
copolymer formation [80].

Type 2 pathway (Scheme 9.6, pathway II) to generate block copolymers uses
a RAFT agent to initiate the polymerization of the non-RAFT polymer. RAFT
agents carrying hydroxy groups were successfully employed in the ring-opening
polymerization to generate poly(lactate) end functionalized with a RAFT agent
[85, 86]. The amount of RAFT agent starting a ring-opening process was then de-
termined via UV spectroscopy, confirming the successful polymerization despite
some remaining RAFT agents, which were not involved in the process and had
to be removed by precipitation [85]. Ring-opening metathesis polymerization of
1,5-cyclobutadiene using suitably designed RAFT agents was demonstrated suc-
cessful to obtain poly(butadiene)-poly(t-butyl acrylate) triblock copolymers [87].

An elegant way (Scheme 9.6, pathway V) of preparing these block copolymers
in a one-step process has been employed using the simultaneous process of RAFT
polymerization of styrene and ring-opening polymerization of ε-caprolactone in
supercritical CO2. While the polymerization of styrene was found to be very well
controlled, the ring-opening polymerization – catalyzed by enzymes – was reported
to result in blocks of rather broad-molecular-weight distribution [88].

Multiblock copolymers were obtained in a similar manner by polymerizing a bi-
functional RAFT agent via a polycondensation/addition step. The resulting polymer
acts as a multifunctional RAFT agent for the subsequent polymerization.

A multifunctional poly(ethylene oxide) (PEO)-based RAFT agent was synthesized
for the subsequent RAFT polymerization. The condensation process between PEO
and the diacyloyl chloride RAFT agent followed condensation kinetics, resulting in
rather broad-molecular-weight distributions. The following RAFT polymerization
of styrene, however, was well controlled (Scheme 9.9) [89].

Alternatively, a polymer was constructed from alternating RAFT agents and
thiourethane building blocks [90]. The RAFT process using styrene leads to the
insertion of PS resulting in the increased spacing between two thiourethane groups
forming a sequentially ordered polymer (Scheme 9.9).

9.2.4
Block Copolymers via Click Chemistry

A drawback of the RAFT process is that only block copolymers based on
monomers with similar reactivities can be generated. Macroradicals with highly



c09 December 17, 2007 12:1 Char Count=

9.2 Block Copolymers 341

S
S

O

O
O

O

S

O

O

x
x

S
S

S

O
O

O

O

O

x
x

O

C
H

2
C

H
2

S
S

CS

CS

S
C

H
2

C
H

O

O
C S

N
N

C
O

S

C
H

2

OC
H

2
S

n

C
H

C
H

S
S

CS

CS

S
C

H
2

C
H

O

O
C S

N
N

C
O

S

C
H

2

OC
H

2
S

n

C
H

2
C

H
2

C
H

2
C

H
2

n
n

S
T

Y

S
T

Y

Sc
he

m
e

9.
9

Sy
nt

he
si

s
of

m
ul

tib
lo

ck
co

po
ly

m
er

s
vi

a
R

A
FT

po
ly

m
er

iz
at

io
n

[8
9,

90
].



c09 December 17, 2007 12:1 Char Count=

342 9 Complex Architecture Design via the RAFT Process

disparate reactivities require substantially different RAFT agents to achieve a good
polymerization control. For example, vinyl acetate RAFT polymerization can only
be mediated by a xanthate agent [91], whereas styrene is polymerized in the pres-
ence of dithiobenzoate compounds [92]. The only potential exception to the above
dilemma is the use of universal RAFT agents, such as F-RAFT (fluorodithiofor-
mates) [93], which holds great promise for sequential block copolymer formation
of monomers with disparate reactivities, such as styrene and vinyl acetate.

One possible alternative strategy to circumvent the dilemma is to separately
prepare two homopolymers, which are suitably functionalized, to enable their ef-
ficient combination. This approach is similar to type 3, as displayed in Scheme
9.6. Prerequisite for such a pathway is the highly efficient reaction between two
homopolymers. This reaction should be preferably robust against the presence of
other functional groups. An elegant pathway to block copolymer synthesis via con-
junction of two homopolymers is pericyclic [2 + 3] reactions (‘click chemistry’).
Coupling of two polymers is usually thermodynamically unfavorable. The steric
hindrance of the polymer chains acts as a shield, preventing the molecular reaction
between polymer end groups. However, the coupling reaction was found to be
achievable using click reactions, which was coined by Sharpless and coworkers [94]
to encompass all reactions of high yields, modularity and stereospecificity, such as
copper-catalyzed alkyne and azide 1,3-dipolar cycloaddition (CuAAC) or the Diels
Alder (DA) reactions. The successful combination of click reactions with a range of
polymerization techniques including the RAFT process opens the doors to a range
of complex polymer architectures.

A new block copolymer – polystyrene-block-poly(vinyl acetate) – was obtained
by the combination of RAFT and click chemistry [95]. Two complementary RAFT
agents were prepared to entail the functionalities required for click chemistry – one
with azide functionality and one with acetylene functionality. Prior to polymeriza-
tion, the acetylene functionality is required to be protected in order to preserve the
chemically and thermally instable acetylene functionality during polymerization
(Scheme 9.10).

To ensure the success of the click reaction and enable the formation of well-
defined polymeric material, it is paramount that equimolar amounts of each of
the functional homopolymers are employed, as otherwise unreacted material will
remain. This dilemma has been faced when conjoining RAFT-made poly(vinyl
acetate) (PVAc) and glycopolymer via click chemistry [96]. Low-molecular-weight
tailing indicates some remaining homopolymer, which can be assigned to the loss of
functionality either via destruction during the polymerization or by the formation of
inactive homopolymer caused by a high radical concentration, as discussed earlier
(Scheme 9.4).

Block copolymers – polystyrene-block-poly(N,N-dimethylacrylamide) – were pre-
pared via the RAFT process, using chain extension of a macro-RAFT agent carrying
an azide functionality. The resulting well-defined block copolymers were clicked to
a range of acetylene-based compounds signifying the versatility of click chemistry
to generate an array of end-functionalized polymers [97].

An alkynyl-containing RAFT agent was directly employed without the recourse
to protective chemistry in the synthesis of block copolymers to afford well-defined
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Scheme 9.10 Schematic approach to polystyrene-block-poly(vinyl
acetate) via combination of RAFT process and click chemistry [95].

poly(acrylic acid-block-polystyrene) structures with terminal acetylene functionali-
ties [98].

Instead of using azide- or acetylene-functionalized RAFT agent, these moieties
can be introduced into block copolymers by employing clickable monomers. By
preparing an amphiphilic block copolymer using a mixture of styrene and 4-
(trimethylsilylethynyl)styrene protected with a trimethylsilyl protective group for
the hydrophobic block and acrylic acid for the hydrophilic sequence, a highly re-
active block copolymer was generated. Upon self-assembly into micelles, the click
functionalities located in the core were confirmed to be available for further reac-
tions, such as azido dyes (Scheme 9.11) [99].

9.3
Star Polymers via RAFT Polymerization

RAFT polymerization offers several avenues to generate star polymers. Similar
to other synthesis pathways, core-first and arm-first techniques can be employed.
Unique to the RAFT process is, however, the subdivision of the core-first tech-
nique into R-group and Z-group approach, which describe the direction of attach-
ment of the RAFT agent onto a multifunctional core. R-group and Z-group ap-
proach have different implementation regarding the mechanism and the outcome
[100].
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9.3.1
Star Polymers via Core-First Technique

The core-first technique employs a multifunctional initiator. The number of arms
is directly given by the number of initiating sites on the core. The RAFT agents
are attached via the Z group or R group (Scheme 9.12). Both techniques have
been described in the literature employing a variety of monomers (Table 9.3). For
the core-first technique, RAFT agents were covalently bound via R- and Z group
to the core, which were based on (aromatic) hydrocarbons [62, 101, 102, 117] to
cyclodextrin [103], hyperbranched polyesters (ethers) [104, 121], metal complexes
[105, 112, 113] and well-defined dendrimers [106, 107, 114–116, 123]. The resulting
number of arms is determined by the number of RAFT agents attached to the
core. A range of star polymers were synthesized using monomers such as styrene,
acrylates, acrylamide, vinyl ester and vinyl pyrrolidone, but also functionalized
polymers such as glycopolymers and light-harvesting polymers were generated
using the RAFT process (Table 9.3).
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Scheme 9.12 Comparison of star synthesis using the core-first
technique via Z-group (left) and R-group (right) approach.
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Table 9.3 Star polymers prepared via RAFT process using R-group and
Z-group approach

Aa Type of core RAFT group Nb Monomer Solvent T (◦C) Ref.

R Ruthenium
tris(bipyridyl)
complex O

S

O

CN

CH3

S

6 NIPAAm
Styryl
coumarin

Chlorobenzene 70 [105,
112]

R Europium
tris(β-diketenate)
complex

S

S

6 MMA
STY

Toluene 70 [113]

R Benzene

S S

S

4 STY
MA

Bulk 110
60

[102]

R Dendrimer

O

S

O

S

HOOC

16 STY
MA

THF 100 [114]

R Dendrimer

O

S

O

CN

CH3

S

8
16

NIPAAm THF 100 [115]

R Benzene

S

S

6 STY Bulk 80
100
120

[101]

R Dendrimer

O

S

O

CN

CH3

S

8
16

STY
MA

THF 120 [116]

R 1,1,1-tris(hydroxy
methyl)ethane,
pentaerythriol O

S O

O

S

3
4

VAc
VPi
VND
VAG

Bulk 60 [117]
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Table 9.3 (Continued)

Aa Type of core RAFT group Nb Monomer Solvent T (◦C) Ref.

R 1,1,1-tris (hydroxy
methyl)ethane,
pentaerythriol O

S O

O

S

3 4 VAc Bulk 60 [118]

R Benzene

S

S

O

4 NVP Bulk 60 [49]

Z hyperbranched
polyglycerol

O

S S

O

S

17 NIPAAm
DMAEA

Dioxane 65
70

[119]

Z Pentaerythritol

O S

S R

4 VAc
VPr

Bulk 60
90

[120]

Z Pentaerythritol

O

S S

O

S

4 STY
MA

Bulk 110
60

[102]

Z Hyperbranched
polyglycerol

O

S S

O

S

17 EA Bulk 80 [121]

Z Thiourethane-
isocyanurate S S

S

R 3 STY Bulk 60 [122]

Z β-Cyclodextrine

O

S S

O

S

7 STY
EA

Bulk 60 100
120

[103]

Z Hyperbranched
polyester

O

S S

O

S

12 STY
BA

Bulk 60 [104]

(Continued)
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Table 9.3 (Continued)

Aa Type of core RAFT group Nb Monomer Solvent T (◦C) Ref.

Z Dendrimer

O

S

S

12 STY Bulk 110 [106]

Z 1,1,1-tris(hydroxy
methyl) ethane,
pentaerythriol O S

O

S

S

3
4

VAc Bulk 60 [117]

Z Dendrimer

O

S S

O

S

3
6
12

STY
BA

Bulk 60 [118]

Z Dendrimer

O

S S

O

S

3
6
12

STY
BA

Bulk 60 [123]

Z 1,1,1-tris(hydroxy
methyl)ethane

O

S S

O

S

3 AGA Water 60 [62]

Z Pentaerythriol

O

S S

O

S

4 t-BA
STY

Toluene 60 [124]

Z Pentaerythriol

O

S S

O

S

4 NIPAAM DMF 60 [125]

Z Dipentaerithriol

O

S S

O

S

6 MA
BA
DA

Bulk 60 [126]

aA refers to type of approach.
bN refers to number of arms.

9.3.1.1 Star Polymers via R-Group Approach
Theoretical Considerations. In this approach, the RAFT agent is attached to the
core via R group. After the initial transfer the radical is located on the core, leading
subsequently to the growth of arms. Additionally, a linear macro-RAFT agent is
formed, which can undergo further transfer with a macroradical. The transfer of
the star macroradical with a thiocarbonylthio group of another star or a linear
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macro-RAFT agent results in a branch with the RAFT end group, which is growing
away from the core. Next to this main reaction, significant side reactions can occur
in the synthesis of stars using the R-group approach. Termination reactions via
star–star coupling can be considered to occur as well as termination via star–chain
coupling leading to the loss of an active arm (Scheme 9.13).

It is evident that next to the main star product a range of side product may appear,
broadening the distribution of the polymerization. Considering the mechanism,
it seems to be crucial to keep the concentration of free radicals as low as possible
since all side reactions mentioned above are the result of bimolecular termina-
tion reactions. In fact, the amount of linear macro-RAFT agents and termination
products should be directly correlated to the amount of radicals generated by ini-
tiation of the polymerization. The amount of radicals can be expressed by two
different determining parameters: the radical concentration at any given time dur-
ing the polymerization and the sum of radicals generated during the course of
the polymerization. Lowering the concentration of active radicals can possibly be
achieved either by a low initiator concentration or by a high RAFT agent content,
especially when a highly retarding RAFT agent is employed [108]. In addition, an
increasing rate of polymerization, such as with fast propagating monomers, is an-
ticipated to suppress termination reactions since less radical are usually generated
considering the shorter reaction time.

Computational modeling has been employed to correlate radical concentration,
propagation rate coefficients and addition–fragmentation constant of the RAFT
equilibrium and other parameter against the amount of termination reactions and
thus the molecular-weight distribution. PREDICI

®
coupled with high-level ab initio

quantum chemical calculations were employed to foresee the occurrence of side
products in dependency of a range of parameters. A list of recommendations can
be established in order to optimize the polymerization, meaning a high fraction of
star polymers while suppressing termination reactions [109, 110]:

Ĺ Ratio RAFT agent to initiator: A high RAFT agent to initiator concentration re-
duces the amount of radicals and thus the amount of termination reactions.

Ĺ Number of arms: The amount of termination products increases with increasing
number of arms.

Ĺ RAFT equilibrium: A high addition rate of the macroradical to the RAFT agent
kβ and a high transfer of the linear macroradical to a star-bound RAFT group
ktrStar are as beneficial for a small-molecular-weight distribution as is a strongly
retarding RAFT agent.

Ĺ Propagation rate coefficient: Fast-propagating monomers are predicted to lead to
more narrow-molecular-weight distributions.

Practical Considerations and Experimental Results. Theoretical considerations sup-
ported by modeling results predict a significant broadening of the molecular-weight
distribution in dependency of the reaction parameters. It seems that optimization
of these parameter may suppress termination reaction increasing the fraction of
the desired star polymers, as depicted in Scheme 9.13.
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Fig. 9.3 SEC curve of a polystyrene six-arm star obtained by the
polymerization of styrene at 100 ◦C in the presence of
hexakis(thiobenzoylthiomethyl)benzene [100].

In practice, a range of systems have been explored using varying core struc-
tures and different monomers (Table 9.3). The multimodality of many SEC curves
confirms indeed the suggested mechanism with the appearance of star–star cou-
pling termination products and the formation of a linear macro-RAFT agent that
increases in molecular weight linear with conversion. The molecular weight of
the targeted star polymer increases typically linear, with conversion close to the
expected molecular weight (Fig. 9.3) [101]

Mn = [M]

[star-RAFT]
× x × MM + Mstar-RAFT = [M] × n

[RAFT]
× x × MM + Mstar-RAFT

where Mn is the number-average molecular weight of the star, [star-RAFT] is
the concentration of the multifunctional RAFT agent, n the number of arms, x
the monomer conversion, [RAFT] the concentration of thiocarbonyl groups and
Mstar-RAFT the molecular weight of the multifunctional RAFT agent.

Especially the synthesis of PS star polymers has led to broad-molecular-weight
distributions similar to the multimodal distribution portrayed in Fig. 9.3 [101, 102,
114, 115]. In contrast, vinyl acetate resulted in well-defined star polymers having a
single monomodal molecular-weight distribution, with the visible absence of linear
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chains and termination products [117, 118]. Therefore, termination reactions and
the formation of linear chains could indeed be minimized by an increased rate of
polymerization caused by the faster propagation of vinyl acetate as predicted by the
computational approach [110]. Indeed, a range of stars prepared from monomers
with a high propagation rate coefficient were reported to have polydispersity indices
well below 1.3 and a monomodal molecular-weight distribution. Examples are
PNIPAAm eight-arm stars [115], PVAc three- and four-arm stars [117, 118] and
poly(vinyl pyrrolidone) four-arm stars [49] as well as a range of acrylate stars (Table
9.3).

The number of arms is expected to play a vital role regarding the occurrence of
star–star coupling products. It has to be considered that upon chain transfer the
radical is located on the core. With increasing number of arms – which is equivalent
to the number of attached RAFT agents – the likelihood of a radical being located
on any given core is increased resulting in the increased occurrence of star–star
coupling. A PS four-arm star was found to have only negligible amounts of these
side products [102]. The opposite structure is a polymer chain with a multitude of
RAFT agents attached, which is utilized to generate comb structures with a vast
amount of branches along a backbone. As discussed in detail later, an exceedingly
intensive amount of star–star (comb–comb) coupling by-products were observed,
leading to significant broadening of the molecular-weight distribution in addition
to the formation of cross-linked gel [111].

While the formation of well-defined stars from slowly propagating monomers or
from cores with a significantly higher number of branches may be intricate, several
ways of improving the outcome have been demonstrated. In general, these better
defined star polymers were obtained using high temperatures and high RAFT agent
concentrations [102, 114, 116], which is in agreement with the model requesting a
high RAFT agent/initiator ratio and a high rate of propagation.

9.3.1.2 Star Polymers via Z-Group Approach
Theoretical Considerations. Star synthesis via Z-group approach differs from the
R-group approach by the mode of attachment of the RAFT agent to the multifunc-
tional core: The RAFT agent is connected to the core via the Z group. The direction
of RAFT-agent attachment results in consequences for the mechanism, signifi-
cantly different to the R-group approach. Upon initiation, the growing macroradical
undergoes its addition–fragmentation step, resulting in a linear macroradical. Con-
sequently, the radical is never located on the core; termination reaction resulting in
star–star coupling should be absent, unless chain transfer to monomer interferes.
In addition, no RAFT-end-capped linear chains are generated (Scheme 9.14). Prod-
ucts generated during the star synthesis via the Z-group approach should – next
to the star product – only be linear termination products, which are in correlation
with the amount of radicals generated in the system.

As outlined in Scheme 9.14, the RAFT agent does not grow from the core.
Therefore, the chain transfer takes place adjacent to the core independent of the
length of the polymer chain. This, however, may cause complications, regarding
the accessibility of the RAFT group. With increasing chain length, the star branches



c09 December 17, 2007 12:1 Char Count=

9.3 Star Polymers via RAFT Polymerization 353

S

S
R

S

S
R

S S
R

S

S
R

S

S
R

S S

R

Z

Initiator

P1
I    +  M

S

S
R

S

S
R

S S
R

S

S
R

S

S
R

Pn
S S

R

Z
S

S
R

S

S
R

S S
R

S

S
R

S

S Pn
S S

R

Z

S

S
R

S

S
R

S S
R

S

S
R

S

S
PnS S

R

Z

2I

II.

I.

III. RAFT process

+ Pn

IV. Termination reactions

Pn  +  Pm Dn+m

R +  M Pm

Pm S

S
R

S

S
R

S S
R

S

S
R

S

S
Pm

S S
R

Z
Pn

Targeted product

Scheme 9.14 Schematic drawing of the synthesis of star polymers via Z-group approach.

may prevent more and more the diffusion of macroradicals into the core acting as
an obstacle for the chain transfer to the RAFT agent.

Practical Considerations and Experimental Results. The proposed mechanism –
depicted in Scheme 9.3 – suggests only the occurrence of the desired star product.
Termination reactions occurring should only be derived by termination between
two linear macroradicals. Their incidence can be influenced – similar to all RAFT
processes – by a high ratio between thiocarbonylthio functionality and initiator
concentration as well as other parameter such as rate of propagation.

Experiments using a range of cores and monomer (Table 9.3) indeed confirm
the observation of a single product, while multimodal molecular-weight distribu-
tions are typically absent [62, 102–104, 107, 117, 119–123]. The molecular-weight
shifts indicate increasing molecular weights of the star polymer with conversion.
A more detailed inspection of some SEC curves reveals, however, that significant
low-molecular-weight tailing occurs, broadening the molecular-weight distribution
(Fig. 9.4). Occasionally, it has been observed that the molecular weight does not
experience any significant shifts at high conversions. Figure 9.4 represents a typical
example of a PS polymerization in the presence of a multifunctional RAFT agent.
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Fig. 9.4 SEC traces of polystyrene, synthesized at 100 ◦C in the presence
of a 7-arm cyclodextrine-based RAFT agent [103] (trithiocarbonate). The
concentration of thiocarbonate groups is 1 × 10−2 mol·L−1. Samples
were taken after 6, 13 and 23 h. The inserted figure shows the
molecular-weight distribution without the logarithmic scale [100].

The molecular-weight distribution seems to broaden significantly with higher con-
version. This effect becomes even more obvious when plotting the traces against
the absolute molecular weight instead of employing the usual logarithmic scale.

Comparing theoretical molecular weights with measured values (disregarding
the fact that some SEC systems do not provide absolute molecular-weight val-
ues) a significant deviation between the measured and the theoretical molecular
weight was observed. The difference was observed to be dependent on conversions,
RAFT agent concentration and the type of monomer used. A linear evolution be-
tween molecular weight and conversion close to the theoretical value was usually
observed at low conversions, especially when using low monomer/RAFT ratios
[103]. The deviation from the expected value became more pronounced at higher
conversion when the growth of the molecular weight seemed to slow down until
no further increase in molecular weight was measured [103, 104]. Closer inspec-
tion of the SEC curves reveal that the delay of the molecular-weight growth is
accompanied by the broadening of the molecular-weight distribution and the ap-
pearance of a low-molecular-weight tail. Employing dithioesters as chain-transfer
agents – which have usually a better chain-transfer efficiency – even reveals a dis-
tinct low-molecular-weight peak instead of low-molecular-weight tailing [106]. The
tailing and/or the formation of bimodal distributions indicate the significant oc-
currence of side reactions. The cleavage of arms from the core by hydrolysis was
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Scheme 9.15 Schematic drawing of the hindered accessibility of the
RAFT group during the synthesis of star polymers using the Z-group
approach caused by the shielding effect of the growing polymer arms
[100].

demonstrated to be an essential reaction step to further analyze the products [103].
The molecular weight of each arm is a vital indicator of the star growth process,
revealing that indeed the star polymer stops growing in molecular weight at high
conversions. In addition, temperature and monomer/RAFT ratios were observed
to strongly influence this deviation [103]. One possible explanation for this behav-
ior may be the increased occurrences of termination reactions between two linear
macroradicals, as depicted in Scheme 9.14. Access of the macroradical to the RAFT
group – which is adjacent to the core – may be prevented by a shielding effect of the
star branches surrounding the core (Scheme 9.15). Reaching the core may become
increasingly difficult; thus, the macroradicals rather undergo termination. This
possible side reaction as illustrated in Scheme 9.15 is therefore indeed observed
especially during the polymerization of styrene. In general, the shielding effect was
found to be more or less pronounced depending on the system employed:

Ĺ Number of arms: The lower the number of arms, the better defined the resulting
star polymers since the accessibility of the RAFT agent in the core is enhanced.
Consequently, in the synthesis of three- [122] and four-arm [102] PS stars ter-
mination reactions were almost absent. While a 12-arm BA star possessed a
narrow-molecular-weight distribution [107], a 17-arm star polymer contained ter-
mination products as confirmed when cleaving off the arms [121]. A high number
of branches connected in one point (core) can immensely affect the conformation
of each arm up to an entropic unsuitable change. As a result, the shielding effect
is increased with increasing number of arms leading to the broadening of the
molecular-weight distribution.

Ĺ Type of core: Interestingly, even the type of core was found to be responsible for
a better accessibility. A hyperbranched core [104] with the same number of arms
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as a well-defined dendritic [118] core did prevent further growth of the arm after
a monomer conversion of 20%, while the dendritic core allowed the controlled
growth of the star polymer to higher conversions.

Ĺ Monomer to RAFT-agent concentration and conversion: As a rule of thumb, the delay
of branch growth is clearly a function of the length of the branch. High conver-
sions or long branches caused by a high monomer/RAFT ratio are unfavorable
for a well-defined growth.

Ĺ Type of monomer: Styrene was in general observed to lead to rather broad-
molecular-weight distributions with significant low-molecular-weight tailing.
The synthesis of stars based on acrylates was reported to proceed according to a
living process [102, 104, 107, 123]. Other monomers such vinyl acetate [117, 120],
NIPAAm [119, 125] and N,N-dimethylaminoethyl acrylate [119] were success-
fully employed in the synthesis of star polymers using the Z-group approach.
This is easily understandable considering that every monomer has unique solu-
tion properties providing an enhanced or worsened contact to the center of the
star.

Ĺ Temperature: High temperature can sometimes enhance diffusion of the polymer
segments possibly leading to a better accessibility of the core [103].

High-molecular-weight shoulders were occasionally observed, especially when
using acrylates. Detailed studies revealed that the observed star–star coupling was
caused by intermolecular chain transfer to polymer. Kinetic simulation could in-
deed correlate the amount of star–star coupling to the rate coefficient of intermole-
cular transfer of the radical of several acrylates to the polymer [126].

9.3.2
From Star Polymers via Arm-First Technique to Cross-Linked Micelles

The arm-first technique utilizes the simple approach to carry out the chain exten-
sion of the preformed arm, a macro-RAFT agent. Therefore, the thiocarbonylthio
end groups are reactivated in a polymerization using divinyl compounds. This
leads to the formation of star-shaped structures or microgels with a branch
length determined by the size of the macro-RAFT agent and a cross-linked core
(Scheme 9.16).

The synthesis of stars using the arm-first technique has been applied to obtain
PS microgels, using PS macro-RAFT agents of varying molecular weights followed
by cross-linking with divinyl benzene. The versatility of this approach is restricted
by the difficulty to obtain narrow-molecular-weight distribution. Cross-linker con-
centration and reaction time have to be carefully adjusted to avoid the formation of
a broad range of products with varying number of branches [127–129].

The broad-molecular-weight distribution of these microgels can be improved by
employing a selective solvent to force the system into a self-assembled aggregate.
Prerequisite is a different polarity of the arms forming the polymer and the gel-
like core. For example, a PEO-based poly-RAFT agent was employed to generate a
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Scheme 9.16 Schematic drawing of the synthesis of star polymers via arm-first approach.

microgel with PEO branches and a cross-linked styrene/divinyl benzene core (Table
9.4). When ethanol/THF (5:1 v/v) – a good solvent for PEO, but a nonsolvent for
styrene and divinyl benzene – was utilized, self-assembly facilitated the formation
of well-defined starlike structures [130]. Further similar approaches have been
pursued and are summarized in Table 9.4.

The approach described is typically a one-pot reaction, leading to a fully cross-
linked core. Cross-linked micelles can in addition be obtained in a subsequent re-
action after the self-assembly of a block copolymer in a reactive solvent. Depending
on the synthesis technique of the underlying block copolymer, the thiocarbonylthio
group can be located either in the core, on the surface of the micelle or at the nexus
of the two blocks (Scheme 9.17).

The successful synthesis of core-cross-linked micelles was demonstrated using
either a poly(2-hydroxyethyl) acrylate-block-poly(n-butyl acrylate) RAFT [48] or a
poly(N-isopropyl) acrylamide-block-polystyrene RAFT [134] block copolymer. Upon
self-assembly in a selective solvent, micelles were obtained with the RAFT group
being located in the core. Subsequent addition of cross-linking agent results in the
fixation of the aggregate. The block copolymers of the cross-linked micelle is – in
contrast to the one-pot technique described above – connected only in the center of
the core.

With preparation of the core-forming block first, followed by the chain extension
with the shell-forming polymer, a suitable system has been generated that allows
further stabilization along the shell. The cross-linking process requires, however,
significant optimization of the reaction conditions to prevent intermicellar cross-
linking [135].

In addition, RAFT polymerization offers the opportunity to stabilize aggregates
via cross-linking along the interface between shell and core. Prerequisite is the
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Table 9.4 Formation of microgels (or core cross-linked micelles) via
arm-first technique

Macro-RAFT agent                Solvent                     Core                   Ref. 
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utilization of a poly-RAFT agent (generated by covalent attachment of a RAFT
agent to a non-RAFT polymer), with the connection of the RAFT agent via Z group
(Scheme 9.17) [85]. The resulting cross-linked aggregate was observed to behave
only like the core-forming polymer – here PNIPAAm – but not like the underlying
block copolymer.

9.3.3
Other Techniques

Three-arm star polymers were prepared based on A–B–C triblock copolymers,
which the second block B consisting only of one reactive repeating unit. Monomers,
which cannot undergo homopolymerization such as maleic anhydride [136] or hy-
droxyethylene cinnamate [137], were employed to achieve An–B1–Cm structures.
The reactive B block underwent reaction with an end-functionalized polymer, lead-
ing to three-arm star polymers with three chemically different arms – so-called
miktoarm star polymers.

9.4
Comb Polymers

Comb polymer – polymers with a linear backbone and a number of branches
along this chain – can be prepared in a similar fashion to star polymers, using
the attachment of a RAFT agent along a linear polymer chain – the backbone.
The branches grow from the RAFT-agent anchor points in a controlled fashion.
Branches were also prepared using other polymerization techniques by combing
the RAFT process with a non-RAFT technique. A one-step approach is in contrast
the random copolymerization of a macromonomer, which will form the branch
with another (backbone-forming) monomer.

9.4.1
Comb Polymers via Attachment of RAFT Agent to Backbone

Comb polymers via attachment of RAFT agent via R- or Z group have similar
inferences regarding the mechanism and the resulting outcome as discussed above
in the synthesis of star polymers. The RAFT agents can be attached either via R
group (R-group approach) or via Z group (Z-group approach) (Scheme 9.19). The
mechanism is similar to the approach to synthesize star polymers.

Comb polymers via R-group approach are subject to side reactions such as the
formation of comb–comb termination products. The number of arms was pro-
posed as a significant influence on the occurrence of these products. Indeed,
comb polymers based on PS show a significant broadening caused by termina-
tion products. With increasing conversion, the fraction of termination products
was observed to be so significant in order for gelation to occur [111]. In addition,
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Scheme 9.19 Synthesis of comb polymers via RAFT, employing the
Z-group (left) or the R-group (right) approach.

termination reactions in comb polymers were found to be beyond the predic-
tion via kinetic modeling and should possibly include solution parameter. PVAc
star polymers with three- and four-arm stars followed the expected behavior since
the fast-propagating monomer suppressed side reactions. Increasing the number
of arm such as in comblike polymers should theoretically increase termination
events. Multifunctional RAFT agents with 20, 100 and 200 dithioxanthate groups
(Fig. 9.5) confirm the increased amount of comb–comb termination products with
increasing number of arms. In parallel, the amount of linear macro-RAFT agents
increased substantially with increasing number of branches, a trend against the-
oretical calculations (Fig. 9.5). Solution effects and the locally high concentra-
tion of RAFT groups along the backbone were suggested as origin of this effect
[100, 138].

However, following the recommendations concerning the star synthesis via the
R-group approach, better defined products can be obtained. Poly(butyl methacry-
late) (poly-BMA) branches were grown from RAFT agents immobilized on a
poly(butyl methacrylate) in a controlled manner by increasing the amount of RAFT
groups considerably resulting in the formation of short well-defined branches
[139].

Attachment of RAFT agents via the Z group attracts similar difficulties, such as
the increased occurrence of termination reactions of two linear macroradicals. The
hydrolysis of arms also revealed that the growth of each branch deviates even further
from the expected value than during the star synthesis. The high local concentration
of RAFT agents along a backbone results in an uneven distribution of RAFT agents
in the solution. The chain transfer was found to be delayed, resulting in an uneven
growth of branches. While some branches already reached a significant length,
other RAFT agents still remained inactivated [140, 141].
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Fig. 9.5 SEC curves of the bulk polymerization of VAc in the presence of
varying sized multifunctional RAFT/MADIX agents at 60 ◦C with
[xanthate groups] = 1.1 × 10−2 mol·L−1 and [AIBN] = 2.2 × 10−3

mol·L−1. The conversion is between 30 and 40%. Gel products were
removed via filtration when using n = 200 [100].

9.4.2
Comb Polymers via Attachment of Initiator to Backbone

Grafted chains were also obtained by attaching the initiator to the backbone instead
of a RAFT agent. The length of the grafted chain is then controlled by the added
RAFT agent (Scheme 9.20). The growth of the branch is subject to the decompo-
sition rate of the initiator. Potential side products are linear macro-RAFT agents
generated from the leaving group R of the RAFT agent preceding chain transfer.
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Scheme 9.20 Synthesis of comb polymers via immobilization of radical
initiator along the backbone and added RAFT agent to control the
branch length.



c09 December 17, 2007 12:1 Char Count=

9.4 Comb Polymers 363

PEGMA branches have been generated along a fluorinated polyimide [142] and a
poly(vinylidene fluoride) backbone [143]. The initiator was in both cases generated
by ozone treatment. Reasonably well-defined products were obtained, considering
that the underlying polymers had already a broad-molecular-weight distribution.
The distribution was improved by precipitation of the product in ethanol to remove
linear PEGMA macro-RAFT agents.

9.4.3
Comb Polymers Using Macromonomers

An alternative pathway to comb polymers is the controlled polymerization of
macromonomers (Scheme 9.21).

A common macromonomer, which has already been described earlier, is a
monomer based on polyethylene oxide, such as poly(ethylene glycol) (meth)acrylate
(PEGMA) and poly(ethylene glycol) acrylate (PEGA). However, the molecular
weight of PEGMA and PEGA was typically below 600 g·mol−1. A PEO-based
macromonomers with molecular weights of Mn = 2000 g·mol−1 was utilized to
chain extend a PS macro-RAFT agent in order to prepare real toothbrushlike struc-
tures, with a PS block forming the handle and poly(PEGA) creating the brush [144].
The molecular weight of the PS macro-RAFT agent was found to influence the
rate of polymerization considerably. Similar to the synthesis of block copolymers,
a decrease in the rate of polymerization of the macromonomer with increasing
molecular weight of PS macro-RAFT agent was noted [144].

PDMS-based methacrylate [145, 146] was copolymerized with methyl methacry-
late, leading to comb polymers with a random branch distributions. The apparent
reactivity ratio during the RAFT process was shown to derivate from the values
observed using free-radical polymerization. Additionally, higher temperatures of
the RAFT polymerization seem to influence the apparent reactivity ratios in fa-
vor of the macromonomers [145]. This was ascribed to the chemical structure
of the macromonomer, which affects diffusion associated with the large mole-
cular weight of the macromonomer and possible incompatibility effects between
macromonomer and macroradical [146].
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Scheme 9.21 Synthesis of comb polymers via RAFT polymerization of macromonomers.
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9.4.4
Comb Polymers via Combination of RAFT and Other Techniques

The growth of branches from a backbone can be carried out by combining RAFT
polymerizations with a range of other polymerization techniques.

Hydroxy groups in the backbone were utilized to initiate ring-opening polymer-
ization. A random copolymer prepared via RAFT polymerization from styrene and
2-hydroxyethyl methacrylate functioned as the backbone and as initiator for the ring-
opening polymerization of ε-caprolactone [147]. This work was then extended to
prepare toothbrushlike structures by employing PEO-modified poly-RAFT agent,
leading to a structure with a hydrophilic PEO handle and a brush consisting of
poly(ε-caprolactone) (Scheme 9.22) [84, 148]. The initiating efficiency was found to
be very high with almost all hydroxy group leading to the growth of a branch.

A similar approach was applied to generate poly(tetramethylene oxide) branches
by ring-opening polymerization of THF initiated by a well-defined backbone of
randomly copolymerized styrene and chloromethyl styrene [149].

Chloromethyl styrene can not only initiate ring-opening polymerization, but
also act as an initiator for the controlled polymerization via atom-transfer radical
polymerization (ATRP). An A B C triblock copolymer – prepared by subsequent
chain-extension steps using the RAFT process – composed of glycidyl methacry-
late, chloromethyl styrene and polyethylene glycol methacrylate was utilized as
a macroinitiator in the controlled polymerization of styrene via ATRP, resulting
in well-defined PS brushes [150]. The same pathway was pursued to generate
poly(methyl methacrylate) brushes growing from a PS backbone [151].

All the techniques suggested above are designed to obtain comb polymers with a
high branching density, which resembles brushlike structures, or to generate comb
polymers with a low branching density, but with the distribution of branching points
being subject to reactivity ratio of the two monomers forming the backbone.

A controlled distance between two branching points is achieved by generating
a multiblock copolymer containing a multitude of RAFT agents. Reaction with a
functional monomer that cannot homopolymerize introduces anchor points for the
branch in order to obtain regular comb polymers (Scheme 9.23) [152].

9.5
Other Complex Architectures

As outlined in Scheme 9.1, a range of architectures are theoretically possible. How-
ever, not all these structures have been realized. However, RAFT polymerization
in combination with a range of other polymerization techniques such as polycon-
densation and ring-opening polymerization do facilitate access to these structures.
H-shaped polymers based on PS, PEO and PLA [153] or based on PS and poly(1,3-
dioxepane) [154] were reported as well as π -shaped polymers [155] (Scheme 9.24).
Access to novel architectures was also demonstrated by combining dendrimer
chemistry with the RAFT approach [156].
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Scheme 9.24 Various complex architectures prepared by combination
of RAFT with other techniques.

9.6
Conclusions

Despite certain difficulties such as the occurrence of termination reactions, RAFT
polymerization was shown to be a versatile tool to access a range of different complex
architectures. Especially the broader range of monomers that can be polymerized
in a controlled manner as well as the robustness of the process in the presence of
a range of functional groups makes the RAFT process unique and advantageous.

Therefore, RAFT polymerization is a powerful way to obtain a range of structures
with control over architecture as well as molecular weight. These complex polymer
architectures were already successfully employed in a range of applications to
general novel materials. These applications include polymer–protein conjugates
[157], polymer–peptide conjugates [158] and polymer–oligonucletide conjugates
[159]. Honeycomb-structured porous films – films with a highly regular hexagonal
order of pores – were obtained using a variety of complex architectures [160].
Especially, amphiphilic block copolymers were investigated regarding their self-
assembly properties in order to produce core-shell nanoparticles [39–41, 47, 48, 54,
57, 59, 63, 68, 79, 85, 96, 99].

Details of the application of these complex polymer architectures can be found
in Chapter 13.

Abbreviations

ATRP Atom-transfer radical polymerization
BA n-Butyl acrylate
BMA n-Butyl methacrylate
CuAAc Copper-catalyzed alkyne and azide 1,3-dipolar cycloaddition
DA Diels Alder
DMA N,N-dimethyl acrylamide
MA Methyl acrylate
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NIPAAm N-isopropyl acrylamide
PDMS Poly(dimethylsiloxane)
PEGA Poly(ethylene glycol) acrylate
PEGMA Poly(ethylene glycol) methacrylate
PEO Poly(ethylene oxide)
PLA Poly(lactide)
PNIPAAm Poly(N-isopropyl acrylamide)
PS Polystyrene
PVAc Poly(vinyl acetate)
RAFT Reversible addition–fragmentation chain transfer
SEC Size-exclusion chromatography
VAc Vinyl acetate
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10.1
Introduction

Free-radical polymerization is extensively utilized industrially, with about 50%
of polymeric materials being produced by this chain process [1]. Compared to
ionic polymerizations, free-radical processes offer the advantage of being appli-
cable to a wider variety of monomers and are not as demanding regarding the
purity of the reagents used. Radical processes can be implemented in emulsion,
suspension, solution or in bulk. In addition, radical growing species are highly
tolerant of many functional groups, including acid, hydroxyl, amino, epoxide, etc.;
hence, functional monomers can undergo radical polymerization without the help
of protection chemistry. However, chain breakings occurring by irreversible termi-
nations in ‘conventional’ free-radical polymerization seriously limit its relevance
in macromolecular engineering. Substantial research has thus been devoted to
controlled/living radical polymerization (C/LRP) [2] methodologies that combine
the advantages of truly ‘living’ systems for the quality of the polymers formed
with the easiness inherent to radical processes. Among C/LRP systems, nitroxide-
mediated polymerization (NMP) [3], atom-transfer radical polymerization (ATRP)
[4, 5], reversible addition–fragmentation chain transfer (RAFT) [6–9], macromolec-
ular design by interchange of xanthates (MADIX) [10, 11] and iodine degenerative
transfer polymerization (IDTP) [12, 13] have been extensively investigated, paving
the way for a use in macromolecular engineering [14, 15].

An important development in this area is based on the use of thiocarbonylthio
compounds of general structure Z C( S)SR, including dithioesters, dithiocarba-
mates, trithiocarbonates or xanthates in RAFT and MADIX processes [6–11]. From
a mechanistic viewpoint, MADIX and RAFT processes are actually strictly identical
and eventually only differ by the nature of the chain-transfer agent (CTA): The
RAFT terminology prevails for CTAs Z C( S) S R in general, whereas MADIX
refers to xanthates exclusively (with Z = OZ′). However, some authors using xan-
thates as CTAs refer to the more general RAFT terminology rather than MADIX.

Handbook of RAFT Polymerization. Edited by Christopher Barner-Kowollik
Copyright C© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31924-4
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The CSIRO in Australia [16] and Rhodia [17] were pioneers in the development and
use of RAFT/MADIX polymerizations. Significant developments have then been
directed toward RAFT and MADIX processes, including the design of new CTAs,
kinetic and mechanistic investigations, direct synthesis of water-soluble materials
and their implementation in dispersed media.

This review is preliminary intended to cover the literature on the particular
use of xanthates in MADIX/RAFT polymerization, since the first peer-reviewed
article by Charmot et al. on this topic in 2000 [10]. As far as we are aware, the
number of contributions citing the particular use of xanthate in RAFT/MADIX
polymerization is somehow limited (<200), as compared to the total number of
reports on RAFT/MADIX polymerization in its general sense (>500 since 1998).
The scope and limitations of MADIX polymerization will be discussed with respect
to important criteria that include the variation of both R- and Z groups of xanthates
to reach optimal control, monomers that can be polymerized and experimental
conditions to be applied. Synthetic routes to xanthates that can operate in MADIX
are also briefly reviewed. This will be followed by a short overview of the various
polymer architectures achievable by MADIX. Practical ways to remove xanthate
end groups in polymer chains after polymerization, which is an important matter
for an industrial development of MADIX-derived (co)polymers, is also presented.
Finally, some potential applications of such materials described in the recent patent
literature are mentioned.

10.2
History of MADIX Polymerization

The invention of RAFT/MADIX originates in two distinct types of works initi-
ated in the mid-1980s. According to the CSIRO group, RAFT is an extension
of their own works regarding the use of addition–fragmentation chain-transfer
agents (AFCTA) in radical polymerization, which enable control of the molar
mass and terminal functionality of the prepared polymers. A first generation of
irreversible AFCTA agents was reported [18], including allylic compounds, vinyl
ethers and thionoesters. The CSIRO took further step toward RAFT with the use
of noncopolymerizable methacrylate macromonomers in the polymerization of
methacrylics by a mechanism of addition–fragmentation, thus retaining a terminal
olefinic group over the course of the polymerization [19]. In spite of the low trans-
fer constant of macromonomers (Ctr = 0.2–0.3) in the polymerization of methyl
methacrylate (MMA) [19], all methacrylic diblock copolymers of low polydispersity
index (PDI) were obtained in semibatch emulsion polymerization [20]. However,
RAFT/MADIX methodologies also find their origin in works in France by Zard and
coworkers who exploited the degenerative transfer of xanthates in their addition
to alkenes for the formation of 1:1 adducts [21, 22]. This addition reaction was de-
signed to shed light on the mechanism of the exceedingly useful Barton–McCombie
deoxygenation, which allows the reduction of an alcohol 1 into the corresponding
alkane 4 via the corresponding xanthate 3 or a related thiocarbonyl derivative,
as summarized in Scheme 10.1 [23]. The alcohol is converted into the S-methyl
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Scheme 10.1 An abnormal result in the Barton–McCombie reaction.

xanthate 3 by methylation of the intermediate xanthate salt 2 with methyl iodide.
The placement of a methyl group on the sulfur atom was done initially out of sheer
convenience, without much forethought as to its importance. When O-(cholestan-
3-yl)-S-isopropyl xanthate 5 was reacted with tributyl stannane and a small amount
of 2,2′-azobis(isobutyronitrile) as the initiator, none of the expected cholestane 6
was obtained: the reaction produced propane and tributyltin xanthate 7 [24]. This
meant that the reaction intermediate 8, when given a choice of generating radicals
of similar stabilities by rupture of either the C O or C S bond, will preferentially
undergo scission of the latter.

By placing a primary group on the oxygen of the xanthate such as an ethyl, as
in 9, cleavage of the C O bond to give the high-energy ethyl radical becomes even
more difficult. An incoming carbon-centered radical R′• will therefore add to the
thiocarbonyl group and will expel radical R• from the other sulfur atom, if radical R•
is more stable than attacking radical R′• (Scheme 10.2). A transfer of the xanthate
group thus takes place from R to R′ on going from 9 to 11 via adduct 10, or vice
versa depending on the relative stabilities of the two corresponding radicals.

S

OS
Et

OS

S

R R Et
OS

S
R

R'

Et

R'

9 10 11

+ R' +

Scheme 10.2 Reversible exchange of a xanthate group between two radicals.
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Scheme 10.3 Radical addition of a xanthate to an olefin.

This RAFT process can be incorporated into a reaction scheme where radical R′•
arises by addition of radical R• to an olefin, as outlined in Scheme 10.3 (i.e. R′ = 14)
[21, 22]. Thus, in a first initiation step, a radical R• is generated from the starting
xanthate 9 and is rapidly captured by its precursor to give intermediate 12 (path A).
This reaction is very fast but degenerate, because scission of the C O bond to
give an ethyl radical (path B) is disfavored, and the other possible fragmentation
(path C) returns the starting materials. Interception of R• by the olefinic trap 13
(path D), although normally slower, is in fact not hampered by another major
competing process. Radical 14, arising from the addition to the olefin, is in turn
rapidly captured by xanthate 9 to produce intermediate 15, an unsymmetrical entity
that can fragment in two ways: either to give back radical 14 or to proceed to product
16 and radical R•, which propagates the chain. This equilibrium is the same as the
one in Scheme 10.2 and will be shifted in the direction of the more stabilized
radical: If R• is more stable than radical 14, the process will be driven forward and
a clean addition to the olefin is observed.

This is indeed the case, as illustrated by the smooth addition of the cyclopropyl
containing xanthate 19 to protected N-allylhydroxylamine 19 to give the expected
adduct 20 in high yield [25]. This is one example from hundreds that has been
performed over two decades [21, 22].

The example of addition to an olefin deployed in Scheme 10.4 embodies many
of the advantages of this radical process:

Ĺ The starting xanthate is often trivial to prepare, as shown by the essentially quan-
titative formation of 19 from bromoketone 17. Potassium O-ethyl xanthate, 18, is
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Scheme 10.4 Example of an addition to an olefin and further transformation.

simply prepared by adding carbon disulfide to ethanolic potassium hydroxide; it
is a very cheap commodity chemical that is extensively used as a flotation agent
in the mining industry.

Ĺ The experimental procedure is exceedingly simple and the reaction can be per-
formed under very high concentrations, typically 1–4 M. In the case of liquid
reactants, no solvent is actually needed. Nearly equimolar quantities of the xan-
thate and olefin can be used, less initiator is needed and the reaction mixture is
cleaner, resulting in a simplified purification, diminished waste and can be easily
scaled up.

Ĺ Even though 1,2-dichloroethane (DCE) was most often used, because of its high
solubilizing power, convenient boiling point and little tendency to act as a hy-
drogen donor, many other solvents can be used, including water. The choice of
solvent depends on the substrate, the scale and, perhaps most importantly, the
temperature at which the reaction is to be carried out, as this factor will also
condition the half-life of the initiator.

Ĺ The experimental conditions are mild and neutral; numerous functional groups
are tolerated and many of the polar groups that need protection in the case of
ionic or organometallic reactions can be left in their native form.

Ĺ The absence of a major competing process gives the intermediate radical R• in
Scheme 10.3 an effective long lifetime, allowing it to add even to nonactivated
alkenes or, more generally, to undergo comparatively slow radical processes that
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are often difficult to accomplish with other radical methods (e.g. ring closure
to aromatic or heteroaromatic rings). The xanthate transfer addition has emerged
as perhaps the most powerful process for creating C C bonds on nonactivated
alkenes in an intermolecular fashion. By modifying the starting xanthate and the
olefinic trap a virtually infinite number of possible combinations can be made.

Ĺ The system is self-regulating, since reactive radicals are rapidly intercepted by the
xanthate to furnish intermediates such as 12 and 15. These are stabilized radicals
that cannot disproportionate and are for all intents and purposes totally innocu-
ous. They act in fact as storage entities for the reactive radicals and fragment
selectively to liberate the most stable radical. This is a very subtle but impor-
tant feature of the system with some interesting synthetic consequences (see
Chapter 5 of this book for a thorough discussion).

Ĺ The process is convergent and atom economical, since all the components end
up in the densely functionalized product. Indeed, one of the major strengths of
this technology is that it allows the swift assembly, under neutral conditions, of
complex structures containing a combination of functional groups. A change in
the pH or the addition of an external reagent can then bring about a reaction
between these various entities. This is illustrated by the further transformation
of adduct 20 in Scheme 10.4: Addition of trifluoroacetic acid (TFA) results in the
liberation of the terminal hydroxylamine followed by a fast internal condensation
onto the ketone to give nitrone 21, which can then be intercepted by diethyl
acetylenedicarboxylate, a strong dipolarophile, to give finally bicyclic derivative
22 in good yield. Such structure would be accessible with some difficulty using
more traditional routes.

Ĺ The reaction manifold depicted in Scheme 10.3 is applicable to other thiocar-
bonylthio derivatives, of general formula Z C( S) SR, since the OEt group
in the xanthate is just a spectator, with only an indirect influence. An identi-
cal process can therefore be implemented with dithiocarbamates (Z = NR′R′′),
trithiocarbonates (Z = SR′), dithioesters (Z = R′), as long as the appropriate
choice of substituents is made. The nature of the Z group influences the rate
of radical addition onto the thiocarbonyl and the stability of the ensuing adduct
[Z C•(SR)SR′] and hence its propensity to fragment. Other properties such as po-
larity, solubility (in water for example), color or crystallinity can also be modified
by selecting the appropriate substituent on oxygen.

Ĺ The product of the reaction is itself a xanthate, so that another radical transfor-
mation can be envisaged. Alternatively, the xanthate can act as a very convenient
entry into the exceedingly rich and varied chemistry of sulfur, opening the way
to limitless opportunities for subsequent modifications.

The fact that the product is itself a xanthate, or more generally a thiocarbonylthio
derivative, it is therefore capable, in principle, of undergoing a second radical
addition. If the alkene trap is a polymerizable monomer, then the addition process
can be easily perpetuated until there is no more monomer in the medium. The
RAFT and MADIX processes benefit from all the advantages listed above. This
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concept of degenerative transfer of xanthate group has thus been extrapolated by
the Rhodia group [10, 17] and has given birth to the MADIX process. This new
C/LRP method was patented [17] at about the same time that the CSIRO group in
Australia discovered the RAFT process [16]. The first patent of the CSIRO deals
with the use of dithioesters and trithiocarbonates as RAFT agents; xanthates and
dithiocarbamates were not claimed in this invention [16]. In the literature, the first
peer-reviewed article on RAFT was published in 1998 by the CSIRO [26], while
Charmot et al. from Rhodia published the first article on MADIX in 2000 [10].

10.3
Mechanism of MADIX Polymerization

A MADIX polymerization consists of the simple introduction of tenths to few molar
percent of a xanthate in a conventional free-radical system. Like for RAFT, the key
feature in MADIX is a sequence of reversible addition–fragmentation reactions
on the basis of the degenerative transfer of xanthate described above, as shown in
Scheme 10.5 [10, 11]. The alkene plays the role of the monomer and is therefore used
in large excess relative to the xanthate. Typical experimental conditions of MADIX
polymerization are very similar to those used in conventional radical polymerization
in the presence of a transfer agent. Propagating species Pn• are first produced from
a conventional radical source (e.g. azo or peroxo compounds) and the monomer
(Scheme 10.5, path I). These oligomeric radicals Pn• add onto the C S double bond
(kadd) of the xanthate, the transient radical thus formed subsequently undergoing a
β-scission (kβ) to form a new thiocarbonylthio species and the expelled R• (Scheme
10.5, path II). The R• radical is chosen so that it is capable of reinitiating the
polymerization (kre-ini) and, as in conventional radical polymerization, active species
propagate (Scheme 10.5, path III).

The so-called preequilibrium (II) in Scheme 10.5 consists in the sole consump-
tion of the MADIX agent.

The faster the preequilibrium, the closer the experimental molar mass to the
theoretical value will be. Ideally, as in any C/LRP where the controlling agent is
fully converted in the first instants of the polymerization, the molar masses increase
linearly with monomer conversion and can be predicted by equation (10.1):

Mn,theo = [M]0
[X ]0

× MMU × Conv. + MX (10.1)

where Mn,theo is the theoretical number-average molar mass, [M]0 and [X ]0 are the
initial monomer and xanthate concentrations, respectively, MMU and MX are the
molar masses of the monomer unit and the xanthate, respectively, and Conv. is
the fractional conversion of the monomer. The above expression assumes that all
growing chains arise from the sole R group of the CTA.
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As for other CTAs used in RAFT/MADIX polymerization, the radical attack
of propagating species onto the C S bond of the xanthate RS(C S)OZ′ strongly
depends on the activation brought by the activating group Z = OZ′, whereas the
β-scission is favored when R• has a marked stability and steric hindrance. As
illustrated in Scheme 10.5, the chain-transfer constant Ctr(X) accounts for both
addition and fragmentation steps according to equation (10.2):

Ctr(X) =
(

kadd

kp

)[
kβ

(k−add + kβ)

]
(10.2)

This period of consumption of the initial RAFT/MADIX agent that is sometimes
called the ‘initialization period’ [27] can be conveniently probed by in situ 1H
NMR spectroscopy, as reported by Klumperman and coworkers [27, 28]. Once



c10 December 15, 2007 12:56 Char Count=

10.3 Mechanism of MADIX Polymerization 381

the xanthate has been consumed, the macro-CTA agent enters in the so-called
main equilibrium (IV) that is the chain-to-chain transfer of the ω-xanthate groups
between the dormant chains and the propagating species. The kinetics of the main
equilibrium is expressed through a chain-transfer constant, noted Ctr(PnX), which
can be different from the Ctr(X) value of the preequilibrium. Since the two polymer
fragments in the intermediate radical are considered as almost identical, one can
consider that k−add = kβ ; hence, the Ctr(PnX) can be expressed according to equation
(10.3):

Ctr(Pn X) = kadd

2kp
(10.3)

Ideally, a rapid exchange ensures an equal probability for all chains to grow and a
narrow molar mass distribution. After complete polymerization, the vast majority
of the chains theoretically retain the dithiocarbonate group at one end and the R
group arising from the initial xanthate at the other. Under appropriate conditions,
the proportion of dead chains formed by irreversible chain breakings (by dispro-
portionation and/or recombination) (Scheme 10.5, path V) can be minimized.
Increasing the radical concentration will increase the overall rate of polymerization
but at the same time chain breakings will be more pronounced, which will broaden
the molar mass distribution of the final polymers.

If intermediate radicals derived from dithioesters formed in pre- and main equi-
libria could be observed via electron spin resonance [7], their inspection and quan-
tification in xanthate-mediated polymerization has not been reported yet in the liter-
ature. The expected structures of MADIX-derived polymers could be confirmed by
different characterization techniques, such as 1H NMR, UV or IR spectroscopy, as
well as by electrospray ionization mass spectrometry (ESI MS) and matrix-assisted
laser desorption ionization – time-of-flight mass spectrometry (MALDI-TOF MS).
The xanthate-terminated polymers can be isolated or reactivated in chain extension
experiments or for block copolymer synthesis.

In summary, the two following conditions must be fulfilled to reach an optimal
control of a MADIX polymerization: (1) rapid exchanges of dithiocarbonate end
groups between propagating species and all CTAs (the initial xanthate and the
macro-CTA), meaning that both Ctr(X) and Ctr(PnX) must be high; (2) use of a
much lower concentration of initiator than that of xanthate (typically <10 mol %)
to minimize the presence of dead chains; however, this concentration should be
high enough to ensure completion of the polymerization. Obviously, the effective-
ness of a MADIX polymerization varies as a function of the monomer/xanthate
combination.

The MADIX process can be well described by the model reported by Müller et al.
in 1995 for group transfer polymerization of alkyl (meth)acrylates [29], which is
another notorious degenerative transfer process. This model assumes that irre-
versible terminations by coupling can be neglected and that Ctr(X) = Ctr(PnX), and
allows one to predict the evolution of Mn and that of PDI as a function of monomer
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conversion. The number-average degree of polymerization, DPn, could be expressed
as follows (equation (10.4)):

DPn = [M]0 × Conv.

[X ]0(1 − (1 − Conv.)Ctr(X)
(10.4)

The final PDI in such polymerizations equals 1 + 1/Ctr(PnX) [29]. Both variations of
Mn and PDI could thus be plotted for different Ctr values. Figure 10.1a shows that
the greater the Ctr value, the closer the DPn versus monomer conversion profile
to the theoretical straight line is. A linear increase of molar masses is achieved for
Ctr values greater than 10, meaning that the CTA is much more rapidly consumed
than the monomer. As shown in Fig. 10.1b, it also clearly appears that the evolution
of PDI versus conversion strongly varies with Ctr; values greater than 10 permit the
obtainment of polymers with PDI around 1.2. Experimental Ctr(X) values can be
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estimated from this model with the measured DPn at a given monomer conversion,
provided that the simplifying conditions for the model to be valid are fulfilled and
that the experimental DPn > Conv. × [M]0/[X]0.

Before the entire consumption of X, DPn > Conv. × [M]0/[X]0. This profile is
sometimes referred to as the ‘hybrid behavior’, that is new polymer chains produced
from the CTA late in the polymerization broadening of the molar mass distribution
of the final polymer [27, 28]. The possible causes of the ‘hybrid behavior’ are linked
to (i) an inappropriate selection of the Z group, (ii) the R group that can be a poor
leaving group to fragment (kβ) relative to the oligomer/polymer chain from the
intermediate radical or (iii) the fact that R• group may exhibit poor reinitiating
ability (kre-ini).

More than 50 xanthates have already been described in the literature to be used in
MADIX polymerization. Main xanthates discussed in this chapter are represented
in Figs. 10.2 and 10.8.

10.4
Kinetics of MADIX Polymerization

Chain-transfer reactions usually have no effect on the overall polymerization rate.
As a consequence, kinetics of a RAFT/MADIX polymerization should be identical
to those of a conventional free-radical polymerization, irrespective of the CTA. How-
ever, RAFT polymerizations utilizing some dithioesters (mainly dithiobenzoates)
have been reported as being slower than conventional free-radical polymerization
systems conducted under similar conditions [30]. Polymerization can even be com-
pletely inhibited for particular CTA/monomer combination (e.g. dithioester/vinyl
acetate). As discussed later, some retardation was also evidenced in xanthate-
mediated polymerization of vinyl acetate (VAc) [31]. Likewise the overall rate of
polymerization can be decreased by increasing the concentration of the CTA. The
existence of this retardation/inhibition effect can be related to a significant con-
centration and stabilization of radical intermediates appearing in pre- and main
equilibria (II) and (IV) in Scheme 10.5. This has been the subject of an intense and
ongoing debate in the literature [6–8, 30]. Some authors have suggested that the
intermediate radical PnS (Z)C· SPm undergoes a slow fragmentation and may
terminate reversibly, the CTA and macro-CTAs acting therefore as radical sinks.
Other groups have counterproposed that radical intermediates are irreversibly cap-
tured, for instance by propagating species Pn

· in irreversible terminations thereby
producing three-arm stars, or may undergo conventional radical reactions such as
transfer or propagation. However, inhibition can also be explained by a slow reiniti-
ation of R· during the ‘initialization period’. In this context, the case of xanthates as
MADIX agent can be put forward. Little retardation is generally observed in MADIX
polymerization, except for fast-propagating monomers, such as vinyl acetate (VAc)
or N-vinyl pyrrolidone (NVP). For instance, the Australian group from the Centre
for Advanced Macromolecular Design (CAMD) designed a series of eight xanthates
(X20–X27, Fig. 10.2) to investigate the kinetics of MADIX polymerization of VAc
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[31]. All MADIX agents exhibited extended periods of inhibition (0.3 h < tinh <

10 h) and moderate rate retardation. This was attributed to slow fragmentation of
intermediate MADIX radicals appearing in pre- and main equilibria, though pos-
sible termination reactions were not ruled out. More recently, Klumperman and
coworkers studied the MADIX polymerization of both VAc and NVP by in situ 1H
NMR spectroscopy, as a convenient and complementary means to molar mass dis-
tribution characterization, to follow the concentrations of xanthate, monomer and
oligomeric adduct of the CTA involved [28]. For instance, addition of X10 to NVP
is highly selective during the first 275 min, with no significant polymerization be-
fore the complete xanthate conversion into the single monomer adduct. Afterward,
the rate of monomer consumption significantly increased. Here, the nature of the
leaving group R·, in particular its reinitiating ability (kre-ini) during initialization
process, was the key parameter in the observation of a retardation effect. Indeed,
it was observed that the single monomer adduct was formed very slowly, while
the concentration of the cyanoisopropyl recombination by-product was abnormally
high. In contrast, changing the cyanoisopropyl for a 2-carboxyethyl (X18) or a tert-
butyl (X19) leaving group led to the simultaneous formation of oligomeric adducts
[28]. This was ascribed to the monomer-derived radicals exhibiting better leaving
group ability than the R group. Consequently, monomer is polymerized before
complete consumption of the CTA, which broadens the molar mass distribution. A
‘selective initialization’ leads to polymers with narrowly distributed molar masses
– system which is referred to as an ‘ideal’ RAFT/MADIX polymerization – whereas
polymers with higher PDIs are formed in the ‘absence of selective initialization’.

The inhibition phenomenon was also studied by the CAMD group by in situ
Fourier transform near-infrared and off-line 1H NMR spectroscopy, for MADIX
bulk polymerization of VAc performed in the presence of the O-isopropyl xanthate
X26 [32]. The presence of traces of impurities (oxygen or residual stabilizer) in the
reaction mixture was put forward to explain the strong and variable inhibition pe-
riods observed during polymerization. This susceptibility of the poly(vinyl acetate)
(PVAc) propagating radical to these impurities is obviously due to its high reactivity.

The overall kinetics of MADIX polymerization is thus dependent on both addition
and fragmentation rate coefficients (kadd and kβ), which in turn can be varied as
a function of the R- and the Z groups. For instance, kβ depends not only on
stabilization of the intermediate radicals (mainly affected by the Z group) but on
the weakness of the S C bond (mainly related to the R group) as well.

Coote and Radom performed high-level ab initio calculations for MADIX poly-
merization of VAc, considering a series of xanthates (X24–X27) [33]. Computational
studies confirmed that rate retardation can be induced by a slow fragmentation if
substitution within the activating OZ′ group is increased. This, indeed, stabilizes
the MADIX radical intermediate and hence reduces kβ . The authors also found
that rate reduction for bulkier groups (isopropyl and tert-butyl compared to methyl
and ethyl) is also accompanied by a sterically induced conformational change in the
transition structures. In the particular case where O-tert-butyl xanthate was consid-
ered (X27), rate retardation was explained by an unexpected side reaction that was
the fragmentation of the O C bond in the tert-butoxy group of the MADIX adduct.
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10.5
Choice of MADIX Agents

A wide variety of xanthates have been designed and tested in radical polymerization
of different monomers (Figs. 10.2 and 10.8). The structural variation of the Z- and
R groups and its effect on the MADIX agent reactivity can be qualitatively and
quantitatively predicted using low-level molecular orbital calculations and high-
level ab initio calculations, respectively, as reported by the group of Coote and
coworkers [33–37]. Current computational techniques allow calculation of energy
barriers and enthalpies with a good accuracy. For instance, radical stabilization
energies of the RAFT/MADIX-adduct radicals and values of the enthalpies of the
fragmentation reactions were calculated for various combinations of the Z- and R
substituents [34]. These investigations allowed the authors to examine the influence
of the substituents on the stability of both the RAFT/MADIX-adduct radicals and
the thiocarbonyl-thio compounds formed by fragmentation. It was confirmed that
the stability of the intermediate radical is enhanced by electron donation from
the two sulfur groups. Interestingly, lone-pair donor substituents in Z such as in
O-alkyl xanthates have a smaller effect on radical stability. The R group, although
having a minor effect on the stability of intermediate radical, can interact with the
other sulfur substituent, affecting the strength of the S R bond. In addition, bulky
R- and Z groups were found to have a more significant effect on the destabilization
of RAFT/MADIX agent than on the corresponding radical intermediate. Although
this should be compared with experimental findings, computational chemistry can
be used as a first-reference guide for selecting the R- and Z groups for a given
monomer/xanthate combination [35–37].

10.5.1
R Effect of Xanthates

In addition to be a good leaving group relative to the attacking propagating radical,
the R· radical should also efficiently reinitiate polymerization. For instance, benzyl,
phenylethyl or cumyl groups as R groups in O-ethyl xanthates would be poor
reinitiating groups for MADIX polymerization of VAc. In contrast, xanthate X0

proved to be a very efficient CTA for MADIX polymerization of this monomer
[11]. The R group has a lesser contribution than the activating Z group toward
the stabilization of the radical intermediate. To date, cumyl, cyanoisopropyl or
propionyl groups proved to be the most efficient for reinitiation of RAFT/MADIX
polymerization in general [6–11].

A series of xanthates containing the same Z = OEt activating group (X1–X10)
were evaluated for the polymerization of styrene [38] (S) and ethyl acrylate (EA)
[11, 38]. In this series, the rate constant of addition, kadd (Scheme 10.5), is mainly
influenced by the activating group Z = OEt. The results obtained were therefore
directly correlated to the leaving R-group ability, that is to the probability for the
transient radical to undergo a β-scission in the desired direction that is expressed by
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kβ/(k-add + kβ), preferentially forming R· rather than fragmenting back to reform
the attacking Pn

· radical. It was thus found that the R group of O-ethyl xanthates
had a marked influence on the Mn evolution profile due to a change of the Ctr

value. For instance, the Mn value obtained at high conversion with X1 is slightly
higher than that predicted by the [S]/[X1] feed ratio. This was ascribed to a slow
and incomplete consumption of X1 over the course of the polymerization. This
hybrid behavior was supported by the Ctr value of X1 lower than unity (Ctr(X1) =
0.89). The chain-transfer activity then increased in the following order: X1 ∼ X2

< X3 < X4 ∼ X6 < X5 ∼ X7 < X8 < X9 < X10. It turns out that incorporation
of electron-withdrawing groups increased xanthate reactivity: Ctr(X6) = 1.65 >

Ctr(X1) = 0.89 and Ctr(X7) = 2 > Ctr(X1). Finally, O-ethyl xanthates with tertiary R
groups further improve the control in S polymerization, the cyanoisopropyl group
of X10 proving the best leaving group in this series: Ctr(X8) = 3 < Ctr(X9) = 3.8
< Ctr(X10) = 6.8. Consistently with findings for dithioesters, the more substituted
and stabilized the R· leaving radical, the higher the transfer constant [6–11]. It is
noteworthy that an excellent correlation between the experimental Mn evolution
profiles and those predicted by Müller’s model was observed with X1–X10, taking
into account the Ctr values determined by the Mayo method. On the other hand, little
influence of the R group on the molar mass distributions was noted: PDIs were
typical of those obtained in a xanthate-free polymerization (1.9–2.4). This could
be ascribed to a slow interchange of the xanthate end groups between polymer
chains, that is to a low Ctr(PnX). Catala and coworkers later calculated the Ctr

value of an S-polystyryl-O-ethyl xanthate and found Ctr(PnX) = 0.8 [39], a value that
was very close to Ctr(X2) = 0.82. This demonstrated that the phenylethyl group
exhibited the same leaving ability as the polystyryl chains. The observation of final
PDIs around 2 was consistent with the expression (1 + 1/Ctr(PnX)) proposed by
Müller et al. [29]. Despite rather high PDI values, good control of chain structures
could be achieved, as evidenced by NMR analysis and MALDI-TOF MS: No chains
derived from thermally generated radicals have been detected [38]. Importantly,
the nature of the R group seemed to have no significant influence on the overall
rate of polymerization of S and EA for this series of xanthates [11, 38]. Significant
retardation was observed only with X9, presumably due to degradative transfer.

10.5.2
Z Effect of Xanthates

A comprehensive investigation of the effect of the Z activating group (Z effect)
on RAFT/MADIX polymerization in its general sense was reported by the CSIRO
group [40]. The effect of the OZ′ activating group of xanthates on the quality of
control of MADIX was investigated by our group [41]. This was accomplished
using a series of xanthates (X1 and X11–X17) carrying the same R leaving group,
namely a (1-ethoxycarbonyl)ethyl group, for S polymerization. Both electron density
and steric hindrance of the Z = OZ′ group were varied. The difference of reactivity
of the C S double bond toward growing radicals (kadd) could be put forward. First,
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Scheme 10.6 Canonical forms of xanthates.

no influence of the O-alkyl chain length on the level of control was noted, X1 and
X11 giving roughly the same results. Introduction of a bulky group such as tris(tert-
butylphenyl) group in α-position to the oxygen prevents the growing radicals from
accessing the C S double bond of xanthate X12, which proved ineffective as MADIX
agent. For MADIX polymerization of S and EA, the chain-transfer activity decreases
in the following order: X17 > X13 ∼ X14 > X15 > X1 ∼ X11 > X16 � X12. It appears
that the perfluoroalkyl chain length has no influence on the activity of xanthates,
X13 and X14 giving similar results. As for X17, it is fully consumed before 10% of
the monomer is converted, resulting in a linear increase of the molar masses as a
function of monomer conversion from the early stages of the polymerization, with
Mn values perfectly matching the theoretical ones based on the [S]0/[X17]0 ratio.

The Z′ group was also found to have a dramatic impact on PDIs [41]. The
moderate reactivity of O-ethyl xanthates was attributed to the conjugation of the
lone pairs of electrons on the oxygen atom with the C S bond, resulting in low kadd

values (Scheme 10.6).
Using high-level ab initio calculations, Coote and Henry confirmed that RAFT

agents are strongly stabilized by the lone-pair donor Z substituent but can be
destabilized by electron-withdrawing groups (CN and CF3) in the R- and Z-positions
[34]. From a practical viewpoint, the enhanced capability for transfer (increase of
both Ctr(X) and Ctr(PnX)) leading to a significant decrease in the PDI could be
achieved, indeed, through the use of a fluoroalkyl substituents in the Z′ moiety [11,
41]. This can be rationalized by the fact that the conjugation effect mentioned above
is considerably reduced with electron-withdrawing substituents. The CSIRO group
reported similar findings; that is substituents rendering the oxygen lone pair less
available for delocalization with the C S can enhance the effectiveness of xanthates
in MADIX (using X29 and X31) [20, 40]. Finally, the 1-diethoxyphosphonyl and
2,2′,2′′-trifluoromethyl groups on the α-carbon bonded to the oxygen atom seemed
to have a cooperative effect since X17 further activates the chain-transfer process, as
compared to X13 and X14 [41]. However, the introduction of the diethoxyphosphonyl
group alone was not sufficient to enhance the reactivity of these xanthates: The
substitution of the CF3 group for a methyl group (X16) or a hydrogen group (X15)
resulted in a moderate control.

Monteiro and coworkers reported a complementary study on the Z′ effect for
three xanthates (X1, X2 and X13) on the control of S polymerization [42]. Ctr values
were determined using both the Mayo and chain-length distribution methods.
Consistently with the above discussion, electron-withdrawing groups in Z increased
xanthate reactivity toward propagating radicals: Ctr(X1) = 0.69 < Ctr(X13) = 3.5, the
O-trifluoroethyl xanthate allowing the preparation of polystyrene (PS) with better
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Scheme 10.7 Synthesis of xanthate using potassium salt of xanthic acid.

controlled molar masses and lower polydispersities (PDI ∼ 1.6) compared to the
use of X1 (PDI ∼ 2).

10.6
Synthesis of MADIX Agents

Methods for synthesizing RAFT/MADIX agents in general have been reviewed
by different groups [6–9]. Specifically, synthetic methodologies to xanthates from
established organic synthetic procedures are well documented [21, 22]. Similar
methods as those described for the synthesis of dithioesters can be used. How-
ever, it is noteworthy that the less electron-withdrawing alkoxy group of xan-
thates makes them more stable toward nucleophiles such as water or amines.
Of particular interest also, the potassium salt of xanthic acid, EtO(C S)S−K+, is
commercially available and is a convenient source for O-ethyl xanthates. For in-
stance, EtO(C S)S−K+ can be alkylated using a primary or secondary alkyl halide
(Scheme 10.7) [11, 17, 21, 22]. In this regard, many of the primary and secondary
alkyl halides used as ATRP initiators are potential precursors for xanthates, follow-
ing this route.

Xanthates bearing tertiary R leaving groups can be synthesized following a free-
radical pathway, as reported by Zard and coworkers [43], from the reaction of a diazo
compound as a radical source for R group and a xanthogen disulfide (Scheme 10.8),
the latter being readily obtained from oxidative coupling of a xanthate salt.

Carbon disulfide (CS2), although highly toxic, flammable and volatile, is an
alternative precursor to achieve thiocarbonylthio in general. When treated in the
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∆
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Scheme 10.8 Free-radical synthesis of a xanthate from an azo
compound and an O-alkyl xanthogen disulfide.
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Scheme 10.9 Synthesis of carboxyl- and hydroxyl-terminated xanthates.

presence of an alkoxide, followed by the addition of an alkyl halide, xanthates
are readily obtained [6–11]. A variation of the latter procedure was reported by
researchers from Noveon for making mono- and di-S-t-alkanoic acid terminated
dithiocarbamates and xanthates (Scheme 10.9) [44, 45]. In this method, the
potassium salt of O-alkyl xanthate is reacted with chloroform and a ketone (acetone
or cyclohexanone) under basic conditions, followed by acidic treatment to form an
O-alkyl-S-α,α′-disubstituted acetic acid dithiocarbonate. These COOH-terminated
xanthates were further reacted with excess diol to derive OH-terminated MADIX
agents.

In a recent contribution, Perrier and coworkers developed a new strategy based
on the use of 1,10-thiocarbonyl diimidazole as a precursor to react with primary
and secondary alcohols (or thiols or amines) to synthesize xanthates (or trithiocar-
bonates or dithiocarbamates), as depicted in Scheme 10.10 [46]. One advantage of
this approach is to avoid the use of CS2 and to perform a one-pot reaction.

N
N

N

S

N
RSH N

N
S

S

R
R'OH

TCDI
R'O O

S

R

Scheme 10.10 Synthesis of xanthate using TCDI as precursor.

10.7
Experimental Conditions in MADIX

This section will not cover the specific case of MADIX polymerizations performed
in aqueous dispersed media, which is discussed later. As already emphasized,
one main advantage of RAFT/MADIX polymerizations is their compatibility with
various reaction conditions, as these methods only require the introduction of a
CTA to an otherwise conventional free-radical polymerization. Xanthate-mediated
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polymerization has been performed in a variety of processes, including bulk, solu-
tion, emulsion and miniemulsion.

Rhodia researchers also showed that MADIX can be easily set up in an automated
parallel synthetic approach, using high-throughput equipments, for the synthesis
of a library of well-defined (co)polymers [47]. As a reminder, we discuss below
typical reaction conditions that are used in MADIX polymerizations, although the
influence of a few important parameters has not been examined yet. For instance,
there is no detailed investigation reported on temperature effect or concentration
effect on the use of xanthates in MADIX or on the possibility to perform polymer-
ization in supercritical CO2 or at high pressure, in contrast to dithioesters used in
RAFT [6–8].

10.7.1
Source of Radicals

As in conventional free-radical polymerization, MADIX polymerization is triggered
by a source of radicals that should be carefully balanced between a reasonable rate
of polymerization and an acceptable level of dead chains. As already mentioned, a
too high concentration of radicals may (i) generate dead chains and broaden the
molar mass distribution and (ii) affect the overall rate of polymerization. The fol-
lowing three methods for generating radicals have been reported in RAFT/MADIX
polymerization in its general sense: thermal decomposition of initiators (e.g. azo-
type initiators or peroxides), initiation by UV–vis or γ radiation, generally at room
temperature, or thermal initiation (no initiator added) [6–9]. The three methods
have been reported in xanthate-mediated polymerization, though the former one is
essentially employed.

The total number of polymer chains generated in RAFT/MADIX is equal to the
number of R leaving groups of the CTA, plus the number of radicals derived from
the initiator which is equal to{2f ([I]0 − [I]t), where f is the initiator efficiency, [I]0
is the initial initiator concentration and [I]t is the initiator concentration at time t.
[I]t can be expressed as follows: [I]t = [I]0 exp(−kdt), where kd is the rate constant of
decomposition of the initiator. Since the radical initiator produces polymer chains
that do not carry the thiocarbonylthio moiety, its amount should be balanced to
minimize the proportion of dead chains. As a consequence, the theoretical molar
mass given in equation (10.1) in MADIX should be rewritten as follows:

Mn,theo = [M]

[X ] + f d [I ]0(1 − e−kd t )
× MMU × Conv. + MX (10.5)

where d is the average number of chains produced by irreversible terminations.
Thus, the higher the xanthate concentration, the lower the proportion of dead
chains is.

Pan and coworkers investigated MADIX polymerization of three different
monomers (S, methyl acrylate (MA) and methyl methacrylate (MMA)) under 60Co
γ-ray irradiation [48]. Five xanthates with variation in Z and R groups (X28, X29 and
X32–X34) were examined in this process. Polymerizations of MA was controlled
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in the presence of O-aryl xanthates, provided the aryl group was not too large
otherwise the rate of polymerization was decreased. In contrast, the use of the
S-benzyl-O-ethyl xanthate (X28) led to a very poor control of the polymerization,
with a broad molar mass distribution of the final polymers, some being even cross-
linked. MADIX polymerization of S using S-benzyl O-2-naphthyl xanthate (X32)
was controlled, though very slow. As expected, polymerization of MMA was not
controlled under these conditions.

10.7.2
Solvent Effect

In principle, any solvent employed for free-radical polymerization can be used for
MADIX, provided the chain-transfer constant to solvent is very low, otherwise the
proportion of dead chains produced by irreversible transfer will increase. Using
different analytical means, researchers from Rhodia showed for instance that nu-
merous dead chains are obtained during xanthate X0-mediated polymerization of
butyl acrylate (BA) performed in solution in ethanol [49]. This was attributed to
transfer to ethanol that mainly occurred at the end of the process. Under these
conditions, a mass percentage of dead chains between 17 and 69 wt % was deter-
mined for samples of targeted molar mass Mn between 4000 and 30 000 g·mol−1.
Of particular importance, MADIX can be performed in waterborne media and even
in pure water to polymerize hydrophilic monomers [50]. Access to water-soluble
(co)polymers by RAFT/MADIX polymerization has been recently reviewed by Mc-
Cormick and coworkers [9].

10.7.3
Additives

Kamigaito and coworkers reported that MADIX polymerization can be conducted
in the presence of Lewis acids [51]. The use of such additives in free-radical poly-
merization aims at modifying the tacticity of the polymers or forcing the ten-
dency for alternation in copolymerization. Thus, poly(N-vinyl pyrolidone) (PNVP)
with well-controlled molar masses and slightly improved syndiotacticity were ob-
tained from two different xanthates (X2 and X28), in the presence of fluoroalcohols
(e.g. (CF3)3COH). Investigations by 1H NMR showed that the formation of a 1:1
hydrogen-bonding complex between the monomer and the fluoroalcohols was re-
sponsible for the change of tacticity of the polymers.

10.8
Monomers Polymerizable by MADIX

As emphasized above, xanthates afford variable control over molar masses and
PDIs depending on the Z and R substituents/monomer combination. In other
words, there is no MADIX agent (neither RAFT agent) exhibiting a universal char-
acter. It turns out that MADIX is particularly suited for highly reactive propagating
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radicals, such as those deriving from vinyl esters and N-vinyl monomers. We
recently brought evidence that O-ethyl xanthates like X0 promote the MADIX poly-
merization of vinyl phosphonate monomers [52]. In particular, MADIX enabled
the first C/LRP of the challenging vinyl phosphonic acid monomer. In contrast, the
O-ethyl MADIX agents exhibit a moderate reactivity toward polystyryl radicals and
a slightly better one toward polyacrylyl and polyacrylamidyl radicals [11]. However,
polymerization of both acrylics and styrenics can be well controlled by introducing
electron-withdrawing substituents in the Z group. To date, the polymerization of
alkyl methacrylates and methacrylamido monomers could not be controlled. A list
of monomers that were efficiently polymerized under MADIX conditions is given
in Fig. 10.3.

10.8.1
Styrenics

Characteristic examples of MADIX polymerization of S have been discussed in
the Z- and R-effect sections. As just indicated, O-ethyl xanthates EtO(C S)SR
are moderately efficient in MADIX polymerization of S, leading to polymers with
PDI around 2 and experimental molar mass higher than theoretical values before
completion of the reaction. The fact that both measured Ctr(X) and Ctr(PnX) are
low mirrors the poor reactivity of such xanthates [11, 41, 42]. Addition (kadd) of
polystyryl radicals onto xanthates is not favored because of the stabilization effect
of these CTAs (see canonical forms in Scheme 10.6). However, PS with PDIs as low
as 1.2 could be obtained from xanthate X17, possessing a O-diethoxyphosphonyl-
2,2,2-trifluoroethyl substituents in the Z group, which considerably enhanced the
xanthate reactivity [41]. Other styrenic monomers such as divinyl benzene serv-
ing as cross-linker or the water-soluble sodium styrene sulfonate (NaSS) [53] fol-
low the same trends when polymerized by MADIX. Other p-substituted styrenic
monomers with acid-cleavable groups, for example p-acetoxystyrene (pAcS) and
p-(tert-butoxycarbonyloxy)styrene (t-BOCOS) were block copolymerized with S in
the presence of X17 [54]. Also, first boronated polymers with controlled architec-
tures based on p-vinylphenylboronic acid (VPBA) were synthesized by the MADIX
process [55].

10.8.2
Alkyl Acrylates

Polyacrylyl-based radicals exhibit relatively low steric hindrance and a higher reac-
tivity than polystyryl radicals. As for styrenics, efficient control of MADIX polymer-
ization of acrylates can be achieved, provided that the xanthate is properly selected
[11]. For instance, O-ethyl xanthates are fairly effective toward polyacrylate propa-
gating chains, although they can provide good control over molar masses versus
monomer conversion profiles, in particular with a tertiary R leaving group. Com-
pared to PS, O-ethyl xanthates lead to polyacrylates with lower PDIs (1.5 < PDI <
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1.8), suggesting a more rapid interchange of the dithiocarbonate moieties – higher
Ctr(PnX) – during polymerization. In this case also, control is significantly improved
by introducing electron-withdrawing groups in Z′ [41]. A very recent report by re-
searchers from Rhodia provided quantitative analyses about xanthate (X0)-mediated
polymerization of both di(ethylene glycol) ethyl ether acrylate (DEGA) and butyl
acrylate (BA) [49]. The chain-transfer constant was 1.5 and 2.7 for DEGA and BA,
respectively, attesting to the controlled character of the process, although such val-
ues do not permit to achieve very low PDIs. Many other acrylate monomers were
polymerized via a MADIX process in the presence of X0, including 2-hydroxyethyl
acrylate(2-HEA) [56], 2-ethylhexyl acrylate (2-EHA) [57], 2-dimethylaminoethyl acry-
late (2-DMAEA) [58], [2-(acryloyolxy)ethyl]trimethylammonium methyl sulfate (2-
DMAEA MS QUAT) [59] and fluorinated acrylates [60]. Their polymerization is
described in Rhodia’s patent literature.

10.8.3
Alkyl Methacrylates, Methacrylamides and Other 1,1-disubstituted Alkenes

To date, MADIX polymerization of methacrylic and methacrylamido-type
monomers is ineffective [6–11]. It is worth mentioning that the examples of efficient
RAFT agents for 1,1-disubstituted monomers are scarce, that is few dithioesters
and dithiocarbamates with properly chosen Z group combined with relevant ter-
tiary R groups like cyanoisopropyl [6–9]. For a similar reason, attempts to control
the polymerization of a captodative monomer, namely ethyl-α-acetoxyacrylate also
proved unsuccessful by MADIX using X0 [61]. However, its MADIX copolymeriza-
tion with different acrylic monomers, such as butyl acrylate (BA), acrylic acid (AA),
2-dimethylaminoethyl acrylate (2-DMAEA) or N,N′-dimethyl acrylamide (DMA)
gave well-defined statistical copolymers [61].

10.8.4
Vinyl Esters

Whereas the polymerization of vinyl esters (vinyl acetate (VAc), vinyl neode-
canoate (VneD) and vinyl stearate (VSt)) is completely inhibited in the presence
of dithioesters as RAFT agents [6–8], excellent control over molar masses and PDIs
is achieved with O-ethyl xanthates [10, 11, 31, 32]. This means that a MADIX agent
such as X0 is entirely consumed in the early stages of the polymerization, resulting
in a linear increase of molar masses versus conversion of the monomer. A MALDI-
TOF MS of a PVAc sample prepared with X0 showed a perfect agreement between
the expected chain structure and the experimental one [11]. In 2000, MADIX was
the first reported C/LRP technique to allow the polymerization of VAc under con-
trolled conditions [10]. PVAc radicals are highly reactive and readily add the C S
double bond of O-ethyl xanthate. This is explained by the destabilization of the
intermediate radical in the pre- and the main equilibrium. These MADIX-radical
adducts undergo a much faster β-scission than when more reactive RAFT agents
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are employed, since re-forming a xanthate-capped polymer chain which is stabilized
by the conjugation effect mentioned above. Inhibition periods may be associated
with the preequilibrium, whereas the rate retardation effect is related to the main
equilibrium. The CAMD group correlated the ability of xanthates X20–X27 to control
MADIX polymerization of VAc with the electron density on the central carbon atom
of the xanthate [31]. ESI MS analysis was also helpful to analyze the MADIX-derived
polymers and showed an excellent agreement between the theoretical and exper-
imental molar masses. The same group designed a glycomonomer of vinyl ester
type, namely 6-O-vinyladipoyl-D-glucopyranose, by lipase-catalyzed transesterifica-
tion of divinyladipate with α-D-glucopyranose [62]. Its X1-mediated polymerization
was performed in methanol, affording a poly(vinyl ester)-like glycopolymer with
Mn = 19 000 g·mol−1 and PDI = 1.10.

10.8.5
Acrylic Acid and Acrylamido-Type Monomers

Among the major advantages of the MADIX process, one can remind the possibility
to directly polymerize hydrophilic monomers in aqueous media without resorting
to protection/deprotection chemistry, making these methodologies environmen-
tally friendly with a high potential of transfer into industrially viable processes.
Earlier studies by Rhodia showed that controlled polymerizations of hydrophilic
monomers such as acrylic acid (AA) and acrylamide (Am) could be performed in
aqueous solution by MADIX [50]. Radicals deriving from the two monomers have
little steric bulk and are highly reactive; hence, xanthates are again well suited to
control their MADIX polymerization. For instance, both the monofunctional and
difunctional xanthates, X0 and X43, respectively, were used to prepare well-defined
homopolymers that were successfully chain extended for the synthesis of double
hydrophilic block copolymers (DHBC) [50]. Beyond the example of Am, MADIX
allows the controlled polymerization of a range of acrylamido monomers, among
which N-isopropyl acrylamide (NiPAm) [63], N,N′-dimethyl acrylamide (DMA) (M.
Destarac, unpublished results) and 4-acryloylmorpholine (AcMor) (M. Destarac,
unpublished results). A MALDI-TOF mass spectrum of a P(AcMor)-X0 sample is
shown in Fig. 10.4 to illustrate the excellent control of the polymer structure.

In 2001, Claverie and coworkers reported that MADIX polymerization of AA
is controlled in aqueous or alcoholic solution, in the presence of O-phenoxy and
O-alkyl xanthates (X2, X9, X28–X30 and X35–X38): Linear increase of molar masses
versus conversion and PDIs lower than 1.3 were obtained [64].

10.8.6
N-Vinyl Monomers: N-Vinyl Pyrrolidone and N-Vinyl Carbazole

PNVP is employed in a variety of applications, especially in the biomedical sector
and in the cosmetic industry. This is due to its solubility in aqueous and nonaqueous
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500 1000 1500 2000 2500 m/z

Fig. 10.4 MALDI-TOF mass spectrum of poly(4-acryloylmorpholine)
synthesized with X0. Mn = 950 g·mol−1. The measured m/z values
correspond to the following controlled chain structure:
CH3O2C(CH3)CH (AcMor)n-S(C S)OCH2CH3.

solvents as well as to its excellent biotolerance. Until recently, little was published on
C/LRP of NVP. MADIX polymerization of that monomer follows the same trends
than that of VAc: xanthates are particularly suited for the corresponding propagating
radicals that are highly reactive, provided the R leaving group is properly selected
[28, 51, 65–67]. The same trend applies for other N-vinyl monomers such as N-vinyl
carbazole (N-VCbz) [68]. For instance, the CAMD group showed that S-benzyl or
S-phenylethyl as the R group in O-ethyl xanthates (X2 and X28) allowed the synthesis
of well-defined architectures based on PNVP, including linear, starlike and block
copolymer compounds [65]. Likewise, xanthate X2 was used by Mori et al. to effi-
ciently control the MADIX polymerization of N-VCbz: Polymers with Mn values up
to 48 000 g·mol−1 and PDIs < 1.2 could be obtained [68]. Retention of the dithiocar-
bonate polymer end groups was demonstrated by chain-extension experiments. In
contrast, with R = 2-carboxyethyl (X18) as the leaving group, polymerization of NVP
exhibited a ‘hybrid behavior’, but the same MADIX agent showed fast and selective
initialization for VAc, although such a difference was not fully explained [28, 66].
As already mentioned, Kamigaito and coworkers reported that xanthates X2 and

X28 gave well-controlled PNVPs, following inhibition periods of 6 and 1 h, respec-
tively. (The inhibition period might be attributed to the poor reinitiating ability of
the benzylic radicals arising from the R group.) [51]. Finally, the CSIRO group de-
scribed the successful synthesis of PNVP using the S-phthalimidomethyl xanthate
X39 [67].
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10.9
MADIX Polymerization in Waterborne Dispersed Media

It is now generally accepted that emulsion RAFT polymerization with highly re-
active CTAs like dithioesters or trithiocarbonates cannot be controlled in a con-
ventional manner, that is under simple ab initio conditions comprising water,
surfactant, monomer and RAFT agent [6–8]. The implementation of such a process
is accompanied by a loss of control of the molar mass distribution, a strong decrease
of the rate of polymerization together with a degradation of the colloidal stability of
the latex [69]. These problems resulting from the lack of control of the nucleation
step could be circumvented in different manners, including the following:

– the use of a phase-transfer agent to transport the RAFT agent in a preformed seed
latex [70],

– the help of self-assembled RAFT-terminated amphiphilic oligomeric micelles
used as nucleation sites [71, 72],

– the implementation of miniemulsion polymerization [73–75] or
– the use of AA-rich RAFT-ended PS seed generated by a spontaneous phase-

inversion process [76].

Most of these systems, however, suffer from a broadening of the molar mass dis-
tribution over the course of the polymerization and from an increasing retardation
upon increasing the RAFT-agent concentration. These approaches thus present se-
vere limitations with a view of developing a cost-attractive industrial process. Gilbert
and coworkers recently proposed an interesting model of an emulsion RAFT poly-
merization in order to optimize the rates of reaction [77]. It was proposed that the
use of an oligomeric adduct to the RAFT agent, a less water-soluble RAFT reiniti-
ating group and a less active RAFT agent would help to minimize the inhibition
and retardation arising from the exit or desorption of radicals from the particles. As
discussed below, these criteria can be fulfilled using xanthates as MADIX agents.

10.9.1
Ab Initio Emulsion Polymerization

As early as 1998, the first Rhodia patent on the MADIX process mentioned examples
of ab initio xanthate (X1)-mediated emulsion polymerization of S initiated by am-
monium persulfate, using sodium lauryl sulfate as surfactant, with the monomer
added semicontinuously. Under conditions typical of a standard emulsion process,
fast polymerizations with Mn increasing with monomer conversion were observed,
together with high PDIs (Mw/Mn ∼ 1.8–1.9), which were later explained by the slow
reversible transfer of the O-ethyl xanthate groups [38]. The same research group
reported these results in the first peer-reviewed article about MADIX [10]. The latter
contribution was extended to the control of emulsion polymerization of BA using
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X1. At that time, it was believed that the low intrinsic reactivity of X1 (compared
to the far more reactive dithioester and trithiocarbonate RAFT agents) combined
with its well-chosen solubility were responsible for the controlled polymerization.
During the same time period, Rhodia R&D teams discovered that xanthate-capped
hydrophilic (based on AA or Am) or amphiphilic (made of AA and BA) oligomers
could be advantageously added to ab initio emulsion polymerization to produce
styrene-acrylic latexes with controlled Mn and surface chemistry [78]. Compared
to reference latexes synthesized in the presence of comparable amounts of hy-
drophilic stabilizing monomer, the dried latexes exhibited better redispersibility
and the corresponding films showed enhanced scrub resistance, thus opening new
perspectives for applications in the fields of paints and coatings, adhesives and
construction materials.

In collaboration with Rhodia, Monteiro and coworkers thoroughly studied
ab initio emulsion polymerization of S and BA with xanthates X1 and X2

[79–83]. A preliminary kinetic study of solution MADIX polymerization of S and BA
with X1 revealed that the transfer constant to xanthate was low for both monomers
(Ctr ∼ 0.8 for S [42] and ∼1.7 for BA) [81]. Based on a model for entry and exit
of radicals, Ctr values and water solubility of X1 and X2, the authors demonstrated
that a negligible amount of aqueous-phase radicals undergo transfer to xanthate,
which allows nucleation to occur without the perturbations encountered with other
classes of too reactive RAFT agents.

In agreement with the kinetic model developed by Müller et al. [29], PDIs of 2.0
and 1.6 were obtained for S [84] and BA [85], respectively, under batch conditions.
The PDI value for poly(n-butyl acrylate) (PBA) could be decreased down to 1.3–1.4
by slowly adding BA in a semicontinuous process [82]. As a result, styrene-acrylic
block copolymer core-shell latex nanoparticles could be synthesized with controlled
particle size and molar mass distributions [82]. The same authors took advantage of
this synthetic strategy to incorporate the reactive acetoacetoxyethyl methacrylate in
the acrylate block of a styrene–butyl acrylate core-shell diblock latex [86], to obtain la-
tex films with remarkable mechanical properties when cross-linked with a diamine.

With the aim of synthesizing PS latexes of reduced PDI, emulsion polymerization
of S was carried out using the xanthate X13 containing the trifluoroethyl Z′ group
[83, 87].

Emulsion polymerization of S was carried out at 70 ◦C with X13, using sodium
dodecyl sulfate as surfactant and sodium persulfate as initiator [83]. The resulting
PS exhibit Mn and PDI evolution profiles that are in perfect agreement with the
Müller’s solution-based kinetic model: [29] nonlinear increase of Mn versus con-
version and PDIs close to 1.5. In order to optimize the control of both Mn and PDI,
our group carried out the polymerization of S that was added semicontinuously.
Under these conditions, the intrinsic reactivity of X13 combined with the very low
instantaneous monomer concentration throughout polymerization allowed for a
fast consumption of X13 in the very early stages of the reaction, as shown by the
linear increase of Mn with conversion from the beginning of the polymerization
(Fig. 10.5). PDIs are comparable to those obtained in batch (1.4 < PDI < 1.6, as
shown in Fig. 10.5).
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Fig. 10.5 Evolution of Mn and Mw/Mn with conversion during
semibatch emulsion polymerization of St with X13.

The PS-X13 latex (Mn = 23250 g·mol−1; PDI = 1.52) was used as a seed for the
polymerization of EA at 85 ◦C with ammonium persulfate as initiator, at a solid
content of 30 wt %. EA was introduced during 1 hour and the reaction was kept at
this temperature for an extra hour after the end of EA addition. A stable PS-b-PEA
diblock copolymer latex was thus formed, with an EA conversion higher than 99%.
Mn was remarkably well controlled (Mn = 43 900 g·mol−1 and Mn-theo = 43 500
g·mol−1); however, a slight broadening of the molar mass distribution during EA
polymerization was noteworthy (final PDI = 1.79). The controlled character of the
diblock synthesis is illustrated in Fig. 10.6, showing the overlay of the size-exclusion
chromatographic (SEC) traces of the PS first block and the corresponding diblock
copolymer.

To conclude, the judicious choice of the xanthate MADIX agent of appropri-
ate reactivity and solubility combined with monomer addition profiles adapted
for a high instantaneous monomer conversion helped to strongly increase the
ab initio MADIX polymerization of S and EA for the fast production of sta-
ble PS-b-PEA copolymer latexes with high monomer conversion (>99%), pre-
determined Mn and relatively low PDIs. These advantages undoubtedly posi-
tion MADIX as the most straightforward C/LRP technique to develop complex
macromolecular architectures in waterborne emulsion under industrially relevant
conditions.

10.9.2
Miniemulsion Polymerization

Although MADIX emulsion polymerization could be implemented using stan-
dard conditions with xanthates X1, X2 and X13, miniemulsion polymerization was
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Fig. 10.6 SEC chromatograms of (a) P(St)-X13 (Mn = 23250 g·mol−1,
PDI = 1.52) and (b) P(St)-b-P(AEt)-X13 (Mn = 43 900 g·mol−1, Mw/Mn =
1.79). Mnth (diblock) = 43 500 g·mol−1.

considered for the two-step synthesis of PS-PBA-PS triblock copolymers with the
difunctional X44 [88]. Polymers obtained from batch solution MADIX polymer-
ization of BA with X44 exhibited expected characteristics when using an O-ethyl
xanthate with a low Ctr: final Mn close to theoretical value but nonlinear in-
crease of Mn versus conversion, 1.5 < PDI < 2. Surprisingly, ab initio emul-
sion polymerization led polymers with higher Mn values than expected, unreacted
X44 at the end of the polymerization and quite high PDIs (∼6 at final conver-
sion) that increased during polymerization [79]. This was attributed to a slow
reaction of X44 and slow nucleation of latex particles, probably due to a limited
diffusion of X44 across the aqueous phase. This disadvantage was circumvented
by directly polymerizing BA with X44 in nanosized droplets in the presence of
a small amount of hydrophobe [88]. The resulting PBA latexes with controlled
final Mn (∼105 g·mol−1) and PDIs close to 2 were subsequently used as seeds
for S polymerization. To the best of our knowledge, this miniemulsion approach
represented the first example of hard-soft-hard triblock copolymer synthesis in
waterborne dispersed media, with potential interest for thermoplastic elastomer
properties.

More recently, two groups reported the successful miniemulsion MADIX poly-
merization of VAc using the monofunctional xanthate X25 [89, 90]. The level of
control of Mn and PDI was generally close to that obtained in bulk polymerization,
with kinetics indicating both inhibition and retardation. Surprisingly, the possibil-
ity to perform emulsion MADIX polymerization of VAc under classical conditions
was not questioned in these two reports.
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10.10
Macromolecular Engineering by MADIX

MADIX now appears as a powerful and versatile synthetic tool to tailor-made poly-
mers and ‘complex’ macromolecular architectures, including end-functionalized
polymers, block copolymers, starlike polymers, graft copolymers and combs. The
following sections review the potential of MADIX for macromolecular engineering.

10.10.1
End-Functionalized Polymers

A special section below is dedicated to the synthetic strategies to remove the
xanthate end groups of (co)polymers made by MADIX. These methods generally
replace the thiocarbonyl-thio moiety into either a thiol or a hydrogen atom. As
emphasized above, MADIX produces (co)polymers possessing the R group at one
end and the dithiocarbonate Z′O(C S)S at the other (see Scheme 10.5). MADIX
being tolerant of many functional groups – except of primary and secondary
amines that readily react with xanthate groups – a specific functionality might be
incorporated either in R or in Z′. However, this has been little exploited in the
literature. As an illustration, one can cite works by the Noveon group to synthesize
COOH- and OH-containing xanthates, as shown in Scheme 10.9 [44, 45]. Related
polymers thus contained the functional group in α-position, which was confirmed
by 1H NMR and MALDI-TOF MS.

10.10.2
Block Copolymers

Block copolymers enter in widespread applications as the result of their self-
assembly properties, either in the solid state or in a selective solvent of one block,
which provide a great variety of morphologies in the submicron size range [91, 92].
From a synthetic viewpoint [93], block copolymers are generally prepared by se-
quential addition of monomers, method (i). However, other methods can be used,
including (ii) combination of two different modes of polymerization, (iii) coupling
of preformed polymer segments possessing antagonist end groups and (iv) one-pot
initiation from dual (‘double-headed’) initiators. Out of these four methods, it is
interesting to note that the first three ones were used to synthesize block copoly-
mers by MADIX. In method (i), it is essential to sequentially polymerize the two
monomers in a certain order to access the targeted block. The golden rule is to
comply with the scale of reactivity of propagating species. In RAFT/MADIX poly-
merization, one should start by the polymerization of the monomer that forms
the higher reactive propagating radicals and then polymerizes the other monomer.
Efficient crossover thus requires that the first block provides the better leaving
radical.
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In collaboration with different partners, the Rhodia group looked into two kinds
of block copolymers, including DHBC [50], that is possessing one stabilizing block
in water and a polyelectrolyte block [50, 94], and amphiphilic block copolymers
(ABC) [49, 95–97]. For instance, the synthesis of a series of diblock and triblock
copolymers based on Am and AA units, using the mono- and difunctional xanthates,
X0 and X43, respectively, was described in 2001. Furthermore, copolymerizations
of the two monomers yielded well-defined statistical copolymers that were chain
extended for the synthesis of P(AA-stat-Am)-b-PAm DHBC, that is block copolymers
with one block being a statistical one. In a subsequent contribution, Gérardin et al.
applied these DHBC and similar PAA-b-P(2-HEA) copolymers to sterically stabilize
metal hydrous oxide nanoparticles during their mineralization process [94]. In
these DHBC, the metal-complexing block acts as a growth-control agent, while
the neutral block promotes colloidal stabilization. Other anionic-neutral DHBC
like PNaSS-b-PAm and PAMPS-b-PAm as well as P(2-DMAEA MS QUAT)-b-PAm
cationic-neutral DHBC were synthesized in the presence of xanthate X0 and applied
to the formation of homogeneous and stable monophasic compositions of complex
coacervates made of the charged-neutral DHBC, a polyelectrolyte of the same sign
and an oppositely charged surfactant [59].

In a series of papers, Ponsinet and coworkers investigated the self-assembly
properties of PS-b-PAA and of P(S-stat-AA)-b-PAA ABC, both in bulk and in water
solution [95, 96]. These diblock copolymers were synthesized by MADIX, following
route (i) described above. Despite quite high PDIs (∼2), these PS-b-PAA copolymers
exhibited a microphase separation in bulk, with spherical domains made of the
minority PS block embedded in a continuous PAA matrix [95]. The design of P(S-
stat-AA)-b-PAA via the introduction of AA units in the first PS block induces a
decrease of the Flory–Huggins parameter (χ ) between the two constitutive blocks,
resulting in a decrease of the P(S-stat-AA)-core radius and a decrease of the chain
density at the interfaces [96]. An order–disorder transition was observed in bulk
only when the effective χ parameter was small enough: for a content in AA >50%
in the first block, the ABC did not self-assemble any more. The behavior in water of
a series of P(S-stat-AA)-b-PAA diblock copolymers was also investigated by small-
angle scattering [97]. For a molar fraction of AA (øAA) in the first block less than
0.25, structures were found to be out-of-equilibrium micellelike objects, with no
reorganization made possible upon dispersion. In contrast, for øAA > 0.50, the
dispersion in water of the diblock copolymers was at equilibrium and for high
values of øAA, the diblocks were entirely soluble in water. For øAA close to 0.50,
the diblocks gave a micellelike structure with a water-swollen core formed by the
P(S-stat-AA) block and a swollen brush based on PAA.

Other researchers from Rhodia investigated the molecular features of both PBA-
b-PAA and PDEGA-b-PAA amphiphilic diblock copolymers prepared by MADIX
[49]. Several analytical techniques, including NMR, MALDI-TOF MS, SEC, liquid
chromatography at the point of exclusion adsorption transition (LC-PEAT) and
capillary electrophoresis were set up to analyze the chemical purity of the obtained
ABC. For instance, the LC-PEAT technique used under the critical conditions of the
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PBA block revealed that hydrophobic homopolymer was present in the final diblock
compound, which could not be detected by regular SEC or by NMR. This also indi-
cated that PAA chains were not grown from all the xanthate-ended PBA precursor
chains. These studies permitted to reveal that MADIX, as any C/LRP method, is sen-
sitive to experimental conditions and that special analytical techniques are needed
to access clear-cut information about the structure of MADIX-derived (co)polymers.

Claverie and coworkers previously reported the synthesis of PAA-b-PBA diblock
copolymers by MADIX using xanthate X2 in ethanol [98] on the basis of previous
works on the synthesis of PAA by MADIX in protic media [64]. In contrast to the
synthesis of PBA-b-PAA mentioned above, they performed the MADIX polymeriza-
tion of AA before growing the PBA block. Characterization by different techniques,
including static and dynamic light scattering, tensiometry and SEC showed that
these ABC self-assembled in aqueous media, forming starlike micelles. Contrary
to PS-b-PAA ABC that form frozen micelles, such PBA-b-PAA copolymers with a
soft PBA block had diffusion coefficients in water that were high enough to adsorb
onto growing particles. These ABC thus proved efficient polymeric stabilizing sur-
factants for BA and MMA emulsion polymerization with solid contents up to 50%.
The same group showed that the phenylethyl end group near the hydrophilic block
was beneficial for interaction with associative thickeners in paint formulations
[99].

Other examples of block copolymers obtained by sequential MADIX polymeriza-
tion were reported. For instance, Robin and coworkers in collaboration with Rhodia
synthesized statistical copolymers consisting of captodative ethyl-α-acetoxyacrylate
and BA units (see the Monomers section) that were chain extended with VAc
[61].

Use of a preformed polymer for the growth of the second block by another
mechanism is an alternative synthetic access to block copolymers, method (ii) [93].
One resort to this ‘switch of mechanism’ strategy is when monomers to pair in a
diblock structure do not polymerize by the same mechanism. This strategy can be
applied for MADIX, but it requires the chemical transformation of the end group
of the prepolymer into a xanthate moiety. This has been applied for the synthesis
of a poly(ethylene oxide) (PEO) macro-MADIX agent, by esterification between a
COOH-containing xanthate (X40) and an OH-ended PEO [100]. The xanthate-ended
PEO was then used to polymerize N-vinyl formamide (NVF), affording PEO-b-
PNVF DHBC. Likewise, α,ω-dihydroxytelechelic poly(dimethyl siloxane) (PDMS)
as well as OH-terminated poly(ethylene-co-butylene) precursors could be modified
in a two-step sequence so as to obtain the corresponding xanthate-terminated
polymers serving as macro-MADIX agents to obtain hybrid ABA-type triblock [101]
and AB diblock copolymers [102], respectively. The latter case is illustrated in
Fig. 10.7.

Finally, the covalent coupling of two polymeric chains at their respective ends
also results in a diblock copolymer, method (iii). Noveon thus prepared block
copolymers through the condensation of OH-functional polymers (e.g. PEO or
PDMS) with COOH-terminated polymers derived by MADIX using X41 [44, 45].
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Recently, a synthetic coupling strategy to block copolymers based on the Huis-
gen’s 1,3-dipolar cycloaddition (‘click chemistry’) was successfully developed by
the CAMD group [103]. Well-defined PS-b-PVAc copolymers were obtained by cou-
pling an azido-terminated PVAc prepared by MADIX and an alkyne-terminated
PS prepared by RAFT. To this end, both an alkyne-containing RAFT agent and
an azido-containing MADIX agent X42 were designed and used to synthesize the
homopolymeric precursors. Block copolymers were then successfully obtained by
copper(I)-catalyzed 1,3-dipolar cycloaddition, as evidenced by different analytical
means (SEC, FT-IR and NMR).

10.10.3
Star Polymers

Among all branched architectures, star polymers correspond to the simplest pos-
sible arrangement of macromolecular chains in a branched structure, since stars
involve only one central branching point per macromolecule. In the last decade,
there have been an increasing number of reports on the preparation of star poly-
mers by C/LRP. Synthesis of starlike polymers using either the core-first or the arm-
first approach has been reviewed recently [104]. In the context of RAFT/MADIX
polymerization, two different types of multifunctional CTAs can be employed for
star-polymer synthesis: those implying an outward growth of arms from the core
(core-first approach referred to as ‘the R-group approach’) and those involving the
reaction of linear chains with the functional core (arm-first approach also referred to
as ‘the Z-group approach’). Main of the multifunctional MADIX agents used either
in the R-group approach or in the Z-group approach that have been reported so far
are displayed in Fig. 10.8. Alternatively, coupling of linear chains still containing
their thiocarnonyl-thio end groups onto multifunctional comonomers also leads
to star polymers composed of a microgel-like core. This convergent (‘arm-first’)
strategy is referred to as the ‘nodulus approach’.

In the R-group approach, R leaving groups generated after fragmentation steps
are part of the core of the stars. Star polymer synthesis following this route may
be complicated by star–star couplings or by irreversible couplings between stars
and/or star–linear chain couplings. However, for highly reactive radicals like those
deriving from PAA [105], or PVAc [106] (high k2

p/kt ratio) the probability for stars to
get coupled can be minimized. A few examples of multifunctional MADIX agents
consisting of various S-substituted R leaving groups and O-ethyl or O-trifluoroethyl
activating groups aimed to grow star polymers by the R-group approach have been
designed in a two-step sequence; these are shown in Fig. 10.8 (X45–X48) [66, 105–
109]. This has been achieved in particular for VAc, NVP, NVCbz or AA monomers
for which MADIX polymerization is highly efficient. For instance, we reported
that well-defined three-arm PAA stars could be directly synthesized in solution in
dimethylformamide at 70 ◦C from the trifunctional xanthates X45 and X46, mini-
mizing side reactions such as star–star couplings owing to the very high reactivity of
AA under such conditions [105]. The control of the polymerization was evidenced
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by the increase of the molar masses with monomer conversion, whereas PDIs
were in the range 1.2–1.3. Fidelity of the xanthate chain ends was demonstrated
by their reactivation in chain-extension experiments in pure water with Am, thus
affording double hydrophilic star-block copolymers, with neutral PAm blocks out-
side and pH-responsive PAA blocks inside. Following the same strategy, three- and
four-arm PVAc stars were prepared by the CAMD group, using the tri- and the
tetrafunctional MADIX agents (X45 and X47) [106]. At high conversions, however, a
strong broadening of the molar mass distribution consistent with the occurrence of
side reactions was noted. The subsequent methanolysis (use of KOH in CH3OH) of
these parent stars led to the formation of stars based on poly(vinyl alcohol) (PVA). In
a more detailed study, the same group reported that the R-group approach yielded
well-defined stars based on PVAc, poly(vinyl pivalate) (P(VPiv)) and P(VneD) with
PDI < 1.4, using the same xanthates [107]. Application of this star-polymerization
strategy to the vinylester-type glycomonomer already described was more prob-
lematic (limiting conversion, experimental molar masses higher than theoretical
values), likely due to side reactions [107]. Based on previous works on MADIX
polymerization of NVP, the CAMD group applied the R-group approach to design
four-arm stars based on PNVP, using the xanthate X48 [65]. A linear increase of
Mn versus monomer conversion was observed, whereas the PDIs remained <1.3.
When used as stabilizers in suspension polymerization to prepare cross-linked
P(VneD/ethylene glycol dimethacrylate) microspheres, PNVP stars gave smaller
particles as compared to linear homologues.

In the Z-group approach mentioned above, the core corresponds to the activating
group; chains are grown away from the core and are attached when undergoing
transfer reactions. Addition of an oligomer chain (Pn

·) onto one of the thiocar-
bonylthio groups results in an intermediate radical that releases the R· leaving
group upon fragmentation, allowing initiation of a new linear chain, the latter be-
coming one of the arms of a star after addition–fragmentation transfer reaction to
its core. In other words, such arm-first stars contain branches only in a dormant
form. One main advantage of this Z-group strategy by RAFT is that complications
often seen in the core-first star synthesis, such as star–star and star–linear chain
couplings, can be minimized. A potential problem from such an approach, how-
ever, is the accessibility to the thiocarbonylthio groups carried by the core (shielding
effect), which can increase the probability of termination, thus increasing the con-
centration of dead polymers. For instance, molar mass distribution of PVAc stars
prepared by the Z-group approach with X49 or X50 was found to be higher than
stars obtained by the R-group approach using X45 or X47 [107]. A similar study by
Vana and coworker gave slightly different results [109]. These authors reported the
synthesis of both four-arm PVAc and poly(vinyl propionate) stars, using tetrafunc-
tional xanthates X51–X53. Star polymers PDIs around 1.2 and apparent Mn around
50 000 g·mol−1 were obtained in this way. The expected structure of these star
polymers was confirmed by ESI MS. Kinetic results indicated that side reactions
mentioned above, if occurring, could be neglected. As expected, however, an in-
creasing shielding effect was observed, resulting in a progressive loss of control of
the polymeriztion. The R-group approach was also found superior regarding the
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methanolysis step [107]. The overall architecture of stars generated by the Z-group
approach, indeed, was destroyed during methanolysis, since the xanthate linkages
between the arms and the core were also cleaved. Finally, Mori et al. reported the
synthesis of well-defined four-arm PNVCbz following a Z-group approach, using
the tetrafunctional xanthate X51 [108]. The authors noted that the multifunctional
core had an effect on the polymerization kinetics when compared to the monofunc-
tional xanthate X2, but no significant influence on the controlled character of the
polymerization.

Alternatively, the Rhodia team developed the ‘nodulus approach’ to access a
wide range of water-soluble star (co)polymers by MADIX [105]. This was achieved
by adding the N,N′-methylenebisacrylamide (MBA) playing the role of a cross-
linking agent onto preformed xanthate-capped linear polymers, which resulted in
the formation of a microgel at the core stabilized by hydrophilic arms after couplings
of linear chains (Scheme 10.11). This ‘nodulus’ method could be applied to various
hydrophilic precursors, including not only homopolymers composed of Am or AA
but also statistical and block copolymers of these two monomers. Interestingly, the
cross-linking reaction could be simply performed in water at 70 ◦C. In the latter
‘nodulus’ arm-first method, key parameters having a dramatic influence on the
number of chains attached to the core and the yield of star formation not only
include the feed molar ratio (r) between the cross-linker and the linear precursor
(r = [cross-linker]0/[Pn−X]0), but also the nature of the linking agent, the size
(Mn) of the precursor, the overall concentration of the reaction mixture and solvent
nature. It was found, for instance, that the suitable range of r ratio for star formation
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Scheme 10.11 Synthesis of hydrophilic star polymers by MADIX by ‘the nodulus approach’.
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was r = 5–15 for a linear precursor with Mn < 20 000 g·mol−1. Above r = 15, gel
formation generally occurred and below r = 5, poor yield of star formation was
observed. Based on findings from SEC characterization, the apparent number of
arms for these hydrophilic star (co)polymers was estimated in the range 20–70,
depending on the r value. The yield of star polymer formation could finally be
increased by adding MBA with a monovinylic comonomer onto the preformed
polymer during the cross-linking reaction. By doing so, the size of the core can be
increased, thus decreasing the steric hindrance around the core.

10.10.4
Combs

Combs are graft copolymers where polymeric grafts are of the same chemical nature
as that of the macromolecular backbone. The CAMD group reported the preparation
of PVAc combs via MADIX [110]. To this end, well-defined PVA macromolecular
backbones were first synthesized by MADIX polymerization of VAc, followed by
methanolysis. Chemical modification of the pendant OH groups of PVA via either
an R-group or a Z-group approach resulted in the formation of macromolecular
MADIX agents. The R-group approach proved more efficient for growing the PVAc
grafts by MADIX, the Z-group approach inhibiting the polymerization of VAc.
At low conversions, however, the growth of the grafts was contaminated by the
formation of both linear polymer chains as a result of the constant initiation and
side populations formed by intermolecular couplings. The proportions of these
side products were found to increase with the degree of polymerization of the
macromolecular MADIX agents, broadening the molar mass distribution. The
PVAc grafts could be subsequently treated under basic conditions without affecting
the ester linkages between the backbone and the pendant chains, affording the
targeted combs based on PVA.

10.10.5
Polymeric Nanogels

‘Microgels’ also called ‘polymeric nanogels’ are soluble intramolecularly cross-
linked polymer chains in the submicron size range [104]. A method generally em-
ployed for synthesizing microgels is the radical cross-linking copolymerization of
a vinylic monomer with a cross-linker, using one of the three following processes:
highly diluted solution, emulsion and precipitation/dispersion polymerizations.
We recently reported the one-pot batch solution RCC of AA in the presence of
MBA and xanthate X0 [105, 111]. Highly branched and soluble copolymers referred
to as polymeric nanogels were obtained under such conditions. Both the cross-
linker and the xanthate concentrations were shown to have an important effect
on the build-up of molar masses of the branched copolymers: (i) the higher the
concentration of MBA, the larger the molar masses and PDIs for a given xanthate
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Scheme 10.12 Polymeric nanogels synthesized by xanthate-mediated RCC.

concentration, and (ii) the lower the xanthate concentration, the larger the molar
masses for a fixed MBA concentration. The use of MADIX agent thus permitted
high monomer conversion – if not quantitative – higher solid content than in reg-
ular microgel synthesis, as well as a much higher content in cross-linker (up to
15% molar) without occurrence of gelation. Another advantage of this synthetic
strategy is the possibility to carry out chain extensions from the multiple xan-
thates of the parent polymeric nanogel serving as macromolecular multifunctional
MADIX agent. In this way, starlike structures composed of a polymeric nanogel-
based core are obtained divergently, following an R-group approach, as shown in
Scheme 10.12. For instance, nanogels based on PAA were chain extended with AA
in pure water, with no visible formation of macrogel. This confirmed the low prob-
ability of intermolecular couplings in the R-group approach in the case of highly
reactive propagating radicals.

10.11
Methodologies to Remove the Dithiocarbonate End Groups

In spite of the numerous advantages offered by RAFT/MADIX polymerizations,
one potential drawback lies in the fact that the thiocarbonylthio terminal group,
if not deactivated, is likely to be degraded during the lifetime of the polymer or
under specific application conditions. Our group paid considerable attention to the
development of several appropriate treatments in order to prevent an uncontrolled
degradation over time that may eventually generate low molar mass malodorous,
potentially toxic sulfur-based by-products [112–116].

In this section, we specifically refer to xanthates since a chapter of this handbook
is dedicated to the general methods proposed to irreversibly deactivate thiocar-
bonylthio terminal groups.

Three main kinds of chemical modification of a xanthate group were reported in
the literature: oxidation, reduction and ionic cleavage (Scheme 10.13). For instance,
several procedures for the cleavage of a xanthate group into the corresponding thiol
are known. Aminolysis using amines [117] and ammonia [118] and reduction with
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Scheme 10.13 Modification of the xanthate group: a summary.

LiAlH4 [119] were successfully implemented on xanthate derivatives. Reductive
cleavage of the carbon sulfur bond is often needed to obtain a sulfur-free target
molecule. One first approach was described by Zard and collaborators [120], who
found that exposure of a xanthate RS(C S)OZ to stoichiometric amounts of per-
oxide in refluxing 2-propanol resulted in the complete replacement of the xanthate
group by a hydrogen atom to give the corresponding alkane R H. This method is
ecologically superior to the traditionally employed Raney Nickel [121] and Bu3SnH
[122], in the sense that it avoids the use of expensive and toxic heavy metal residues
that are difficult to remove. More recently, Boivin et al. [123] reported the reductive
cleavage of an O-ethyl xanthate group either with diethyl phosphite and a radical
initiator or with an ammonium salt of hypophosphorus acid and a radical initiator.
The latter approach was later applied to RAFT polymers by Farnham et al. [124].
The thermal stability of xanthate X0 was questioned in a recent paper of Legge
et al. [125]. Thermogravimetric analysis revealed that the temperature at which
50% weight of X0 is lost and the breakdown temperature are low (131 and 75 ◦C,
respectively) compared to other classes of RAFT agents. This strongly contrasts
with earlier studies from our group where X0 was either efficiently added to various
olefins at 160 ◦C in o-dichlorobenzene (S. Z. Zard, unpublished results) or success-
fully used as MADIX agent in self-initiated S bulk polymerization at 130 ◦C for
24 h (M. Destarac, unpublished results).

As part of our continuing work in this area, we have explored practical ways of
usefully modifying the xanthate group on polymer structures. Two main methods
have been explored, involving, on the one hand, the complete reductive removal of
the xanthate motif with 2-propanol as hydrogen-atom donor [112, 113] and, on the
other, its conversion into the corresponding thiol using the Chugaev fragmentation
[112–114]. We have found that the terminal xanthate group present in PDMS and
PAA prepared by the MADIX technique can be efficiently removed by a combination
of peroxide and secondary alcohol, as summarized in Scheme 10.14 [112].

The second modification is based on a thermolysis process known as the Chugaev
reaction [126]. It consists in the thermal cleavage of a xanthate of general structure
R1R2HC CR3R4 O (C S) SR to give olefin R1R2 R3R4, carbon oxysulfide and
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Scheme 10.14 Peroxide-induced radical reduction of MADIX polymers.

thiol RSH (Scheme 10.15). Interestingly, this unimolecular elimination reaction
generates volatile by-products, which may be fully removed from the reaction mix-
ture by evaporation, simply by heating the polymer.

It was shown that the xanthate terminal group can be eliminated simply by heat-
ing solutions of MADIX polymers, without the need for additional reagents [112].
This economical and convenient technique was applied to xanthate-terminated PS
and poly(t-butyl acrylate), as well as to MADIX-derived PDMS and related triblock
copolymers with t-BA.

These chemical treatments, in addition to other approaches like aminolysis [115]
and ozone treatment [116], strongly reduce the risk of possible undesired chemical
ageing during the lifetime of the MADIX (co)polymer.

10.12
Applications of MADIX (co)polymers

As this was presented in this chapter, the MADIX technology toolbox offers the
possibility of designing a nearly infinite array of functional complex polymer ar-
chitectures, among which double hydrophilic and amphiphilic copolymers have
shown to exhibit original interfacial properties in liquid formulations. In the fol-
lowing section, we illustrate the potential of MADIX (co)polymers for four selected
types of properties:

– rheology modification,
– emulsion stabilization,
– surface modification, and
– preparation of organic–inorganic nanocolloids.

O S
R

S

R3
R4

R1 H
R2

 ∆

O S
R

SHR1 R2

R4R3

+

C SO + HS R

Scheme 10.15 The Chugaev reaction.
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10.12.1
Rheology Modification

Amphiphilic copolymers and DHBC were reported to develop thickening proper-
ties in water, either alone or in the presence of coadditives. Viscoelactic aqueous
gels were obtained with amphiphilic diblock and triblock copolymers based on
styrene and sodium acrylate, with hydrophobic and hydrophilic blocks potentially
comprising hydrophilic and hydrophobic monomers, respectively [127]. This range
of products was successfully tested as hydraulic fracturing fluids in oil field appli-
cation. [128] Star-block copolymers with either hydrophobic or cationic outer block
were also designed for viscoelastic aqueous gel formation [129]. Well-architectured
copolymers comprising boronated VPBA units associated with a polymeric ligand
(e.g. a hydrocolloidlike guar) were developed for rheology control of water-based
formulations [55]. These polymers were combined for use in the exploitation of oil
and gas deposits [130]. Gelled aqueous compositions comprising an architectured
copolymer with at least two ionically charged blocks (e.g. double hydrophilic star-
block copolymers based on AA and Am) and an oppositely charged component
were described in a Rhodia patent [131].

10.12.2
Emulsion Stabilization

It was shown that MADIX amphiphilic diblock copolymers are candidates of choice
for stabilizing emulsions, either during latex synthesis [132] or for emulsifying
various actives in liquid formulations [133–138]. PDMS-based MADIX hybrid block
and graft copolymers were efficiently tested as o/o [133] and o/o/w [134] emulsion
stabilizers, in which one of the oil phases is a silicone. Various applications of
hydrophilic–hydrophobic diblock copolymers were recently reported by Rhodia:
emulsifiable concentrates [135], dried emulsions [136], low hydrophilic–lipophilic
balance (HLB) diblock copolymers to stabilize w/o inverse emulsions [137] and
the stabilization of dispersions in media of high ionic strength for phytosanitary
applications [138].

10.12.3
Surface Modification

Rhodia developed several kinds of hydrophilic–hydrophilic copolymers with tunable
amphiphilic character in order to temporarily or permanently modify colloid or flat
surfaces. For instance, water-soluble amphiphilic diblock copolymers synthesized
by MADIX were advantageously added to preformed emulsion polymers in order to
modify their surface chemistry and improve their colloidal stability [139]. Micellar
solutions of amphiphilic diblock copolymers were efficiently envisaged to promote
the adhesion of latex paints on plastic surfaces [140, 141]. Also, phosphonated
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copolymers with controlled architectures were found to behave like adhesion pro-
moters for latex paints on metal surfaces [142, 143].

Rhodia patented hard-surface-cleaning compositions, comprising coacervate sys-
tems made of a DHBC and an oppositely charged component having soil antiad-
hesion and antideposition properties on hydrophilic hard surfaces [144]. More re-
cently, a similar strategy was employed for rendering a surface antifouling and/or
protein resistant [145].

10.12.4
Organic–Inorganic Nanoassemblies

Two approaches were considered to design organic–inorganic nanohydrids via
MADIX-based materials: (i) a mineral (or polymer) synthetic step assisted by the
polymer (or mineral) counterpart and (ii) the self-assembly of a charged mineral
nanoparticle with a block copolymer comprising an oppositely charged block that
anchors to the mineral surface and a neutral block soluble in the continuous phase.
Following the first strategy, we patented a method for preparing mineral colloidal
nanoparticles of controlled size and shape in aqueous dispersion via the basic
hydrolysis of a metal cation mineral salt (like lanthanum nitrate La(NO3)3) in the
presence of a DHBC comprising an anionic block (e.g. PAA) and a neutral block (e.g.
PAm or P(2-HEA)). The obtained mineral hydroxide dispersions are transparent
and stable over a very broad range of pH and ionic strength [56]. Another approach
consisted in the grafting of alcoxysilyl-functional xanthate compounds [146] to
mineral oxide nanoparticles (e.g. SiO2) in order to control the growth of polymer
chains from the mineral surface [147]. Organic–inorganic hybrid nanoparticles
were thus obtained.

Without resorting to chemistry, a method for controlling the aggregation of pre-
formed rare earth base nanoparticles like yttrium hydroxyacetate with oppositely
charged–neutral block copolymers (e.g. PNaSS–PAm diblock copolymers) was re-
ported to form complex of rare earth aggregates with remarkable stability over time
[53]. Alternatively, organosols of mineral nanoparticles stabilized by ABC were
recently described by our group [57]. The claimed organosols were prepared by
direct-phase transfer of the nanoparticles from the water phase to the organic sol-
vent. The main examples deal with the use of low-molecular-weight PAA–P(alkyl
acrylate) diblock copolymers of appropriate HLB to extract nano-CeO2 from a water
solution to a broad range of solvents with various polarities.

10.13
Conclusion

The MADIX process relies on the interchange of xanthate groups at the polymer
chain ends. A proper design of the xanthate RS (C S)OZ′ used as a reversible
CTA is crucial for an optimal control of molar masses and polydispersities of
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the final polymer. Research on MADIX has come to maturity roughly in 10-year
time, which has led to an advanced technology allowing a vast range of monomers
to be (co)polymerized under ‘living’/controlled and mild conditions. MADIX can
be implemented in industrially viable processes, including waterborne homoge-
neous solution and dispersed media (emulsion or miniemulsion). It is a powerful
synthetic tool for block copolymer synthesis, permitting the association of blocks
with antagonist and/or complementary properties. Products obtained by MADIX
– in particular block copolymers – may target segments of the specialty polymer
markets for some specific functions (rheology control, emulsion stabilization, sur-
face modification, etc.), but they may also find higher value in niche applications
(for instance in industrial segments requiring surface modification of inorganic
materials at the nanoscale level). A more comprehensive and systematic inves-
tigation of the structure/properties relationship of the corresponding materials
should be addressed in the future, and these new materials should be bench-
marked with analog products prepared by conventional polymerization. This will
undoubtedly contribute to better express the competitive advantages of the MADIX
technology on the way to industrial development and commercialization of MADIX
(co)polymers.
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134. H., Lannibois-Dréan, J.-M., Ricca, M.,
Destarac, P., Olier, Rhodia Chimie, WO
03/002636, 2003.

135. S., Deroo, M., Morvan, M., Destarac,
Rhodia Chimie, WO 03/090916, 2003.

136. S., Deroo, A., Sénéchal, J.-M., Mercier,
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Surface and Particle Modification via the RAFT Process:
Approach and Properties

Yu Li, Linda S. Schadler, and Brian C. Benicewicz

11.1
Introduction

Surface modification of materials is of great importance, as it can alter the properties
of the surface dramatically and thus control the interaction between materials and
their environment. Due to the wide applications of polymers in many areas, for
example adhesion, lubrication, friction and wear, composites, microelectronics
and biotechnology [1–5], surface modification by polymers is gaining increasing
attention [6–8]. Generally, there are two ways to achieve the surface modification
of materials with polymers: physisorption and covalent attachment. Compared
with the physisorption method, covalent attachment can avoid the desorption issue
and provide a robust linkage between the introduced polymer chains and material
surfaces.

Polymer grafting techniques provide a versatile tool to covalently modify the
surface of materials. These techniques can be categorized into ‘grafting to’ and
‘grafting from’. In the ‘grafting-to’ technique, the polymer, bearing an appropri-
ate functional group, reacts with the material surfaces to form chemically attached
chains. However, due to the steric hindrance imposed by the already-grafted chains,
it becomes increasingly difficult for the incoming polymer chains to diffuse to the
surface, which intrinsically results in low surface graft densities. In the ‘grafting-
from’ technique, the initiators are initially anchored on the surface and then subse-
quently used to initiate the polymerization of monomer from the surface. Because
the diffusion of monomer is not strongly hindered by the existing grafted polymer
chains, this technique is more promising to achieve high graft densities.

The recent development of controlled polymerization techniques including
cationic, anionic, ring-opening metathesis and controlled radical polymerizations
(CRP) makes it possible to provide considerable control over both the structure of
the polymer to be grafted onto the materials surface and surface graft densities.
The combination of these polymerization methods with polymer grafting tech-
niques has been successfully used as an approach to modify various surfaces with
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a variety of functional polymers. As a relatively newer CRP technique, reversible
addition–fragmentation chain transfer (RAFT) polymerization has been success-
fully applied to the controlled polymerization of various monomers under a wide
range of conditions to prepare polymer materials with predetermined molecular
weights, narrow polydispersities and advanced architectures [9–12]. RAFT poly-
merization is performed under mild conditions, is applicable to a wide range of
monomers and does not require a catalyst. Due to these advantages, the RAFT
technique has recently received substantial attention in the area of surface modifi-
cation with polymers. Since the first report of applying this technique to surface-
initiated graft polymerization on a solid surface in 2001 [13], the RAFT technique
has been utilized in the surface modification of various substrates, including in-
organic/organic particles [13–37], flat silicon wafers [38–43], clay [44–46], flat gold
surfaces [47, 48], gold nanorods [49], glass slides [50], carbon nanotubes [51–57],
cellulose [58–61], rigid plastic [62, 63] and polymer films [64–68]. This chapter fo-
cuses on the approaches that have been used to modify various surfaces via the
RAFT process as well as the physical and molecular properties of the resulting
materials.

11.2
Approach

11.2.1
‘Grafting-to’ Approach

The ‘grafting-to’ approach provides a convenient way to modify the surface of mate-
rials by utilizing an end-functionalized polymer chain reacting with an appropriately
treated substrate. As the grafted chains are preformed in this technique, their types
and structures can be carefully designed via various polymerization methods. As a
versatile CRP technique, RAFT is compatible with almost all of the conventional
radical polymerization monomers, which allows for the preparation of a wide range
of polymers with well-defined structure. Because RAFT polymerization follows a
degenerative chain-transfer mechanism in which thiocarbonylthio compounds act
as chain-transfer agents (CTAs), polymers prepared by this technique usually bear
dithioester or trithiocarbonate end groups that can be easily reduced to thiols. The
high affinity of thiols for the surfaces of metals, in particular gold, makes it possible
to modify various metal substrates with well-defined polymer chains prepared via
RAFT.

Lowe et al. [31] developed a facile one-step process to prepare (co)polymer-
stabilized transition metal nanoparticles based on Au (HAuCl4 sol), Ag (AgNO3), Pt
(Na2PtCl6•6H2O) and Rh (Na3RhCl6). In this process, the (co)polymers employed
as stabilizers, including poly(sodium 2-acrylamido-2-methyl propane sulfonate)
(PAMPS), poly[(ar-vinylbenzyl)trimethylammonium chloride] (PVBTC), poly(N,N-
dimethylacrylamide) (PDMA) and poly[3-(2-N-methylacrylamido]-ethyl dimethyl
ammonio propane sulfonate-b-N,N-dimethylacrylamide) (PMAEDAPS-b-PDMA),
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Scheme 11.1 Preparation of polymer-stabilized transition metal
nanoparticles. (Reproduced with permission from [31]. Copyright 2002
American Chemical Society.)

were synthesized by aqueous RAFT polymerization. The subsequent reduction of
the dithioester end groups of these (co)polymer chains and a metal complex or metal
solid occur simultaneously in aqueous media, giving a series of polymer-stabilized
transition metal nanoparticles (Scheme 11.1). Transmission electron microscopy
(TEM) was used to examine the metal nanoparticles after stabilization. Compared
with those nanoparticles obtained by the reduction performed in the absence of the
RAFT-synthesized (co)polymer, the polymer-stabilized metal nanoparticles were
extremely stable. Sumerlin et al. [47] further extended this work to the modification
of gold films, in which the reduction of the dithioester end-capped (co)polymers
was performed in the presence of the gold substrates. Attenuated total reflectance
Fourier transform infrared spectroscopy and atomic force microscopy (AFM) con-
firmed the presence of the monolayer (co)polymers on the surface of gold films.
Chemical bonding of the thiol end groups to the surface of gold films was evidenced
by the fact that the (co)polymers remained immobilized after thorough rinsing with
solvent.

Using a similar approach, Spain et al. [32] prepared biologically active gold
nanoparticles stabilized with multivalent neoglycopolymers synthesized via RAFT.
Shan et al. [34] prepared amphiphilic gold nanoparticles grafted with a mixture
of RAFT-prepared poly(N-isopropylacrylamide) (PNIPAM) and polystyrene (PS)
chains with two different ratios. These amphiphilic gold nanoparticles showed dif-
ferent behaviors at the air–water interface in Langmuir monolayer experiments,
and the contact-angle measurements revealed that PS and PNIPAM chains grafted
on the surface of the gold cores appeared to be phase separated.

Shan et al. [17] also employed three methods in the preparation of PNIPAM-
monolayer-protected clusters (PNIPAM-MPC) of gold nanoparticles (Scheme 11.2),
in which three types of PNIPAMs were used: RAFT-prepared PNIPAMs bear-
ing dithiobenzoate end groups, RAFT-prepared PNIPAM end capped with a thiol
group obtained through hydrazinolysis and thiol-functionalized PNIPAM obtained
through a conventional radical polymerization and subsequent modification. It was
found that the one-step method was facile in controlling the sizes of gold clusters
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LiBEt3H
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LiBEt3H
PNIPAM-MPC

Scheme 11.2 Schematic representation of three ways to prepare
PNIPAM-MPCs. (Reproduced with permission from [17]. Copyright 2003
American Chemical Society.)

with reasonably narrow size distributions compared to the other two methods. The
presence of the PNIPAM disulfide caused a broad size distribution of MPCs in the
two-step method, and separate gold clusters could not be prepared by the three-step
method due to a certain amount of dithiolated PNIPAM that acted as a cross-linking
agent.

Recently, an interesting study by Duwez et al. [48] showed that dithioesters or
trithiocarbonates can be directly chemisorbed on gold substrates (Scheme 11.3)
without the need for reduction into thiols. Polystyrenes prepared by RAFT with
two different CTAs, benzyldithiobenzoate (BDTB) and dibenzyl trithiocarbonate
(DBTTC), were successfully grafted onto gold substrates via the chemisorption
of the dithioester and trithiocarbonate end groups. This strategy simplifies the
conventional procedures and avoids the formation of disulfides, resulting from
the coupling between two thiol-functionalized polymer chains, which may cause a
broad size distribution of the grafted chains [17].

In a more recent study, Hotchkiss et al. [49] modified the surface of gold nanorods
by RAFT-prepared polymers, including poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA), poly(acrylic acid) (PAA) and polystyrene (PS), with or without the
use of reducing agents (Scheme 11.4). TEM and UV–vis spectroscopy results con-
firmed that both reduced and nonreduced RAFT-prepared polymers were covalently

Scheme 11.3 Chemisorption configuration of the BDTB (left) and
DBTTC (right). (Reproduced with permission from [48]. Copyright 2006
American Chemical Society.)
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Scheme 11.4 Proposed mechanism describing synthesis, reduction and
immobilization of RAFT-prepared PDMAEMA on a gold surface.
(Reproduced with permission from [49]. Copyright 2007 American
Chemical Society.)

attached to the gold nanorods, and the thickness of the grafted polymer varied from
3 to 14 nm, depending on the polymer and grafting conditions used.

Instead of grafting polymer chains onto the substrate surfaces via the sulfur-metal
bond, Guo et al. [24] used a different approach to prepare glycopolymer-modified sil-
ica gel particles. The surface-attached monomers were first prepared by modifying
the surface of silica gel particles with γ-methacryoxypropyltrimethoxysilane, which
was reacted with RAFT-prepared glycopolymers via radical exchange in the pres-
ence of 2,2′-azobisisobutyronitrile (AIBN) (Scheme 11.5). The subsequent cleavage
of the acetyl groups of the grafted polymer resulted in silica gel particles modified
with well-defined lactose-carrying polymer.

Although the ‘grafting-to’ approach provides a convenient way to modify the
substrate surface with well-defined RAFT-prepared polymers, the inherent problem
associated with this approach is the limitation of surface graft density. The diffusion
barrier established by the already-grafted polymer chains makes it difficult for
the new polymer chains to access the reactive sites on the substrate. Thus the
amount of the grafted polymer chains was limited, which usually resulted in low
grafting densities and film thickness. To overcome this problem, great attention
has been paid to the modification of material surfaces via surface-initiated RAFT
polymerization.
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Scheme 11.5 Schematic illustration of grafting glycopolymers onto
silica gel particles. (Reproduced with permission from [24]. Copyright
2006 American Chemical Society.)

11.2.2
Surface-Initiated RAFT Approach

Surface-initiated RAFT polymerization has been widely explored as an approach
to modify the material surfaces due to its ability to precisely control the structure
of the grafted polymer chains with a low-to-high range of graft densities. In this
approach, there are two general routes to prepare surface-grafted polymer chains,
including using (1) a surface-anchored initiator with free CTA in solution and (2)
a surface-anchored CTA with appropriate initiation method. In both cases, the
polymer chains are able to grow from the surface of materials rather than diffuse
to the surface against the concentration gradient of the existing grafted polymers.
Thus compared to the ‘grafting-to’ approach, surface-initiated RAFT polymerization
is a more promising approach to construct dense and thick polymer layers on the
surface of materials.

11.2.2.1 Grafting-From Surface-Anchored Initiators
The immobilization of initiators on the material surfaces can be achieved by various
techniques, including chemical reaction, plasma discharge and high-energy irradi-
ation. The subsequent polymerization from these surface-anchored initiators in the
presence of free CTA can generate surface-grafted polymer chains with uniform
structure and adjustable length.
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Scheme 11.6 A general process of surface-initiated RAFT
polymerizations from a surface-anchored azo initiator. (Reproduced with
permission from [38]. Copyright 2002 American Chemical Society.)

Baum and Brittain [38] utilized RAFT to graft PS, polymethylmethacrylate
(PMMA), PDMA and their copolymers from silica substrates using a surface-
anchored azo initiator (Scheme 11.6). A silane coupling agent was used to im-
mobilize the azo initiator on the silicate surfaces. 2-Phenylprop-2-yl dithiobenzoate
was used as a free CTA in solution to control the graft polymerization. It was found
that addition of free initiators was needed to achieve an effective polymerization
rate, and increasing the concentration of free initiators produced a thicker polymer
layer but decreased the control over the polymerization. A linear increase of film
thicknesses with sequential monomer additions was observed, indicating the liv-
ing characteristics of the grafted polymer chains prepared by this surface-initiated
RAFT approach. Both Mn and polydispersity index (PDI) of the PS and PMMA
homopolymers cleaved from the surface of silica gel were comparable to those of
the corresponding free polymers generated in solution, suggesting that the prop-
erties of the surface-grafted polymer chains can be estimated by analyzing the free
polymer. Tensiometry tests showed that compared to a typical PS overlayer, PS
homopolymer brushes made by RAFT showed a lower water contact angle, which
was attributed to the dithioester end group.

Zhai et al. [39] used a similar azo initiator to prepare polybetaine brushes from the
surface of hydrogen-terminated Si(100) substrates by surface-initiated RAFT poly-
merization. The azo initiator was immobilized on the Si H surface in three steps.
An alkyl ester was first immobilized on the surface under UV irradiation, which was
reduced to a hydroxyl group and then coupled with a carboxylated azo initiator by es-
terification. A free initiator was also used in solution. The thickness of the polymer
films increased linearly with the time of polymerization. Yu et al. [40] further ex-
panded this approach by synthesizing poly(4-vinylbenzyl chloride) (PVBC) brushes
from the same substrate. The free polymer generated in solution was analyzed to
estimate the molecular weight of the surface-grafted polymer. A linear relationship
between the film thickness and Mn of the free polymer was observed, and the
PDI of the free polymer was approximately 1.2–1.3. The surface-grafted PVBC was
further functionalized to give the Si-g-viologen surface with redox-responsive prop-
erties. Chen et al. [67] used a similar strategy to graft polymer brushes of PMMA
and poly[poly(ethylene glycol) monomethacrylate] (PPEGMA) from poly(vinylidene
fluoride) (PVDF) surfaces. The azo-initiator coverage on the PVDF surface was de-
termined by reaction with 2,2-diphenyl-1-picrylhydrazyl (DPPH) and estimated to
be approximately 0.68 units nm−2. The molecular weight of the grafted PMMA
brushes was calculated from the thickness of polymer brushes and the estimated
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initiator coverage, which was comparable to the molecular weight of free polymer
formed in solution. Compared to the native PVDF film, a more hydrophilic surface
was generated after surface grafting of PEGMA and PMMA.

Bae et al. [68] applied microwave plasma to modify the surface of poly-
(dimethylsiloxane) (PDMS) substrates with maleic anhydride. The introduced car-
boxylic groups were used to immobilize the azo initiators by condensation reactions,
followed by surface-initiated RAFT polymerizations of N,N-dimethylacrylamide
(DMA), styrenesulfonate (SS), and (ar-vinylbenzyl) trimethylammonium chloride
(VBTC) on PDMS surfaces. Subsequently, a layer-by-layer process of alternately
depositing RAFT-prepared PSS and PVBTAC homopolymers on the surface of
PVBTAC-grafted PDMS was applied to create stable and highly hydrophilic sur-
faces on the PDMS substrates.

Xu et al. [43] utilized an interesting strategy to micropattern spatially well-defined
binary polymer brushes on the Si(100) surface via a combination of surface-initiated
atom-transfer radical polymerization (ATRP) and RAFT (Scheme 11.7). The ATRP
initiator was first immobilized on the Si(100) surface via UV-induced hydrosilyla-
tion through a photomask, which was used to prepare sodium 4-styrenesulfonate
(NaSS) polymer (PNaSS) brushes. The azo initiator for RAFT polymerization
was immobilized to the unhydrosilylated SiO2 domains using a silane coupling
agent, which was then used to prepare poly(2-hydroxyethyl methacrylate) (PHEMA)

Scheme 11.7 Schematic diagram illustrating the process of
nonlithographic micropatterning of a silicon surface by a combination of
surface-initiated ATRP and RAFT. (Reproduced with permission from
[43]. Copyright 2006 Royal Society of Chemistry.)
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brushes. The thicknesses of PNaSS and PHEMA brushes, determined by AFM,
were estimated to be 21.3 and 25 nm, respectively.

Rather than using a surface-anchored azo initiator, Pirri et al. [50] prepared poly-
mer brushes of N,N-dimethylacrylamide (DMA), glycidyl methacrylate (GMA) and
poly(DMA-b-GMA) from the surface of glass slides and silica beads by depositing
a thiol-bearing organosilane. With a radical initiator in solution, S• radicals were
formed on the surface by radical exchange, which were able to initiate the RAFT
polymerization of monomers in the presence of a free CTA. Surfaces modified
by poly(DMA-b-GMA) brushes bearing oxirane groups showed superior perfor-
mance in oligonucleotide hybridization experiments compared to those coated with
nonpolymeric self-assembled monolayers containing the same functional group.
Barner et al. [15, 36] grafted PS from cross-linked poly(divinylbenzene) (PDVB) core
microspheres by thermally induced RAFT polymerization. The core microspheres
were prepared by precipitation polymerization. The residual double bonds located
at the surface of core microspheres facilitated the growth of the polymer chains
from the surface by radical capture of oligomers and monomers. 1-Phenylethyl
dithiobenzoate was used as a free CTA in solution. A rapid increase in the aver-
age particle volume was found during the early stages of polymerization, which
was attributed to polymer chains that grow from both the surface and the outer
layer of the microspheres. After this initial stage the particle volume increase was
slower and linear with reaction time. The PDIs of the free polymer in solution were
below 1.2 for all reaction times. Using the same approach, Joso et al. [21] grafted
poly(n-butyl acrylate) (PBuA) and poly(N,N-dimethyl acrylamide) from PDVB core
microspheres. Cumyl dithiobenzoate was used as the RAFT agent.

In addition to chemical deposition, high-energy radiation and plasma are also
convenient and powerful tools to generate initiating sites on the surface of sub-
strates. Barner et al. [62] applied γ-initiated RAFT polymerization to graft PS from
a polypropylene solid phase at ambient temperature. Since initiating radicals can
be generated both on the polypropylene (PP) surface and in the PS chains by γ

radiation, two distinct grafting regimes were observed. In the first regime, poly-
mer chains grew in a grafting layer, in which the surface was not completely
covered by polymer chains. In the second regime, the surface was completely cov-
ered with polymer chains, and new polymer chains grew from radicals generated
in the already-grafted polymer chains. It was believed that the growing surface-
grafted polymer chains are in a dynamic equilibrium with free polymer chains
in the solution. The free polymers in the solution were analyzed to estimate the
chemistry of surface-grafted polymer chains. The results showed that Mn of the
free polymers increased linearly with conversion, and the PDI remained below 1.2
throughout the entire polymerization. In a later report, Barner et al. [63] expanded
this approach by grafting a comonomer system of styrene (St) and m-isopropenyl-
α,α′-dimethylbenzyl isocyanate (TMI) from a PP solid phase. Two different grafting
regimes were also observed.

By utilizing an O2-plasma treatment, Yoshikawa et al. [65] were able to pre-
pare high-density PHEMA brushes on the surface of poly(tetrafluoroethylene-co-
hexafluoropropylane) (FEP) films (Scheme 11.8). Peroxides were first introduced
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Scheme 11.8 Schematic illustration of the graft polymerization on the
poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP) film in (a) good
solvent and (b) nonsolvent for FEP. (Reproduced with permission from
[65]. Copyright 2005 American Chemical Society.)
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onto the surface as initiating moieties by the O2-plasma treatment. The density of
peroxides on the surface was determined by a radical-scavenging method, which
increased with increasing plasma-treatment time and reached a constant value of
about 10 peroxides nm−2. Surface-initiated RAFT polymerization of HEMA from
the plasma-treated FEP film was conducted in a nonsolvent for FEP at 40 ◦C to
avoid the growth of polymer chains from deep within the swollen FEP film surface.
N,N-dimethylaniline was added to accelerate the decomposition of the peroxides
via a redox process. V-70 was used as a free initiator in solution. The graft den-
sity was estimated to be about 0.3 chains nm−2. The results of the contact angle
and electron spectroscopy for chemical analysis measurements indicated that the
PHEMA chains were densely grafted to a considerably thin (≤10 nm) boundary
layer. To intentionally swell the FEP film surface, a graft polymerization was also
attempted at 80 ◦C, which resulted in the growth of polymer chains from the inner
part of the swollen film as well as the surface, giving high-density polymer brushes
with ill-defined structure.

Yu et al. [66] reported the synthesis of comb copolymer brushes from plasma-
treated poly(tetrafluoroethylene) (PTFE) films via a combination of surface-initiated
RAFT with ATRP. The PTFE film was subjected to 90 s of radio frequency Ar plasma
pretreatment to introduce peroxides on the surface with a density of about 0.3
units nm−2. Poly(glycidyl methacrylate) (PGMA) brushes were first synthesized by
surface-initiated RAFT polymerization from the immobilized peroxides. The ATRP
initiators were then introduced by reacting 2-bromo-2-methylpropionic acid with
the epoxy groups in the PGMA side chains. The subsequent surface-initiated ATRP
of hydrophilic monomers, including poly(ethylene glycol) methyl ether methacry-
late and sodium 4-styrenesulfonate, produced comb copolymer brushes on the
surface of PTFE films. In a recent report by Wang et al. [27], plasma irradiation
was also used to introduce peroxides on the surface of Fe3O4 magnetic nanopar-
ticles (MNP). The subsequent surface-initiated RAFT polymerization of St and
AA on the plasma-treated MNP produced core-shell Fe3O4-g-PS and Fe3O4-g-AAc
nanoparticles. These surface-modified nanoparticles showed excellent dispersibil-
ity and stability in organic solvents.

Generally, in addition to the initiator immobilized on the surface of substrates, a
free initiator is also added in the above investigations. Because of the low concen-
tration of initiating sites on the surface, which can be terminated by trace amounts
of impurities present in the reaction mixture, it has been found that the added
free initiator can act as a scavenger for the impurities to facilitate the growth of
the grafted polymer chains [38]. The addition of free initiator can also result in the
formation of ungrafted polymer in solution. Researchers have shown that the Mn

and PDI of the grafted polymer chains agreed closely with those of the ungrafted
polymer chains [38]. In these cases, the characterization of the ungrafted polymer
provides a convenient method to estimate the properties of the grafted polymer,
especially those polymer chains that are difficult to separate from the surface of
substrates. However, the disadvantage, which is also derived from the presence of
the large amount of ungrafted polymer in the final product, is the requirement
of additional isolation and purification procedures after polymerization.
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Scheme 11.9 Comparison of R-group and Z-group approaches for
surface-initiated RAFT polymerizations.

11.2.2.2 Grafting-From Surface-Anchored CTAs
An alternative way to modify the surface of materials via surface-initiated RAFT
polymerization is grafting-from surface-anchored CTAs, which generally can be
accomplished through either the R-group or Z-group approach (Scheme 11.9). In
the R-group approach, the RAFT agent is attached to the substrate surface via its
leaving and reinitiating R group. The solid substrate acts as part of the leaving R
group, and thus the propagating radicals are located on the terminal end of the
surface-grafted polymer, which facilitates the growth of grafted polymer chains.
This approach resembles a ‘grafting-from’ approach. In the Z-group approach, the
RAFT agent is attached to the surface via its stabilizing Z group. Because the RAFT
agent is permanently attached to the surface, this approach resembles a ‘grafting-to’
approach. The polymeric radicals always propagate in solution before they attach to
the surface of substrate via the chain-transfer reactions with attached RAFT agents.

11.2.2.2.1 R-group Approach Tsujii et al. [13] reported the first application of
surface-initiated RAFT polymerization in the modification of silica particles via
an R-group approach. An ATRP macroinitiator was first prepared on the surface
of silica particles, which was subsequently converted to a terminal RAFT moi-
ety by reacting with 1-phenylethyl dithiobenzoate in the presence of CuBr via an
atom-transfer addition (ATA) reaction. The conversion of this reaction was esti-
mated to be 70% by UV–vis absorption spectroscopy. The surface-initiated RAFT
polymerization of St from the immobilized RAFT moiety was carried out at 110
◦C with a free RAFT agent in solution. The addition of the free RAFT agent in
solution not only controlled the free polymerization in the bulk phase but also
kept the graft polymerization under control at high conversions. After polymeriza-
tion, the grafted PS chains were cleaved from silica particles by treating with HF
and analyzed by GPC. The results revealed that the grafted radicals predominantly
undergo bimolecular termination at an unusually high rate. The enhanced recom-
bination was attributed to the fast migration of radicals on the surface by sequential
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Scheme 11.10 Comparison of the key processes in (a) the ATRP- or
NMP-mediated and (b) RAFT-mediated graft polymerizations.
(Reproduced with permission from [13]. Copyright 2001 American
Chemical Society.)

chain-transfer reactions, which is not observed in an ATRP system (Scheme 11.10).
It was also observed that the surface graft density had a critical value of about
0.08 chains nm−2below which the surface migration of radicals hardly occurred.
Rowe-Konopacki and Boyes [30] used a similar strategy to prepare a series of
diblock copolymer brushes, including PMMA-b-PDMAEMA, PMMA-b-PS and PS-
b-PMMA on the surface of flat silicon substrates. A modified ATA reaction was
applied to convert a surface-immobilized ATRP initiator to a RAFT agent. The
addition of Cu(0) was critical to achieve effective conversion of the ATA reaction.
Diblock copolymer brushes were then synthesized from the surface-immobilized
RAFT agent via sequential surface-initiated RAFT polymerization. The addition of
free CTA in solution was also required to control the growth of polymer brushes.
Due to the low concentration of polymer on the surface the grafted polymer was
unable to be degrafted for direct characterization. The free polymer in solution was
isolated and analyzed by GPC to estimate the properties of the grafted polymer,
which showed a narrow polydispersity and predictable molecular weight.

Although well-defined polymer brushes were successfully prepared on the sur-
face of silicate substrates in the above studies, large amounts of free polymer
were also produced in the final products due to the free RAFT agents required
in the polymerization, which required laborious purification steps. To overcome
this problem, Li and Benicewicz [22] used a different strategy to synthesize poly-
mer brushes on the surface of silica nanoparticles. A RAFT-silane agent was
first prepared in three steps, which was then reacted with the surface of silica
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Scheme 11.11 Synthesis procedures for attaching RAFT agent onto
silica nanoparticles. (Reproduced with permission from [22]. Copyright
2005 American Chemical Society.)

nanoparticles, providing a surface-immobilized RAFT agent (Scheme 11.11). The
amount of RAFT agent on the modified silica nanoparticles was determined quanti-
tatively by UV–vis spectroscopy. By varying the silane concentration utilized for de-
position, various graft densities of RAFT agent on silica nanoparticles, ranging from
0.15 to 0.68 units nm−2 were prepared. Using these surface-immobilized RAFT
agents, homopolymer and block copolymer brushes of PS and PBuA were pre-
pared on the silica nanoparticle surfaces via surface-initiated RAFT polymerization
without the addition of free RAFT agents in solution. A low AIBN:CTA ratio (<0.1)
was used to minimize radical recombination and the amount of free polymer de-
rived from the radicals formed by AIBN decomposition. The polymerizations were
conducted at low conversion range (<20%) to avoid possible gelation or interpar-
ticle polymeric radical coupling. After polymerization, the grafted polymer chains
were cleaved from the silica particles by treating with HF and characterized. The
results showed that the grafted polymer chains had narrow polydispersities and pre-
dictable molecular weights, indicating that the surface-immobilized RAFT agents
participated in the polymerization with a high activity. Polymerization retardation
was observed for the surface-initiated RAFT polymerization of both PS and PBuA,
which was ascribed to the localized high RAFT-agent concentration. Preliminary
work with PS-modified fumed silica prepared at 16.6% monomer conversion using
the same approach showed that the fraction of ungrafted polymer estimated by
TGA was only about 9%. However, due to the lack of tertiary R-group structure, the
surface-immobilized RAFT agent used in this work could not be used in controlling
the polymerization of methacrylate monomers. Hence, in a subsequent investiga-
tion by Li et al. [25], a more versatile RAFT agent containing a 4-cyanopentanoic acid
dithiobenzoate (CPDB) moiety was immobilized on the surface of silica nanoparti-
cles and used to prepare both PS- and PMMA-grafted silica nanoparticles (Scheme
11.12). Amino-group-functionalized silica nanoparticles were first prepared by re-
acting 3-aminopropyldimethylethoxysilane with silica particles. An initial attempt
of directly reacting CPDB with amino-group-functionalized silica nanoparticles via
condensation failed due to the aminolysis of the dithiobenzoate group of CPDB.
Therefore, the carboxyl group of CPDB was first activated by reacting with 2-
mercaptothiazoline. Due to the ability of mercaptothiazoline-activated amide bond
to selectively consume the amino groups in the presence of dithiobenzoate groups,
the subsequent reaction of activated CPDB with amino-group-functionalized silica
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nanoparticles successfully produced CPDB-anchored silica nanoparticles with vari-
able graft density. Surface-initiated RAFT polymerizations of methyl methacrylate
(MMA) and styrene (St) were mediated by CPDB-anchored silica nanoparticles with-
out the addition of free CTA in solution, producing surface-grafted polymers with
narrow polydispersities and predictable molecular weights. It was found that the
rate of surface-initiated RAFT polymerization of MMA from the CPDB-anchored sil-
ica nanoparticles was much higher than that of the MMA polymerization mediated
by free CPDB, and polydispersities of the PMMA cleaved from the silica nanopar-
ticle surfaces were much narrower than those of the PMMA prepared using free
CPDB as the RAFT agent. These effects were attributed to the unique structure
and steric environment of the surface-anchored intermediate macro-RAFT-agent
radical and also the localized high RAFT-agent concentration effect. Polymeriza-
tions mediated by a hybrid CPDB system, consisting of both free RAFT agent and
surface-anchored RAFT agent, showed that the free polymer had a higher initial
molecular weight than the grafted polymer and that they converged at high con-
versions. HPLC equipped with a C18-coated silica column was used to isolate and
quantitatively characterize the ungrafted PMMA polymer. The results showed that
the amount of ungrafted polymer was generally very low, only around 5 wt % of
the total polymer prepared up to 16% conversion and less than 15 wt % of the total
polymer prepared at 22% monomer conversion.

Zhang et al. [46] grafted PS chains from the surface of layered silicates
by RAFT polymerization. A RAFT agent, 10-carboxylic acid-10-dithiobenzoate-
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decyltrimethylammonium bromide, was first synthesized and intercalated into
montmorillonite (MMT) via electrostatic attraction. The resulting CDDA-
intercalated MMT was used to mediate the RAFT polymerization of St at 110 ◦C
with AIBN in solution. GPC results revealed that the grafted PS chains had predi-
cable molecular weights and narrow polydispersities. Also, the molecular weights
and polydispersities of the free PS chains in solution were similar to those of the
grafted PS chains, indicating that the intercalated MMT did not restrict the diffusion
of propagating radicals and dormant chains. The obtained PS/MMT nanocom-
posites had an exfoliated structure and higher thermal stability compared to
neat PS.

Many other substrate surfaces in addition to silicate substrates can be modified
using surface-initiated RAFT polymerization by attaching the appropriate CTA
through the R group. Skaff and Emrick [20] grafted a series of homopolymers
and copolymers from the surface of CdSe nanoparticles via surface-initiated RAFT
polymerization. A phosphine oxide ligand containing a trithiocarbonate moiety
was first prepared, which was then anchored to a conventional tri-n-octylphosphine
oxide (TOPO)-covered CdSe nanoparticle through ligand-exchange chemistry. Graft
polymerizations of various monomers from the CTA-functionalized nanoparticles
were achieved at 70 ◦C. It was found that common free-radical initiators including
AIBN and benzoyl peroxide could induce the degradation of nanoparticles quickly
at 70 ◦C, which could be attributed to the susceptibility of CdSe nanoparticles
to free-radical degradation. Therefore, di-tert-butylperoxide was selected as a free-
radical initiator, which has lower radical yield. The number-average molecular
weight of the grafted polymer ranged from 9000 to 49 000 g·mol−1 and PDIs were
generally below 1.3. The unique optical properties of the CdSe nanoparticles were
well maintained after graft polymerization. TEM analysis of a composite thin film
cast from the PS-grafted CdSe nanoparticles revealed that the CdSe nanoparticles
were uniformly dispersed throughout the matrix.

Hu et al. [14] grafted linear thermally sensitive PNIPAM chains onto a spherical
PNIPAM/hydroxyethyl acrylate (HEA) copolymer microgel. The hydroxyl group
bearing NIPAM/HEA microgel was first prepared by dispersion polymerization.
Then, α-butyl acid dithiobenzoate was immobilized on the surface of NIPAM/HEA
microgel by esterification. The subsequent RAFT polymerization of PNIPAM from
the CTA-immobilized microgel was conducted with AIBN in solution, resulting in a
core-shell nanostructure. It was observed that the thickness of the grafted PNIPAM
layer first decreased in the low-temperature range 25–32 ◦C and then increased in
the high-temperature range 32–35 ◦C, which was related to a coil–globule–brush
transition of linear grafted PNIPAM chains. Using a similar strategy, Raula
et al. [16] synthesized gold nanoparticles grafted with PNIPAM by surface-initiated
RAFT polymerization. CPDB was attached to gold nanoparticles by reacting with
the 11-mercapto-1-undecanol ligands on the surface. The resulting CPDB-anchored
nanoparticles were used to mediate the RAFT polymerization of NIPAM. The
grafted PNIPAM was removed from the particle surfaces by treating with I2 in
CH2Cl2/ethanol. The molar mass and polydispersity of the grafted PNIPAM chains
determined by GPC were 21 000 and 1.17, respectively. The optical properties of
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Scheme 11.13 Synthesis of cellulose CTA for reversible
addition–fragmentation chain transfer polymerization and their use to
mediate St polymerization. (Reproduced with permission from [59].
Copyright 2005 American Chemical Society.)

these PNIPAM-modified gold nanoparticles varied with changes in environmental
temperature and particle concentration.

Roy et al. [59, 69] utilized surface-initiated RAFT polymerization to graft PS
from a cellulose substrate (Scheme 11.13). The hydroxyl groups of the cellulose
were first treated with 2-chloro-2-phenylacetyl chloride and then converted to a
thiocarbonylthio RAFT agent using a Grignard reagent. Based on the results of
elemental analysis, the average loading of RAFT agent on the cellulose substrates
was calculated to be 1.9 mmol·g−1. From this cellulose-bound RAFT agent, St was
polymerized in the presence of AIBN in solution. The graft ratio ranged from 11 to
28 wt %, depending on polymerization conditions. The grafted PS was cleaved from
the cellulose backbone by treating with HCl solution. The cleaved PS chains from
a sample with 28 wt % graft ratio were analyzed by size-exclusion chromatography,
which gave values of Mn = 21 000 g·mol−1 and PDI = 1.1. Contact-angle measure-
ments revealed a dramatic increase in hydrophobicity of the PS-modified cellulose
surface compared to the untreated cellulose surface. Using the same strategy, they
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also grafted poly[2-(dimetylaminoethyl) methacrylate] from cellulose fiber. They
found that the addition of a free RAFT agent in solution could increase the graft
ratio. The maximum graft ratio was obtained when the molar ratio of free RAFT
agent to cellulose-bound RAFT agent was 1.5:1.0 [58].

Using a surface-immobilized RAFT agent, Cui et al. [51] were able to graft PS from
the surface of multiwalled carbon nanotubes (MWNTs). Carboxylic acid groups
were first introduced to the surface of MWNTs by treating with nitric acid. The car-
boxylic acid group functionalized MWNTs were then treated with thionyl chloride
and 2-hydroxyethyl-2′-bromoisobutyrate to form bromoisobutyrate-functionalized
MWNTs, which were further reacted with a Grignard reagent to produce a surface-
immobilized RAFT agent attached to the MWNT substrate via its R group (Scheme
11.14). Polymerization of St was conducted in THF at 100 ◦C, using AIBN as a free-
radical initiator. In later investigations, the same strategy was used to modify the
surface of MWNTs with PMMA-b-PS block copolymer [56] and a series of aqueous
soluble polymers [52, 53, 55, 57]. In a graft polymerization of PNIPAM mediated by
the RAFT-agent-functionalized MWNTs [52], the molecular weight of the grafted
PNIPAM increased linearly with monomer conversion and the molecular-weight

Scheme 11.14 Synthesis of RAFT-agent-functionalized MWNTs.
(Reproduced with permission from [51]. Copyright 2004 Elsevier.)
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distribution was around 1.3. On the basis of this strategy, Hong et al. [54] also
reported a new method to graft functional polymers and small molecules onto
MWNTs, without significantly altering their surface structure. MWNTs were first
slightly functionalized with RAFT agents to maximally maintain the surface struc-
ture. The graft density of RAFT agents was estimated to be approximately 1.5 RAFT
agents per 1000 carbon atoms. From these RAFT-agent-immobilized MWNTs, an
alternating copolymer of poly(styrene-alt-maleic anhydride) was grafted. The in-
troduced highly reactive maleic anhydride groups could further react with various
hydroxyl or amino groups that were contained in functional polymers and small
molecules to achieve the functionalization of MWNTs.

11.2.2.2.2 Z-group Approach In comparison with the substantial application of
the R-group approach to the surface modification of various substrates, relatively
little attention has been paid to the Z-group approach. In the Z-group approach,
the RAFT agent is located close to the surface throughout the polymerization and
chain-transfer reactions between propagating polymer radicals and attached RAFT
agents must occur near the surface of the substrates. Thus, these reactions can
be severely hampered due to the steric hindrance of the neighboring attached
polymer chains, which makes it difficult to prepare high-density grafted polymer.
However, since the propagation of the polymer chains occurs only in solution
in the Z-group approach, the polymer chains attached on the surface are always
dormant, which excludes the bimolecular termination of grafted radicals often
observed in the R-group approach. Recently, a few reports showed that this approach
holds a unique advantage in constructing well-defined homopolymers and block
copolymers grafted on the surface of solid substrates [23, 28, 33].

Perrier et al. [23] utilized a Merrifield-supported RAFT agent s-
methoxycarbonylphenymethyl dithiobenzoate (Mer-MCPDB) and silica-supported
MCPDB (Si-MCPDB) to mediate the RAFT polymerization of methyl acrylate (MA).
MCPDB was attached to the surface of Merrifield resin via its Z group in two steps.
The chlorobenzyl functional groups on the resin were first reacted with sodium
methoxide and elemental sulfur to form a sodium dithiobenzoate salt, which was
then converted to Mer-MCPDB by treating with methyl-α-bromophenylacetate.
The same procedures were used to prepare Si-MCPDB except that a silane was
first used to introduce a chlorobenzyl functional group to the surface of the resin.
The RAFT polymerizations of MA were conducted at 60 ◦C in the presence of
AIBN. After polymerization, excess AIBN was added to cleave the grafted poly-
mer chains via radical exchange. In a polymerization of MA mediated by a Mer-
MCPDB, GPC was used to characterize both the grafted polymethylacrylate (PMA)
chains and free PMA chains. The results revealed that the grafted PMA chains
had lower polydispersity compared to the free PMA chains and did not show the
GPC hump at high molecular weights due to termination by combination. It was
found that the use of free RAFT agents in solution could not only help to increase
the control over polymerization but also help to reduce the amount of free poly-
mer chains in solution. When a free CTA (MCPDB) was used with a ratio free
CTA:supported CTA = 1:1, the fraction of free polymer chains decreased from
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Scheme 11.15 Synthetic route to polymer-grafted silica particles by
Z-supported RAFT polymerization. (Reproduced with permission from
[28]. Copyright 2006 American Chemical Society.)

51 to 38% in the Mer-MCPDB-mediated polymerization of MA and from 90 to
48% in the Si-MCPDB-mediated polymerization of MA. As the free polymer chains
can be removed by simple filtration and all grafted chains are attached to the
solid substrates via the RAFT agent, this strategy provides a way to modify the
surface of substrates with polymer chains that can be considered ‘truely’ living.
Zhao and Perrier [28] further extended this approach to the modification of sil-
ica particles with various homopolymers and block copolymers. Silica-supported
3-(methoxycarbonylphenylmethylsulfanylthiocarbonysulfanyl)-propionic acid (Si-
MPPA) was first prepared by a two-step reaction (Scheme 11.15). The surface
density of RAFT agent was estimated to be 0.388 molecule of CTA nm−2. Si-MPPA
was then used to mediate the RAFT polymerization of various monomers with
AIBN and free MPPA in solution. The grafted polymer chains were cleaved by
treating with n-hexylamine and analyzed by GPC. In a RAFT polymerization of MA
mediated by Si-MPPA, it was found that the molecular weights of free and grafted
polymers were similar at low conversion but differed with increasing conversion.
At high conversion (>40%), the molecular weights of free polymers in solution
were much higher than those of grafted polymers, which was attributed to the in-
creased shielding effect of the grafted polymer chains with increasing conversion.
Compared to free polymers produced in solution, the grafted polymers had better
defined structure with a lack of GPC shoulders and obvious tailings corresponding
to irreversible termination. A different free RAFT agent (CPDB) was also utilized to
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mediate the RAFT polymerization, which afforded better defined grafted polymer
than using MPPA due to the slower polymerization rate of CPDB-mediated RAFT
polymerization in solution. The homopolymer-grafted silica particles were also
subjected to a RAFT chain-extension polymerization of a second monomer, which
produced well-defined diblock copolymer-grafted silica particles. Using a similar
strategy, Nguyen and Vana [37] attached a cumyl dithiobenzoate to the surface of
silica particles via its Z group. The resulting silica-supported RAFT agent was used
to mediate the RAFT polymerization of MMA and St.

Stenzel et al. [42] used the Z-group approach to grow temperature-responsive
glycopolymer brushes from flat silicon wafers. 3-Aminopropyl trimethoxysi-
lane was first used to introduce amino functional groups to the surface of
silicon wafers. The resulting amino-functionalized surface was reacted with
3-benzylsulfanylthiocarbonyl sulfanylpropanyl chloride to produce a surface-
immobilized RAFT agent. The surface-initiated RAFT polymerizations of N-
acryloyl glucosamin (AGA) and NIPAM were conducted at 60 ◦C with a radical
initiator and free RAFT agent in solution. The RAFT process in solution was mon-
itored to estimate the chemistry of the RAFT polymerization on the surface. The
molecular weight of the polymer in solution increased linearly with conversion
close to the theoretical value and the molecular-weight distributions remained nar-
row throughout the polymerization. Both the PNIPAM and PAGA layer thicknesses
were found to increase linearly with monomer conversion. The PAGA-grafted sur-
face was subjected to a chain-extension polymerization with NIPAM to prepare
block copolymers grafted onto the silicon wafers. They found that the PNIPAM
block grew approximately at the same rate independent of the initial size of the
RAFT agent or the size of the PAGA block. This result was contrary to that from
earlier studies using the Z-group approach to synthesize star polymers, in which
the growth of the second block was found to be very difficult due to the increasing
steric hindrance [70]. A possible explanation for this result may involve a highly
entangled macroradical within the brush layer that cannot diffuse away from the
reactive site. Consequently, to allow further brush growth, monomer must diffuse
into the brush, which is not severely affected by the increasing steric hindrance.

In the above studies, a silane agent was used to introduce functional groups onto
the surface that facilitated the subsequent attachment of the RAFT agent via its Z
group. Peng et al. [41] explored a slightly different approach to immobilize the RAFT
agent on the surface of silicon wafers (Scheme 11.16). A UV-induced hydrosilylation
was used to immobilize a 4-vinylbenzyl chloride (VBC) monolayer on the Si H
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Scheme 11.16 Synthesis of surface-immobilized RAFT agents via Si C
bonds. (Reproduced with permission from [41]. Copyright 2006
American Chemical Society.)
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surface via robust Si C linkages. The resulting Si VBC surface was coupled with
a RAFT agent in a two-step reaction. The RAFT polymerizations of MMA and
HEMA were conducted at 70 ◦C with AIBN and a free RAFT agent in solution.
An approximately linear increase in thickness of the grafted PMMA and PHEMA
brushes on the surfaces with polymerization time was observed. The free polymers
recovered from the reaction solution showed narrow polydispersities. The PHEMA
and PMMA brushes were also subjected to a chain-extension polymerization of
(2-dimethyl-amino)ethyl methylacrylate. The formation of a diblock copolymer-
grafted surface was confirmed by X-ray photoelectron spectroscopy and time-of-
flight secondary-ion mass spectrometry.

11.3
Properties

11.3.1
Surface Structure and Properties

The RAFT technique provides a versatile way to modify the surface of different ma-
terials with surface-attached polymers. By controlling the type, structure and graft
density of the surface-attached polymers, surface hydrophobicity/hydrophilicity of
substrate materials can be significantly modified, which further affects other prop-
erties including adhesion, wettability, compatibility and solubility [71, 72]. Due to
the great promise of stimuli-responsive materials in many fields including nan-
otechnology, biochemistry and materials science, substantial attention has been
given to the modification of material surfaces with stimuli-responsive polymers
via the RAFT process. Typically, the surface-attached stimuli-responsive polymers
can be mixed polymers, block copolymers or functional homopolymers (especially
PNIPAM). Under external stimuli such as pH, temperature or solvency, the prop-
erties of these polymers can be affected through either structure rearrangement or
conformational change, which is very useful for controlling the surface properties
of materials.

Baum and Brittain [38] prepared diblock copolymer brushes attached on silicate
substrates using RAFT polymerizations. The rearrangement behavior of diblock
copolymer brushes upon treatment with different solvents was observed via ten-
siometry. Upon treatment with methylcyclohexane at 35 ◦C, the advancing water
contact angle of a PS-b-PDMA brush (where the PS block is adjacent to the silicate
surface) increased from 42 to 65◦. Treatment of the same sample with tetrahydro-
furan (THF)/ H2O (1/1, v/v) at 35 ◦C reversed the contact angle back to the original
value. For the PDMA-b-PMMA brush, the advancing water contact angle decreased
from 66 to 58◦ after the sample was treated with THF/H2O (1/1, v/v) at 35 ◦C and
returned to the original contact-angle value after treatment with dichloromethane.
These results were reproducible over several cycles of solvent treatment.

Sumerlin et al. [47] modified gold surfaces with a PMAEDAPS-b-DMA copolymer
via a grafting-to approach where the DMA block is adjacent to the gold surface.
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Water contact-angle measurement results showed that the contact angle for the
PMAEDAPS-b-DMA sample was 29.1◦, which was nearly identical to that of the
PDMA-modified gold (30.5◦). This result was interesting because the outer block is
expected to be PMAEDAPS. To gain further insight, the contact angle was measured
for a gold film modified with MAEDAPS homopolymer, which was determined to
be 41.5◦, indicating the surface was more hydrophobic than the gold modified
with the block copolymer. By combining these two results, it was concluded that
the relatively hydrophobic PMAEDAPS block causes the block copolymer to adopt
a conformation such that the more hydrophilic PDMA block is exposed to the
aqueous environment. Rearrangement of the blocks most likely occurred when the
sample was treated with deionized water during the rinsing step that immediately
followed the immobilization procedure.

Yoshikawa et al. [65] prepared a high-density PHEMA brush on the surface of
FEP film by surface-initiated RAFT polymerization. The contact angle θ on the film
surface was measured both in water with an air bubble and in air with a water
droplet (Fig. 11.1). In the former measurement, it was found that all the PHEMA-
grafted samples gave a θ of 26◦, which was equal to the value for the pure PHEMA
surface, indicating the uppermost surface was totally coved with PHEMA. In the
later measurement, when L > 20 nm (L is defined as the layer thickness), samples
showed the same θ value as the pure PHEMA film. For samples with L < 20 nm, θ

increased with the decrease of L, suggesting the surface was not totally covered with
a pure PHEMA layer. This was ascribed to the arrangement on structure of FEP and
PHEMA chains at the surface. In air (hydrophobic environment), a rearrangement
occurred to allow the more hydrophobic FEP chains to move to the outer surface.
When L ≥ 20 nm, this surface rearrangement was completely suppressed.

PNIPAM is one of the most studied stimuli-responsive polymers and exhibits
a lower critical solution temperature (LCST) in water at approximately 32 ◦C. At
the LCST, PNIPAM undergoes a volume-phase transition, causing a change from
a hydrophilic to a hydrophobic state, which results in dramatic changes in phys-
ical properties [73]. Hu et al. [14] grafted linear PNIPAM chains onto a spherical
PNIPAM/HEA copolymer microgel. In the low-temperature range 25–32 ◦C, they
found that the grafted PNIPAM layer thickness decreased, which was related to
the coil–globule transitions of linear grafted PNIPAM chains. While in the high-
temperature range 32–35 ◦C, the layer thickness increased linearly with the graft
density. This was attributed to a strong steric repulsion among the chains grafted
on the shrunken MG core, which forced the tethered PNIPAM chains to stretch into
a brushlike conformation on the surface (Fig. 11.2). Raula et al. [16] polymerized
NIPAM from the surface of gold nanoparticles using the RAFT technique. An aque-
ous PNIPAM-attached gold nanoparticles solution was gradually heated above the
LCST of PNIPAM. They found that both the absorption maximum of the surface
plasmon (λmax) and the absorbance intensity (Iabs) at 650 nm decreased strongly
during the collapse of PNIPAM around 34 ◦C (Fig. 11.3). The shift of the λmax to
lower wavelengths indicated that the surroundings of the surface of the gold core
became less hydrophilic, as the surface was covered by the collapsed PNIPAM. The
decrease in the surface plasmon band was due to the shielding of the gold surface
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Fig. 11.1 Plot of θ versus L (a) in water with
air bubbles and (b) in air with water droplets:
(♦) pristine FEP film, (◦) 120-s plasma-
treated FEP film, (�) PHEMA-spin-cast FEP
film and PHEMA-grafted FEP film with
plasma-treatment time of (�) 60 s, (�) 80 s

and (•) 120 s. The broken lines show the
contact angles of the pure PHEMA surface.
(Reproduced with permission from [65].
Copyright 2005 American Chemical
Society.)

by collapsed PNIPAM, which was observed to be reversible as the temperature was
decreased back to 20 ◦C.

11.3.2
Interfacial Properties in Polymer Nanocomposites

Nanoparticles have been used extensively as fillers in polymer nanocomposites
to improve the mechanical, thermal, electric and optical properties. The large
surface area of nanoparticles has the ability to affect a large volume fraction
of the matrix polymer. Therefore, interfacial interactions between nanoparticles
and the matrix polymer are especially important in determining the properties of
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Fig. 11.2 Schematic of the coil–globule–brush transition of linear
PNIPAM chains grafted on a thermally sensitive microgel. (Reproduced
with permission from [14]. Copyright 2002 American Chemical Society.)

polymer nanocomposites. The RAFT technique provides a versatile tool to tailor the
surface of nanoparticles and thus enables researchers to design interfaces between
nanoparticles and the matrix polymers with several levels of control over chemistry,
chain length, chain density and layer thickness. Li and coworkers [22, 25] developed
a RAFT polymerization method capable of growing PS with molecular weights (M)
of up to 150 000 g·mol−1, polydispersity of less than 1.2 and graft densities ranging
from 0.05 to 0.8 chains nm−2 on the surfaces of silica nanoparticles. Using these
nanoparticles with controlled interfaces as nanofillers in polymer nanocomposites,
Bansal et al. [74, 75] studied the relationship between local interface behavior and
thermomechanical properties of polymer nanocomposites. To study the wetting
of SiO2-g-PS surfaces by PS matrices with various molecular weights, films of
SiO2-g-PS nanoparticles were spin-cast onto Si wafers, which were previously

T (°C)

λ m
ax

 (
n

m
) I650  (a.u

.)

Fig. 11.3 Changes in the λmax of the surface plasmon and the Iabs at
650 nm of the aqueous MPC-PNIPAM solution as a function of
temperature. (Reproduced with permission from [16]. Copyright 2003
American Chemical Society.)
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PS thin film SiO2-g-PS layer

Fig. 11.4 Optical micrographs of the surface of PS films atop a layer of
SiO2-g-PS nanoparticles. The matrix molecular weight is varied from

(a) 44 200 g·mol−1, where complete wetting is seen, to
(b) 92 000 g·mol−1, where partial dewetting is seen and finally to
(c) 252 000 g·mol−1, where the PS film completely dewets and forms
islands [74].

etched with an oxygen plasma for 15 min to remove organic impurities. A layer
of narrow-polydispersity ‘free’ PS was then placed on top of this layer. Figure 11.4
shows optical micrographs of PS films of various molecular weights sitting atop a
film of SiO2-g-PS nanoparticles (M = 110 000 g·mol−1, the graft density (σ ) was
about 0.27 chains nm−2). It can be seen that the PS films with a lower molecular
weight (M = 42 000 g·mol−1 had a homogeneous surface that indicated that the PS
film wets the surface of the SiO2-g-PS nanoparticles. As the M of PS film increased
to 92 000 g·mol−1, partial dewetting was observed. Complete dewetting of the PS
films was apparent when the M of the PS films increased to 250 000 g·mol−1,
evidenced by the many small PS islands on the SiO2-g-PS surface. These results
suggested that the wetting behavior of nanoparticles can be controlled by varying
the ratio of the M of free polymer to that of the grafted polymer on the surface of
nanoparticles. To further evaluate the effect of polymer-nanoparticle wetting behav-
ior on the thermomethanical properties of polymer nanocomposites, they studied
the glass transition temperature (Tg) of SiO2-g-PS/PS nanocomposites. As shown in
Fig. 11.5, the crossover from wetting to autophobicity was observed when
Mmatrix/Mgraft ∼ 0.7. For Mmatrix/Mgraft < 0.7, the polymer matrix wetted the
nanoparticles and the Tg of the nanocomposites increased. For Mmatrix/Mgraft >

0.7, dewetting was observed and the Tg decreased with increasing SiO2 concen-
tration. A possible explanation for these phenomena was that the low M matrix,
which strongly wets the particles, interdigitates with the brush, creating a strong
interface. The brush chains extend further and thus, the grafted PS not only loses
conformational entropy but also occupies a greater volume fraction of the nanocom-
posite. Both of these effects lead to reduced mobility of the polymer chains in the
nanocomposite and could explain the observed increase in Tg. For the high M case,
where dewetting occurs, the interface acts akin to a free polymer surface thereby
resulting in a reduced Tg.



c11 December 15, 2007 13:3 Char Count=

11.4 Conclusions 449

0                 1                2 3                 4                5

–4

–2

0

2

4

6

SiO2 content (wt %)

∆
T

g
 (

°C
)

44 200

92 000

252 000

78 000

65 000

Fig. 11.5 Change in glass transition temperature (�Tg) of SiO2-g-PS
(110 000 molecular weight) in PS nanocomposites as a function of SiO2

concentration for various molecular weights (in g·mol−1) of the matrix.
Dashed lines are a guide for the eye [74].

11.4
Conclusions

The employment of the RAFT process to modify the surface of materials has at-
tracted increasing interest in recent years. The versatility of the RAFT technique
provides the ability to modify the material surfaces via various grafting approaches.
By varying the combinations of grafting approach with substrate, surface modifica-
tion can be achieved by grafting a wide range of polymer chains with considerable
control over chain structure, chain length and graft density.

The increasing demand for materials with novel surface properties will continu-
ously direct researchers to design sophisticated polymer structures on the surface
of materials, which requires a further understanding of the polymerization mech-
anism and kinetics. Although the kinetics of RAFT polymerization in solution has
been extensively studied, it has been found that the kinetics of RAFT polymerization
on the surface of solid substrates can be quite different from that in solution, which
was ascribed in early studies to the unique steric environment of the intermediate
macro-RAFT-agent radical on the substrate surfaces. Further investigations are still
needed to understand how the experimental factors involved, such as RAFT-agent
surface density and monomer steric structure, affect the polymerization kinetics.
Also, while the ‘toolbox’ of synthetic methods has expanded in the last several years,
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improvements in the levels of control (e.g. degree of polymer attached to the surface
vs free polymer) are still needed.

Finally, while substantial attention has been given to the synthetic approaches
via the RAFT process, extensive studies of the properties of the interface and
resulting nanocomposite materials are still at an early stage. A clear understanding
of the structure and properties will help to develop many potential applications in
various fields and may also, in turn, guide researchers to design novel structures
by selecting the most efficient approaches [76].

11.5
Abbreviations

AFM Atomic force microscopy
AGA N-acryloyl glucosamin
AIBN 2,2′-Azobisisobutyronitrile
ATRP Atom-transfer radical polymerization
BDTB Benzyldithiobenzoate
CPDB 4-Cyanopentanoic acid dithiobenzoate
CRP Controlled radical polymerizations
CTA Chain-transfer agent
DBTTC Dibenzyl trithiocarbonate
DMA N,N-dimethylacrylamide
DPPH 2,2-Diphenyl-1-picrylhydrazyl
FEP Poly(tetrafluoroethylene-co-hexafluoropropylane)
GMA Glycidyl methacrylate
HEA Hydroxyethyl acrylate
HEMA 2-Hydroxyethyl methacrylate
LCST Lower critical solution temperature
MA Methyl acrylate
Mer-MCPDB s-Methoxycarbonylphenymethyl dithiobenzoate
MMA Methyl methacrylate
MMT Montmorillonite
MNP Magnetic nanoparticles
MWNT Multiwalled carbon nanotube
NaSS Sodium 4-styrenesulfonate
NIPAM N-isopropylacrylamide
RAFT Reversible addition–fragmentation chain transfer
PAA Poly(acrylic acid)
PAMPS Poly(sodium 2-acrylamido-2-methyl propane sulfonate)
PBuA Poly(n-butyl acrylate)
PDI Polydispersity index
PDMA Poly(N,N-dimethylacrylamide)
PDMAEMA Poly[2-(dimethylamino)ethyl methacrylate]
PDMS Poly(dimethylsiloxane)
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PDVB Poly(divinylbenzene)
PGMA Poly(glycidyl methacrylate)
PHEMA Poly(2-hydroxyethyl methacrylate)
PMA Polymethylacrylate
PMMA Polymethylmethacrylate
PNIPAM Poly(N-isopropylacrylamide)
PNIPAM-MPC PNIPAM-monolayer-protected clusters
PP Polypropene
PPEGMA Poly[poly(ethylene glycol) monomethacrylate]
PS Polystyrene
PTFE Poly(tetrafluoroethylene)
PVBC Poly(4-vinylbenzyl chloride)
PVBTC Poly[(ar-vinylbenzyl)trimethylammonium chloride]
PVDF Poly(vinylidene fluoride)
Si-MCPDB Silica-supported MCPDB
Si-MPPA Silica-supported

3-(methoxycarbonylphenylmethylsulfanylthiocarbonysulfanyl)-
propionic acid

SS Styrenesulfonate
St Styrene
TEM Transmission electron microscopy
THF Tetrahydrofuran
TOPO Tri-n-octylphosphine oxide
VBC 4-Vinylbenzyl chloride
VBTC (ar-Vinylbenzyl)trimethylammonium chloride
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12
Polymers with Well-Defined End Groups via RAFT –
Synthesis, Applications and Postmodifications

Leonie Barner, and Sébastien Perrier

12.1
Introduction

The control over the chain-end functionality of a polymeric chain produced by
controlled/‘living’ radical polymerization is inherent to the mechanism of the re-
action. Indeed, the final product contains a majority of polymeric chains showing
an ω-functional end group which is used to control the molecular weight growth.
The growth of the molecular weight can be mediated either via the reversible
homolytic cleavage of the covalent bond between the terminal carbon and the
chain-end group (e.g. halogen for transition-metal-mediated living radical poly-
merization/atom transfer radical polymerization (ATRP), nitroxide for nitroxide-
mediated polymerization (NMP)) or via the degenerative transfer of chain-end
groups between propagating radicals and dormant species (e.g. thiocarbonylthio
groups for reversible addition–fragmentation chain transfer (RAFT)). Furthermore,
α-functional end groups can also be introduced via the initiator/mediator of the
polymerization, for example, halogen alkyls (ATRP), alkyl nitroxides (NMP) or
dithioesters (RAFT).

The versatility of the RAFT process toward functional groups allows for the
introduction of a wide range of chain-end functionalities. Moreover, the structure
of the thiocarbonylthio compounds, mostly used to mediate RAFT polymerization,
provides three approaches to control the functionality of a polymeric chain end (see
Scheme 12.1):

1. α-Functional groups can be introduced via the R group of the chain transfer
agent (CTA). The R group of the RAFT agent is a free radical leaving group
that must also be able to reinitiate the polymerization. Although there is always a
proportion of polymeric chains formed during the RAFT process that are initiated
by radicals derived from the free radical initiator, these are usually kept very low
due to the high CTA-to-initiator ratios utilized. It follows that most polymeric

Handbook of RAFT Polymerization. Edited by Christopher Barner-Kowollik
Copyright C© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 12.1 Three routes to introduce end functionalities in polymers
synthesized via the RAFT process.

chains produced via RAFT will show an α-functionality provided by the R group
of the initial CTA.

2. ω-Functional groups can be introduced via the Z group. The Z group is responsi-
ble for the stabilization of the intermediate radicals that are produced during the
polymerization. Although the chains that terminate during polymerization will
lose the thiocarbonylthio end group and therefore the Z functionality, the ratio
of living chains (with Z group) to dead chains is usually kept very high (typically
above 90%), thus ensuring that most chains retain their Z-group functionality.
This approach is unique to the RAFT process and cannot be achieved by other
living radical polymerization techniques. Problems arise, however, for applica-
tions in which the terminal C S bond may be broken under certain conditions,
thus leading to the loss of the ω-functionality.

3. ω-Functional groups can also be introduced via the modification of the thiocar-
bonylthio group postpolymerization. The modification of thiocarbonylthio groups
is well known, and a few methodologies have been applied to RAFT-synthesized
polymers to remove this group and modify it into an alternative functional group.

In this chapter, we review the various methodologies that have been used to
produce polymers with well-defined end groups via the RAFT process. We highlight
the introduction of chain-end groups via the R and Z groups of CTAs (section 12.2).
A specific section (12.3) is devoted to the use of functionalities in the CTA and/or the
telechelic polymer that can initiate polymerizations proceeding via an alternative
mechanism to radical polymerization (e.g. ring-opening polymerization (ROP)).
Another part of the chapter is concerned with the removal of the thiocarbonylthio
groups, its effect on the stability of RAFT-synthesized polymers and its use to
introduce ω-functionality postpolymerization (section 12.4).

12.2
Terminal Functionalities Introduced via the CTA

The number of RAFT agents that could be used to introduce α- and/or ω-
functionality in polymers is already sizeable. In this chapter, we describe the most
important functional groups and their corresponding RAFT agents. We have not
included RAFT agents that show latent functionalities, accessible via further reac-
tions, but that have not yet been exploited.
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12.2.1
Carboxyl and Hydroxyl End-Functional Polymers

The facile synthesis of mono- and dicarboxyl-terminated trithiocarbonate RAFT
agents was reported by Lai et al. [1]. S,S′-Bis(α,α′-dimethylacetic acid) trithiocarbon-
ate (1), a dicarboxyl-terminated trithiocarbonate RAFT agent, and S-1-dodecyl-S′-
(α,α′-dimethylacetic acid) trithiocarbonate (2), a monocarboxyl-terminated trithio-
carbonate RAFT agent (see Table 12.1), mediate the polymerization of ethyl acrylate
(EA), acrylic acid (AA), butyl acrylate (BA), 2-hydroxyethyl acrylate (HEA), tert-
butyl acrylamide (tBAm) and styrene (St) [1]. The synthesis of block copolymers –
including amphiphilic copolymers – mediated via these RAFT agents is also pos-
sible. However, narrow-disperse poly(methyl methacrylate) (PMMA) could not be
achieved using RAFT acids 1 and 2. Lai and Shea also reported the synthesis
of carboxyl- and hydroxyl-terminated dithiocarbamates and xanthates, which can
mediate the RAFT polymerization of various monomers [28].

Ferguson et al. [2] reported the synthesis and application of an amphipathic RAFT
agent (3) which can mediate polymerization in both aqueous and organic phases.
The RAFT acid 3 was applied for ab initio emulsion polymerization of AA and BA.

Moad et al. [3] designed an acid end-functionalized trithiocarbonate RAFT agent
(4) which is able to control the polymerization of methyl methacrylate (MMA). This
RAFT acid has a tertiary cyanoalkyl R group, which is a good radical leaving group
with respect to the PMMA propagating radical.

Stenzel et al. [4] synthesized a monocarboxyl-terminated trithiocarbonate RAFT
acid (5) which is able to mediate the polymerization of BA [5], 2-acryloylethyl
phosphorylcholine [6], AA and N-isopropyl acrylamide (NIPAM) [7]. The RAFT
acid 5 was also applied to modify α-D-glucose, β-cyclodextrine and cellulose and to
facilitate the subsequent polymerization of St [4]. The RAFT acid 5 has – due to
the hydrophobic R group – a reduced solubility in aqueous solutions. Wang et al.
[5] synthesized water-soluble dicarboxyl-terminated trithiocarbonate RAFT acids
(6 and 7) whose structures were similar to that of the RAFT acid 5. These RAFT
acids were applied to synthesize telechelic poly(nBA)s [5].

α,ω-Dihydroxyl-terminated telechelic polymers of St and MA with predeter-
mined molecular weight and low polydispersity can be synthesized using the RAFT
agent S,S′-bis(2-hydroxyethyl-2′-butyrate) trithiocarbonate (BHBT, 8; see Table 12.1)
[8]. HO–polystyrene–OH (HO-PSt-OH) and HO–PMA–OH macro-RAFT polymers
could subsequently be used for the synthesis of triblock copolymers with the sec-
ond polymer in the center of the block copolymer chains and two terminal hydroxyl
groups.

Functional dithioester RAFT agents have also been reported for the synthesis of
telechelic polymers. D’Agosto et al. [10] synthesized two dithioesters (9 and 10; see
Table 12.1) having a propanoic acid group as R group and phenyl or benzyl group as
Z group. These RAFT agents control the polymerization of N-acryloylmorpholine
(NAM, 11; see Scheme 12.2), a water-soluble bisubstituted acrylamide derivative.
Successful formation of AB block copolymers, poly(NAM-b-PSt), has also been
reported [10].
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Table 12.1 Selected RAFT agents for the synthesis of end-functional
polymers

Functional
group RAFT agent Monomers

Trithiocarbonates

α,ω-Dicarboxyl [1] EA, AA, BA,
HEA, tBAm, St

C

CH3

CH3

HOOC S C

S

S C

CH3

CH3

COOH

1

α-Carboxyl [1] EA, AA, BA,
HEA, tBAm, St

SC

S

SC

CH3

CH3

CCOOH 12H25

2

α-Carboxyl [2] AA, BA

3C4H9

C

S S COOH

S

α-Carboxyl [3] MMAC

S S

S

C12H25

COOH

CN

4

S C

S

S

HOOC

5

ω-Carboxyl [4, 5] BA, [6]
2-acryloylethyl
phosphoryl-
choline, [7] AA,
NIPAM
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Table 12.1 (Continued)

Functional
group RAFT agent Monomers

S C

S

S COOH

HOOC

6

α,ω-Dicarboxyl [5] BA

S C

S

S

COOH

HOOC

7

α,ω-Dicarboxyl [5] BA

C

O

HOCH2CH2O
H
C

C2H5

S C

S

S
H
C

C2H5

C

O

OCH2CH2OH

8

α,ω-Dihydroxyl [8] MA, St, [9]
NIPAM

Dithioesters

S

S

COOH

9

α-Carboxyl [10] NAM

S

S

COOH

10

α-Carboxyl [10] NAM

(Continued)
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Table 12.1 (Continued)

Functional
group RAFT agent Monomers

C

S

S
H2
C COOH

12

α-Carboxyl [11, 12] MMA,
[13] St

S S

NC

OH

13

α-Hydroxyl
α,ω-
Dihydroxyl

[14] MA

S S

Ph

NEt2

O

14

α-Amide [15] St, MA,
DMA

N

O

O

S

S

S

15

α-Primary
amine

[16] St, [17] BA,
NIPAM

α-Primary
amine

[16] St, [17] BA,
NIPAM

N

O

O

S

S

NS

O

O

S

S

S

16
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Table 12.1 (Continued)

Functional
group RAFT agent Monomers

α-Primary
amine

[16] St, [17] BA,
NIPAM

N

O

O

S S

S

N

O

O

17

α-Primary
amine

[17] NVP, VAc
N

O

O

S

S

O

18

α-Fluorescent [18] St, MA

S

S CH2

19

α,ω-Di-1,3-
benzodioxole

[19] St
O

O

S

S

O

O

20

[20] StS

S

21

(Continued)
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Table 12.1 (Continued)

Functional
group RAFT agent Monomers

α-Terpyridine [29] St, NIPAM
N

N

N

CH2 S

S

22

α,ω-
Bisterpyridine

[21] St, BAN

N

N

C
H2

S S

S

CH2

N

N

N

23

α,ω-Bisallyl [22] St, BA
S

S

S

24

α-Norbornenyl [23] St, MMA,
MA

S

S
CN

O

O

25



c12 December 17, 2007 12:4 Char Count=

12.2 Terminal Functionalities Introduced via the CTA 463

Table 12.1 (Continued)

Functional
group RAFT agent Monomers

α-Vinyl [23] St, MMA,
MA

26

S

S
CN

O

O
8

α-Cinnamyl [23] St, MMA,
MA

27

S

S
CN

O

O O

O

α-Carbohydrate
derivative

[24] NAMO

O O

O

O

HN

S S

O

28

α-Biotin
derivative

[24] NAM
H
N

S S

O

O
O

N
H

O
S

HN

NH

O
29

α-Biotin
derivative

[25] NIPAM,
HPMA

S
HN

N
H

O

H
N

O

O

OCO S

S

SC12H
2530

(Continued)
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Table 12.1 (Continued)

Functional
group RAFT agent Monomers

ω-BSA [26] PEG-AS
C

S

S

C

O

O
S

S
BSA

31

ω-Pyridyl
disulfide

[26, 27]
PEG-A, BAS

C
S

S

C

O

O
S

S

N

32

Another carboxylic acid end-functionalized dithioester has been described
by Choe and coworkers [11]. Thiobenzoyl sulfanylmethylbenzoic acid (12; see
Table 12.1) can be applied in the RAFT miniemulsion polymerization of MMA
[12] and St [13] to yield carboxylic acid-functionalized nanoparticles.

Functional dithioesters can also be applied to synthesize hydroxyl-terminated
polymers. Lima et al. [14] utilized a monofunctional hydroxyl RAFT agent (13;
see Table 12.1) to synthesize α,ω-telechelic PMA. First, the polymerization of MA
was mediated by 13, resulting in α-hydroxyl-terminated PMA. The dithioester end
group was subsequently modified by an aminolysis followed by a Michael addition
on the resulting thiol, leading to α,ω-dihydroxyl-terminated PMA.

12.2.2
Primary Amine and Amide End-Functional Polymers

α-Amide-terminated polymers can be directly synthesized using the RAFT agent 14
(S-diethylcarbamoylphenylmethyl dithiobenzoate) containing an amide functional-
ity in the R group (see Table 12.1) [15]. The RAFT agent 14 mediates the controlled
polymerization of styrene, acrylate and acrylamide derivatives. Block copolymers
can also be synthesized using the RAFT agent 14.

O

N

O

11

Scheme 12.2 N-Acryloylmorpholine (NAM).
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Primary amine end-functionalized polymers are not directly accessible through
RAFT polymerization as unprotected primary and secondary amine groups react
rapidly with the thiocarbonylthio group of the RAFT agent [3]. However, primary
amine functionality can be introduced via phthalimido RAFT agents [16, 17]. RAFT
agents 15–17 (see Table 12.1) are effective mediators for the living polymerization of
St, BA and NIPAM. After RAFT polymerization the trithiocarbonate functionality in
the polymers is transformed into inert chain ends by radical-induced reduction with
tributylstannane and subsequently converted into primary amine end groups by
hydrazinolysis. The xanthate 18 controls the polymerization of N-vinyl pyrrolidone
(NVP) and vinyl acetate (VAc) [17].

12.2.3
Other End-Functional Polymers

Fluorescent end-labeled polymers can be synthesized via the RAFT technique by
mediation of a RAFT agent with a methyl anthracene R group [18]. Anthracene-9-yl
methyl benzodithioate (AMB, 19; see Table 12.1) controls the RAFT polymerization
of St. The resulting polymers showed enhanced fluorescence properties compared
to AMB in N,N-dimethylformamide.

The synthesis of α,ω-1,3-benzodioxole end-functionalized PSt via mediation of
the RAFT agent 21 (see Table 12.1) was reported by Zhou et al. [19].

The RAFT agent pyrenylmethyl benzodithioate (21) also mediates the polymeriza-
tion of St [20]. The resulting α-fluorescent end-labeled polymers exhibit enhanced
fluorescence properties in chloroform.

RAFT polymerization can also be applied for the synthesis of supramolec-
ular metallopolymer complexes. Zhou and Harruna synthesized a terpyridine-
functionalized dithioester (22; see Table 12.1) and proved that this RAFT agent
controls the polymerization of St and NIPAM, yielding α-terpyridine-functionalized
polymers [29]. The terpyridine end-functionalized PSt can be utilized to generate
supramolecular dimeric polystyrene ruthenium complexes and – in combination
with terpyridine end-functionalized PNIPAM – amphiphilic diblock metallopoly-
mers. This concept was adopted by Zhang et al. [21] who synthesized the bisfunc-
tional terpyridine RAFT agent 23 which mediates the polymerization of St and BA,
yielding α,ω-terpyridine functional polymers. Chelating interaction between the
terpyridine end groups and RuII ions results in supramolecular metal polymers.

Another attractive functional group is the allyl group as it can be utilized in
various addition reactions leading to other functional groups. In addition, allyl
end-functional polymers can be used as macromonomers to prepare graft copoly-
mers [30]. Zhang and Chen [22] synthesized a bisallyl trithiocarbonate (24; see
Table 12.1) which is able to mediate the polymerization of St and BA, resulting
in bisallyl-functional telechelic homo- and triblock copolymers. They also showed
that the allyl groups can be transformed into bromides and subsequently into azido
groups. In addition, reaction of the bisallyl PSt with divinyl benzene resulted in PSt
stars with allyl end-functional arms.
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The concept of synthesizing macromonomers via RAFT polymerization was
also investigated by Patton and Advincula [23]. They developed dithioesters (see
Table 12.1) that carry norbornenyl- (25), vinyl- (26) and cinnamyl- (27) functional-
ities in the R groups of the RAFT agents. Macromonomers with norbornene and
vinyl end groups can be applied for the construction of complex architectures via
ROMP and metathesis polymerization. The cinnamate group can be utilized in
the preparation of photo-cross-linkable polymer networks and stabilized polymer
nanostructures. Patton and Advincula showed that the three RAFT agents 25–27
mediate the polymerization of St, MMA and MA.

12.2.4
Toward Biomolecule–Polymer Conjugates via End-Functional RAFT Polymers

Recently, several research groups have started to employ the RAFT technique to-
ward the preparation of biomolecule–polymer conjugates [24–27]. The combined
properties of polymer and biomolecules may lead to unique properties and may sub-
sequently be employed in applications such as affinity separations, immunoassays,
enzyme recovery and bioengineering [25].

Bathfield et al. [24] developed two novel functional RAFT agents (see Table 12.1):
one with a carbohydrate derivative R group (28) and one with a biotin derivative
R group (29). These functional RAFT agents were synthesized via a precursor
RAFT agent bearing a succinimidyl-activated ester group which reacts with amino
derivatives without competitive degradation of the thiocarbonylthio function. The
RAFT polymerization of NAM was successfully mediated via RAFT agents 28
and 29.

Hong and Pan [25] developed a biotinylated trithiocarbonate RAFT agent (30;
see Table 12.1) which efficiently mediates the polymerization of NIPAM and
N-(2-hydroxypropyl) methacrylamide (HPMA). Biotin-ended diblock copolymers
of PHPMA and PNIPAM were also successfully synthesized.

Liu et al. synthesized a biohybrid RAFT agent (31), that is, a bovine serum
albumin RAFT agent (BSA-RAFT agent), which is able to control the γ -radiation-
initiated polymerization of poly(ethylene glycol) acrylate (PEG-A) at room tempera-
ture (see Scheme 12.3) [26]. A novel RAFT agent (32) consisting of a trithiocarbonate
with a pyridyl disulfide-modified Z group and a benzyl R group is reactive toward
the selective exchange reaction with free thiol-tethered molecules under mild con-
ditions. Reaction of 32 with one free thiol group bearing BSA forms the BSA-RAFT
agent.

The ω-pyridyl disulfide-functionalized RAFT agent 32 also mediates the poly-
merization of PEG-A and BA resulting in pyridyl disulfide-functionalized homo-
and amphiphilic block copolymers [27]. Subsequently, the pyridyl disulfide end
groups were reacted with a thiol-containing model compound, that is, 11-mercapto-
1-undecanol. It should be possible to apply this technique to the development of
tailor-designed biomolecule–polymer conjugates.
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Scheme 12.3 Site-specific modification of BSA with a pyridyl
disulfide-terminated RAFT agent and the polymerization in situ of
oligo(ethylene glycol) acrylate [26].

12.3
RAFT in Combination with Other Polymerization Techniques

Synthetic strategies that combine RAFT with other (controlled/living) polymer-
ization techniques are highly attractive for the preparation of block copolymers
of mechanistically incompatible monomers or monomers of extremely disparate
reactivities (e.g. St and VAc) and polymers of complex architecture as star, brush
and graft copolymers. To date, reports of combining RAFT polymerization with
ROP, ATRP and highly orthogonal [2+3] cycloaddition (i.e. ‘click chemistry’) were
reported.

12.3.1
RAFT in Combination with ROP

In 2003, Pan and coworkers reported the combination of RAFT and ROP for the
synthesis of poly(MMA)/poly(1,3-dioxepane)/PSt ABC miktoarm star copolymers
[31]. In their synthetic strategy they used a PSt with two terminal chain-transfer
groups: one group which is able to mediate RAFT polymerization of MMA and
one group which functions as CTA for the cationic ROP of 1,3-dioxepane. Pan and
coworkers also synthesized poly(ethylene oxide) methyl ether/PSt/poly(L-lactide)
ABC miktoarm star copolymers via this synthetic strategy [32].
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Scheme 12.4 Synthetic strategy for thermally responsive and
biodegradable block copolymers via the combination of ROP and RAFT.
Reprinted with permission from Ref. [9]. Copyright 2004 American
Chemical Society.

In 2004, the group of Pan also developed a new RAFT agent (BHBT, 8) with two
terminal hydroxyl groups [9]. On the one hand, the terminal hydroxyl groups of
BHBT can act as initiating centers in ROP of L-lactide. On the other hand, BHBT
is a RAFT agent and can be used to mediate, for example, the polymerization of
NIPAM. First, BHBT was used to synthesize PLA with a centered trithiocarbonate
(8; see Scheme 12.4). Second, the RAFT polymerization of NIPAM was performed
using 33, resulting in thermally sensitive and biodegradable PLLA–b-PNIPAM–b-
PLLA block copolymers 34.

H-shaped copolymers and heteroarm H-shaped terpolymers were also synthe-
sized via a combination of RAFT polymerization and (cationic) ROP by Pan and
coworkers [33, 34].
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Scheme 12.5 Cyclic trithiocarbonates (CTTC).

Xu and Huang applied sequential controlled polymerization (i.e. RAFT polymer-
ization followed by ROP) to synthesize well-defined graft copolymers [35]. First,
they prepared poly(2-hydroxyethylmethacrylate-co-styrene) (poly(HEMA-co-St)) via
RAFT and subsequently used the hydroxyl groups of the poly(HEMA-co-St) for the
ROP of ε-caprolactone in the presence of stannous octoate. Huang and coworkers
also reported the synthesis of well-defined amphiphilic copolymers [36, 37] and
well-defined, brush-type copolymers [38] via sequential controlled polymerization.

Hillmyer and coworkers developed a synthetic strategy where they first performed
a controlled ROP, then modified the resulting polymer into a macro-RAFT agent
and subsequently performed a RAFT polymerization [39, 40]. They named this
synthetic strategy ‘tandem ROMP-RAFT’ and reported the synthesis of ABC triblock
and ABA triblock copolymers of mechanistically incompatible monomers.

Hales et al. [41] prepared poly(D,L-lactide)-b-poly(NIPAM) using a two-step ap-
proach. First they utilized a RAFT agent, 2-(benzylsulfanylthiocarbonylsulfanyl)
ethanol, as a coinitiator for the ROP of 3,6-dimethyl-1,4-dioxane-2,5-dione, result-
ing in a polylactide (D,L-PLA) macro-RAFT agent. This macro-RAFT agent was sub-
sequently used to polymerize NIPAM, resulting in amphiphilic block copolymers.

Hong et al. reported the synthesis of cyclic trithiocarbonates (CTTC) 35 and 36
(see Scheme 12.5), which can be used for the polymerization of St [42, 43].

CTTC 35 was ‘copolymerized’ with St via an ROP (see Scheme 12.6), incorporat-
ing trithiocarbonate moieties. Subsequently, a RAFT polymerization of St via the
incorporated trithiocarbonate moieties was performed. After cleaving the trithio-
carbonate moieties by a method suggested by Wang et al. [42], low-polydispersity
polymers with thiol end groups were obtained.

12.3.2
RAFT in Combination with ATRP

Pan and coworkers successfully synthesized branched copolymers with PLLA-b-
PSt2 branches by a combination of RAFT, ROP and ATRP [44]. They first prepared
the copolymer poly(MA-co-HEA) via RAFT and subsequently performed the ROP
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Scheme 12.6 Integrated process of ring-opening and RAFT
polymerization involving CTTC [43].

of L-lactide by using the side hydroxyl group of HEA as initiator and Sn(Oct)2

as catalyst. 2,2-Bis(methylene α-bromoisobutyrate) propionyl chloride was sub-
sequently used to transform one hydroxyl group of the PLLA branch into two
ATRP-initiating sites, followed by an ATRP polymerization of St, yielding poly(MA-
co-HEA)-g-(PLLA-b-PSt2). Neoh and coworkers synthesized a dual-brush-type am-
phiphilic triblock copolymer with intact epoxide functional groups by consecutive
RAFT polymerization and ATRP [45]. First they synthesized a diblock copoly-
mer of poly(glycidyl methacrylate)-b-poly(4-vinylbenzyl chloride) (poly(GMA)-b-
poly(VBC)) via a two-step RAFT polymerization. A third block, consisting of
poly(ethylene glycol) methyl ether methacrylate (PEGMA) units, was synthesized
via RAFT. The poly(ethylene glycol) side chains of PEGMA form the hydrophilic side
chains of the triblock copolymer. Subsequently, a heterogeneous dual-brush-type
amphiphilic triblock copolymer was synthesized by using the benzyl chloride group
of the VBC units of the poly(VBC) block as an ATRP macroinitiator for the poly-
merization of St [46]. Neoh and coworkers also applied a consecutive ATRP/RAFT
approach to graft a micropatterned, binary polymer brush system from a Si(100)
chip [46].

Bon and coworkers reported an interesting strategy to convert macromolecular
ATRP initiators into macro-RAFT agents [47]. Poly(MMA), poly(DMAEMA) (i.e.
poly(N,N-dimethylethylaminoethyl methacrylate)) and PEG ATRP initiators were
activated using CuIBr under modified ATRP conditions. The activated polymer
chains were subsequently reacted with bis(thiobenzoyl) disulfide lead to yield RAFT
end functionality (see Scheme 12.7).

12.3.3
RAFT in Combination with ‘Click Chemistry’

Recently, RAFT agent-mediated polymerization has also been combined with highly
orthogonal [2+3] cycloadditions (also called ‘click chemistry’ [48]). The combination
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Scheme 12.7 Conversion of macromolecular ATRP initiators into
macro-RAFT agents. Reprinted with permission from Ref. [47]. Copyright
2004 Elsevier Ltd.

of these two techniques allows for the synthesis of well-defined block copolymers of
monomers with extremely disparate reactivities [49]. Quémener et al. synthesized
two novel RAFT agents carrying azide or acetylene functions (see Scheme 12.8)
which allow subsequent click reactions. They showed that this synthetic route can
be applied to synthesize very narrow polydispersity PSt-b-PVAc block copolymers.

Gondi et al. synthesized two novel azido-functionalized RAFT agents (see
Scheme 12.9) and used them to mediate the RAFT polymerization of St
and DMA (N,N-dimethylacrylamide) [50]. Subsequently, the resulting α-azido-
terminated polymers were reacted with acetylene species, synthesizing a range of
telechelics.

12.4
Stability of the Thiocarbonylthio End Group and Its Modification Postpolymerization

One of the characteristic features of the RAFT process is the incorporation of
the thiocarbonylthio moiety from the CTA at the chain end of all the living poly-
meric chains. Such an end group provides a fantastic handle for further chemical
modification, allowing for the incorporation into the polymeric chains of chain-
end functionalities postpolymerization. This end group usually confers color to
the polymer (ranging from purple for dithiobenzoate to yellow for trithiocarbon-
ates, xanthates or dithiocarbamates; see Figure 12.1), which might not be desirable
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Scheme 12.8 Synthesis of ‘clickable’ RAFT agents. Ref. [49] –
Reproduced with permission of the Royal Society of Chemistry.
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Scheme 12.9 Azido-functionalized RAFT agents. Reprinted with
permission from Ref. [50]. Copyright 2007 American Chemical Society.

depending on the applications. The thiocarbonylthio end group can weaken the
thermal stability of the polymeric chains. There are a number of options to re-
move/transform the thiocarbonylthio end group from polymers produced by RAFT
(Scheme 12.10).

12.4.1
Thermolysis

The thermal decomposition of RAFT agents during polymerization has been stud-
ied. It was shown that cumyl dithiobenzoate undergoes thermal decomposition
above 120 ◦C to yield dithiobenzoic acid and α-methyl styrene [52]. When used in
the polymerization of MMA, the cumyl dithiobenzoate is converted into a poly-
meric dithiobenzoate, which also yields an unsaturated group at the polymeric
chain end and dithiobenzoic acid at temperatures above 120 ◦C. However, surpris-
ingly, 2-(ethoxycarbonyl)prop-2-yl dithiobenzoates, for which the R group mimics
the repeating unit of a PMMA chain, do not yield an unsaturated group as a product

Fig. 12.1 Typical physical aspect of a polymer synthesized by the RAFT
process before (a) and after (b) removal of the thiocarbonyl\thio end
group. Here a PMMA was synthesized by the RAFT process utilizing
isocyano dithiobenzoate and treated with an excess of
N,N′-azobis(isobutyronitrile) (AIBN) at 80 ◦C for 2.5 h [51].
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Scheme 12.10 Various paths for the modification of the
thiocarbonylthio end group of a RAFT-synthesized polymeric chain.

of thermolysis at these temperatures [53]. Nevertheless, the decomposition of the
thiocarbonylthio group during MMA polymerization affects the control of the poly-
merization and yields to retarded reaction rates and broadened molecular weight
distributions [53]. However, the St polymerization mediated by cumyl dithioben-
zoate at high temperatures (120, 150 and 180 ◦C) was not affected by thermal
decomposition of the CTA [52, 54]. This was attributed to the fast conversion of the
initial CTA into a more stable polymeric CTA [52]. This observation is confirmed
by the fact that 1-phenylethyl dithiobenzoate (for which the R group mimics the
repeating unit of a PSt chain) and benzyl dithiobenzoate do not decompose when
heated at 120 ◦C [52].

Legge et al. demonstrated that the Z groups also affect the thermal stability of
thiocarbonylthio groups, which varies greatly across the classes, with most being
stable above 150 ◦C [55]. In general, the order of thermal stability was found to be
dithiobenzoates > trithiocarbonates > xanthates. The authors showed that when Z is
an aromatic group (phenyl, carbazole, etc.), the thermal stability is much improved
when compared to analogous trithiocarbonates or xanthates. R groups based on
acrylates were found to confer relative instability to the thiocarbonylthio group, with
the trithiocarbonate and xanthate derivatives decomposing below 100 ◦C. However,
substitution of the thiocarbonylthio group with a phenylacetate R group was shown
to improve the stability of both trithiocarbonates and dithiobenzoates. As a general
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Scheme 12.11 Thermolysis of thiocarbonylthio group via (a) a
concerted elimination (Chugaev reaction [58, 59]) or (b) C S bond
homolysis.

rule, the carbon–sulfur single bond is the most labile bond and factors that effect
its strength include strongly electron-donating Z groups (e.g. dithiobenzoates) and
high-energy penalty for the formation of breakdown products (e.g. methylbenzene
carbocations).

The thermal lability of the thiocarbonylthio group at the chain end of a RAFT-
synthesized polymer also offers a simple and efficient way of removing the end
group after polymerization. In the case of PMMA, it has been shown that the
decomposition of the thiocarbonylthio group depends strongly on the CTA used
during polymer synthesis [14, 53, 56, 57]. The loss of the end group in the melt
occurs around 180 ◦C and involves homolysis of the terminal C S bond and
subsequent depropagation in the case of a trithiocarbonate end group, while a
polymer showing a dithiobenzoate end group seems more stable, and solely the
thiocarbonylthio moiety is removed via a concerted elimination (Chugaev reaction
[58, 59]; Scheme 12.11) [56].

In the case of PSt terminated by a trithiocarbonate group [16, 60, 61], the concerted
elimination reaction is preponderant, while in the case of PBA terminated by
a trithiocarbonate [17], C S bond homolysis seems to be at the origin of the
thiocarbonylthio group loss. In the case of polymers showing a xanthate as end
group, the mechanism of degradation also depends on the structure of the polymer.
The reported mechanism for the thermolysis of a PSt and poly(tert-butyl acrylate)
terminated by an O-isobutyl xanthate involves selective elimination to form 2-
butene and a polymer with a thiol end group [62], while in the case of a PVAc
showing an O-ethyl xanthate as end group, it is suggested that homolysis of the
C S bond triggers the degradation [17].

12.4.2
Transformation to Thiol

Hydrolysis, under basic or acidic conditions, is a commonly used reaction for the
conversion of thioesters into thiols. Such reaction must be taken into account
when undertaking RAFT polymerization in an aqueous environment, as hydrolysis
of the terminal thiocarbonylthio group during reaction leads to elimination of
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Scheme 12.12 Aminolysis of pendant dithioester groups on a polymeric chain.

the active end groups necessary for maintaining livingness of the polymerization.
Thomas et al. have determined the rate constants of hydrolysis and aminolysis for
a dithiobenzoate derivative (cyanopentanoic acid dithiobenzoate) and the macro-
chain-transfer agents of poly(sodium 2-acrylamido-2-methylpropanesulfonate) and
poly(acrylamide) at selected pH values [63]. The authors found that the rates of
hydrolysis and aminolysis both increase with increasing pH and decrease with
increasing the molecular weight of the dithioester derivatives.

In addition, hydrolysis is a powerful method to remove the thiocarbonylthio
group of RAFT-synthesized polymers to yield thiol-terminated polymeric chains.
Generally, a strong base such as sodium hydroxide is used [64–66]. However, this
approach leads to side reactions, with the formation of disulfide bridges; base-
catalyzed elimination to form vinyl end groups; and cyclization to form cyclic
lactones or thiolactones [65]. Alternatively, the hydrolysis can be catalyzed by an
acid, as in the work reported by Hruby et al. who showed the acid hydrolysis of
dithiocarbonate pendant groups at 90 ◦C using 35% hydrochloric acid [67].

An alternative route to the transformation of thiocarbonylthio groups into thiols
is aminolysis. Either primary or secondary amines, acting as nucleophiles, can
convert a thiocarbonylthio moiety to a thiol, and this has been applied to a variety
of RAFT-synthesized polymers (Scheme 12.12) [14, 57, 60, 68–73].

The transformation of the polymeric end groups into thiols often sees side reac-
tions through the oxidation of thiols into disulfides (for instance if traces of oxygen
are present in the reaction medium). Such reactions can lead to bimolecular molec-
ular weight distributions due to oxidative coupling. This approach was used to
reversibly produce monocyclic and linear multiblock polystyrene after reduction of
the thiocarbonylthio end groups of a polymer prepared via RAFT polymerization of
St mediated by a difunctional CTA [74]. A similar approach was utilized to produce
multiblock copolymers of PBA and PMMA from telechelic poly(BA-b-MMA-b-BA)
via sequential RAFT polymerization mediated by a difunctional CTA, followed by
reduction–oxidation reactions [75]. In the case of methacrylate derivatives (PMMA,
poly(N,N-dimethylaminoethyl methacrylate) and poly(lauryl methacrylate)), how-
ever, Xu et al. have shown experimentally that the thiol end groups may cyclize
through backbiting to form a thiolactone [76].

To prevent the oxidation of thiols into sulfide, reducing reagents can be intro-
duced into the system, such as sodium bisulfite [14, 57], Zn/acetic acid [60, 71]
or tris(2-carboxyethyl) phosphine·HCl (TCEP·HCl) [77]. Reduction of the thiocar-
bonylthio group into a thiol can also be achieved in the presence of metal hydride
compounds (e.g. LiAlH4 or NaBH4). This route was illustrated with a range of water-
soluble polymers synthesized via aqueous RAFT and their reaction with NaBH4
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at ambient temperature for 1 h. The resulting thiol end-functionalized polymers
were used for the stabilization of gold nanoparticles [78–80] or were further reacted
with a maleimide moiety [77]. Postmodification of thiol-terminated polymers was
also illustrated by the reaction of a telechelic PNIPAM synthesized via RAFT with
butylamine in the presence of TCEP. Further modification of the resulting thiol
end groups with α,β-unsaturated carbonyl derivatives, via Michael addition, yielded
telechelic polymers bearing isobutylsulfanylthiocarbonylsulfanyl end groups [72].

12.4.3
Oxidation-Induced End-Group Removal

The oxidation of thiocarbonylthio group is reported to give sulfines that decompose
to thioesters and elemental sulfur [81, 82]. Vana et al. used this approach to modify
the dithiobenzoate end group of a PMA by reacting it with tert-butyl hydroperoxide
and transforming the C S group to C O [83].

12.4.4
Radical-Induced End-Group Removal

Free radicals can also be used to modify the thiocarbonylthio end group of a RAFT-
synthesized polymer. The generic approach consists in reacting polymeric chains
end-capped with a thiocarbonylthio group with an excess of radicals. The in situ
addition of a radical to the reactive C S bond of the thiocarbonylthio polymer end
group leads to the formation of an intermediate radical, which can then fragment
back either to the original attacking radical or toward the polymeric chain radical.
The polymeric radical can then react with a trapping group and terminate.

The process has been applied to free radical reducing agents, consisting of a free
radical source and a hydrogen atom donor, to replace the thiocarbonylthio group
with hydrogen. To avoid side reactions, such as bimolecular terminations between
polymeric radicals, an efficient hydrogen atom donor is required (Scheme 12.13).
Tri-n-butylstannane [16, 60] is one of the most efficient of such reactants, but unfor-
tunately generates toxic by-products during reaction. Tris(trimethylsilyl)silane was
tested as an alternative source of hydrogen atom in the case of PSt, but was less ef-
ficient and bimolecular terminations were observed [16]. Hypophosphite salts were
also shown to be very efficient free radical reducing agents for polymers of acrylate
and St derivatives [84]. An alternative approach is to couple a source of radical
with a strong hydrogen donor, such as a peroxide initiator and a secondary alco-
hol. Peroxides can induce radical cleavage of the C S bond of a thiocarbonylthio
group to generate a radical intermediate, which can undergo either intramolec-
ular cyclization or intermolecular addition, depending on the conditions [85]. By
performing the reaction in the presence of secondary alcohol, the radical formed
from the fragmentation of the polymeric chains from the RAFT intermediate can
be trapped by a hydrogen atom from the alcohol. The principle was demonstrated
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Scheme 12.13 Substitution of the thiocarbonylthio end group by
hydrogen via a radical process.

with xanthate-terminated poly(dimethyl sulfoxide) and PAA synthesized by MADIX
(i.e. macromolecular design via interchange of xanthates) and further reacted with
peroxide (di-tert-butyl peroxide (at 175 ◦C) or dilauryl peroxide (at 80 ◦C)) and per-
carbonate (butylcyclohexyl percarbonate (at 60 ◦C)) initiators in secondary alcohols
as solvent (2-octanol and 2-propanol) [86].

Alternatively, the same process can be applied by utilizing an excess of free radical
species. During the process of addition–fragmentation, and in the presence of an
excess of free radicals, the RAFT equilibrium is displaced toward the formation of
the polymeric chain radical, which can then recombine irreversibly with one of the
free radicals present in excess in solution, thus forming a dead polymeric chain.
This method not only allows for elimination of the thiocarbonylthio polymeric
end group, but also introduces a new functionality at the end of the polymeric
chain, provided by the free radical introduced in the system. Furthermore, the
same process permits the recovery of the CTA during the same process, as shown
in Scheme 12.14 [51].

12.4.5
Radiation-Induced End-Group Removal

RAFT end groups can also be removed by UV irradiation, but their ability to decom-
pose depends on their structures [87–89]. Lu et al. showed that trithiocarbonates
such as S,S′-bis(α,α′-dimethyl-α′′-acetic acid) trithiocarbonate (1) and S-1-dodecyl-
S′-(α,α′-dimethyl-α′′-acetic acid) trithiocarbonate (2) are relatively stable under UV
irradiation, while dithioesters such as cumyl dithiobenzoate and 2-cyanoprop-2-
yl(4-fluoro) dithiobenzoate are strongly sensitive to UV radiation at wave ranges
around their characteristic absorption wavelength [87–89]. Among dithioesters, it
seems that dithiobenzoates are the most sensitive to UV, as illustrated in a study
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Scheme 12.14 Reaction cycle to produce chain-end functional polymers
via RAFT/MADIX, with recovery of the CTA.

by Quinn et al. who showed that 1-phenylethyl dithiobenzoate decomposes much
faster than 1-phenylethyl phenyldithioactetate during polymerization. A proposed
mechanism for their decomposition involves the formation of phenyl ethyl and
benzyl radicals, which may initiate polymerization [87–89]. To date, decomposition
of RAFT end groups under UV radiation have only been reported during poly-
merization, and led to a loss of control over molecular weight distribution of the
polymer.

12.5
Conclusion

The RAFT process allows the easy introduction of end-group functionalities on
polymeric chains, either by modifying the CTA which mediates the polymerization
(via the R and/or the Z group) or by modifying the thiocarbonylthio chain-end
group postpolymerization. The versatility of RAFT polymerization toward func-
tionalities makes it possible to introduce an almost infinite number of α- and
ω-functionalities on polymeric chains. Functional (RAFT) polymers also open the
possibility to synthesize complex molecular architectures by the combination of
RAFT polymerization with other polymerization techniques.

12.6
Abbreviations

AA Acrylic acid
AMB Anthracene-9-yl methyl benzodithioate
ATRP Atom transfer radical polymerization
BA Butyl acrylate
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BHBT S,S′-Bis(2-hydroxyethyl-2′-butyrate) trithiocarbonate
CTA Chain transfer agent
CTTC Cyclic trithiocarbonate
DMA N,N-Dimethylacrylamide
DMAEMA N,N-Dimethylethylaminoethyl methacrylate
EA Ethyl acrylate
GMA Glycidyl methacrylate
HEA 2-Hydroxyethyl acrylate
HEMA 2-Hydroxyethylmethacrylate
HPMA N-(2-Hydroxypropyl) methacrylamide
MA Methyl acrylate
MADIX Macromolecular design via interchange of xanthates
MMA Methyl methacrylate
NAM N-Acryloylmorpholine
NIPAM N-Isopropyl acrylamide
NMP Nitroxide-mediated polymerization
NVP N-Vinyl pyrrolidone
RAFT Reversible addition–fragmentation chain transfer
ROP Ring-opening polymerization
PEG Poly(ethylene glycol)
PEG-A Oligo(ethylene glycol) acrylate
PEGMA Poly(ethylene glycol) methyl ether methacrylate
PLLA Poly(L-lactide)
PMMA Poly(methyl methacrylate)
PSt Polystyrene
St Styrene
tBAm tert-Butyl acrylamide
TCEP Tris(2-carboxyethyl) phosphine
VAc Vinyl acetate
VBC 4-Vinylbenzyl chloride
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13
Toward New Materials Prepared via the RAFT Process:
From Drug Delivery to Optoelectronics?

Arnaud Favier, Bertrand de Lambert, and Marie-Thérèse Charreyre

13.1
Introduction

The development of controlled/living ionic and radical polymerization techniques
during the last decades represents a major breakthrough in polymer chemistry and
polymer science. Since these techniques lead to the synthesis of a wide range of
tailor-made macromolecular architectures, significant improvements are expected
in the current or future application fields of polymers. The industrial impact will
however depend on the versatility and applicability of each technique, and of course
on the extra cost for the final product.

In this context, controlled radical polymerizations (CRP) and especially the re-
versible addition–fragmentation chain transfer (RAFT) process [1–3] have attracted
a lot of attention since they combine the advantages of conventional radical poly-
merization and living ionic polymerizations. Conventional radical polymerizations
are cost-effective techniques, easy to process with a low sensitivity to water and
oxygen and applicable to a wide range of monomers. In addition, CRP techniques
result in a very efficient control over molecular weight (MW), molecular-weight
distribution (MWD), microstructure, chain-end functionality and macromolecular
architecture.

As shown in the previous chapters of this handbook, the RAFT process appears
as one of the most interesting CRP techniques. First, RAFT polymerization is very
similar to conventional radical polymerization since it only requires the addition of a
chain-transfer agent (CTA) in the medium. Second, RAFT is a very versatile process
able to control the (co)polymerization of a large variety of monomers leading to a
virtually unlimited macromolecular design library.

As a consequence, RAFT polymerization is a well-suited and promising technique
to prepare high-performance polymers for a wide range of applications. Indeed, an
efficient control at the macromolecular level is a very important step to control and
improve the macroscopic properties of the final materials (Fig. 13.1).

Handbook of RAFT Polymerization. Edited by Christopher Barner-Kowollik
Copyright C© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31924-4
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Fig. 13.1 The various levels of control from the macromolecule to the material.

To be more explicit, it is necessary to briefly summarize without entering into
the details of the polymerization mechanism, the parameters of the RAFT process
that can be tuned to access to the desired well-defined macromolecules (Fig. 13.2).

Ĺ The initial concentrations in CTA, monomer and initiator control the MW and
MWD of each polymer segment synthesized via the RAFT process.

Ĺ The nature of the CTA (and possible subsequent postfunctionalization) controls
the chain-end functionality (α- and ω chain ends bearing reactive functions or
specific entities).

Ĺ The nature of the monomer and comonomer controls the microstructure (ho-
mopolymer, random or gradient copolymers), the lateral functionalities (reac-
tive functions and specific entities) and the physicochemical properties (hy-
drophilic/hydrophobic, stimuli responsive and Tg) of each polymer segment.

Ĺ The CTA structure, the different steps of polymerization and the combination
of RAFT process with other techniques control the macromolecular architec-
ture (block copolymers, graft copolymers, star copolymers, branched or hyper-
branched/dendritic copolymers).

Considering that all these building possibilities can be combined, it becomes ob-
vious that RAFT is a very powerful tool for macromolecular design expected to be
applied to various application fields. Nevertheless, a critical step lies between the
synthesis of the macromolecules and the final application. Indeed, the processing
of the polymer chains has a great influence on the properties and performance of
the resulting product. Since RAFT technique is very versatile (nature, microstruc-
ture and architecture of the macromolecules), it provides great opportunities to
control the self-assembly or self-organization of the chains in solution or in the
solid state. Then, optimization of the processing technique could lead to materials
with enhanced chemical, physical, mechanical and surface properties.
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Fig. 13.2 Formation of polymer building blocks via RAFT polymerization.

In this chapter, it is our objective to present an overview of the applications of
polymers synthesized via the RAFT process in various fields, from biology (diagnos-
tics, drug and gene delivery and tissue engineering) to optoelectronics, including
organic/inorganic hydrid materials. However, to date still few articles describe the
final application. Consequently, the various sections of this chapter will be pre-
sented either from the angle of the application or from the angle of the material
potentially useful for such-and-such fields. We will emphasize on the advantages of
the RAFT process and on the main limitations that remain. Finally, we will try to
point the challenges for the future since the exponential interest in this technique
will push forward the limits of polymer science and polymer-based applications.

13.2
Bio-Related Applications

Before to describe the applications of polymers synthesized via the RAFT process in
precise bio-related fields (diagnostics, drug and gene delivery and tissue engineer-
ing), it is worth reporting the synthesis of polymer precursors that enable an easy
binding of various biomolecules as well as the synthesis of biomolecule/polymer
conjugates whether they have been or not yet used in a particular application.

13.2.1
Polymer Precursors for an Easy Binding of Biomolecules

13.2.1.1 Polymer Precursors with Reactive Side Groups
Water-soluble polymers with reactive functions as side groups are commonly used
as backbones for the covalent immobilization of biomolecules [4]. Since most
biomolecules bear amino groups, polymers with anhydride or activated ester side
groups are among the favorite reactive polymers (Fig. 13.3). Such polymers have
long been synthesized by conventional free-radical polymerization [5]. The lack of
MW homogeneity inherent to this technique was more or less problematic accord-
ing to the application. However, a better reproducibility of the final biological result
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Fig. 13.3 Functionalization of macromolecules using
succinimidyl-activated ester reactive groups.

is usually expected when chains bear a similar number of biomolecules, resulting
from a similar structure of the chains (microstructure and MW).

With the discovery of RAFT polymerization, it became possible to synthesize reac-
tive polymers homogeneous in both size and interchain composition. As our group
already had some experience with activated ester-based polymers especially with
N-acryloxysuccinimide (NAS) [6, 7], it appeared challenging to polymerize NAS by
the RAFT process. Water-soluble random copolymers with N-acryloylmorpholine
(NAM), poly(NAM-co-NAS), and amphiphilic block copolymers with a hydropho-
bic block of tert-butyl acrylate (tBA), P[tBA-b-(NAM-co-NAS)], were prepared using
tert-butyl dithiobenzoate as CTA [8]. A careful optimization of the experimental con-
ditions (temperature, monomer concentration and dithioester/initator ratio) led to
an improved control of poly(NAM-co-NAS) chains [9].

Moreover, an in-depth study of the NAM/NAS pair copolymerization kinetics
revealed that the apparent reactivity ratios determined in a RAFT copolymer-
ization were similar to that determined in a conventional one [10]. Then, at
the azeotropic composition (60/40:NAM/NAS), it was possible to get polymer
chains without composition drift, that is with a homogeneous microstructure (con-
stant intrachain composition). Finally, extremely well controlled material (size,
polydispersity, interchain composition and microstructure) could be synthesized.

RAFT copolymerization of NAS has been extended to other monomers and
architectures, leading to random and block copolymers with dimethylacrylamide
(DMA), poly(DMA-co-NAS) and poly(DMA-b-NAS) [11], double hydrophilic block
copolymers P[NAM-b-(NAM-co-NAS)] [10] and amphiphilic block copolymers based
on tBA, P[tBA-b-(NAM-co-NAS)] [8], or on two acrylamide derivatives, N-tert-butyl
acrylamide (tBAM) as the hydrophobic monomer and NAM as the hydrophilic one,
P[tBAM-b-(NAM-co-NAS)] (Figs. 13.4 and 13.5) [12].
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Fig. 13.4 Control of the macromolecular structure and functionality of
NAS-containing building blocks.

These various polymer precursors have been used for several applications, such
as growing of nucleic acid probes for diagnostic tests on DNA chips (Section
13.2.4) [12, 13], electrostatic complexation of plasmid DNA for transfection of cells
(Section 13.2.5) [14], as well as covalent binding of fluorescent dyes to prepare
highly fluorescent polymers (Section 13.3.1) [15].

Recently, McCormick and coworkers used a poly(ethylene oxide) (PEO)-based
macro-CTA (dithiobenzoate) to prepare PEO-b-P(DMA-co-NAS) diblock copoly-
mers that could be extended to triblock copolymers, including a thermally respon-
sive poly(N-isopropylacrylamide), poly(NIPAm), block [16]. These PEO-b-P(DMA-
co-NAS)-b-P(NIPAm) triblock copolymers self-assemble into micelles in water at

Fig. 13.5 Examples of macromolecular architectures that may be
obtained from NAS-containing building blocks using the RAFT process.
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temperature above the lower critical solution temperature (LCST) of the poly
(NIPAm) block. Moreover, after cross-linking of the intermediate layer with a di-
amine, shell cross-linked micelles were obtained with a PEO hairy layer at the
periphery and a swollen core, used as vehicle for drug delivery (Section 13.2.5).

Alternatively, the methacrylate analog of NAS, N-methacryloxysuccinimide (N-
MAS), was also polymerized by the RAFT process. It was rather difficult to get
a good control of N-MAS homopolymerization and polydispersities around 1.5
were obtained using cyanopropyl dithiobenzoate [17]. In the presence of the same
dithioester, N-MAS was also copolymerized with NIPAm [18], and with hydrox-
ypropylmethacrylamide (HPMA) [19]. Both random copolymers were obtained
with low polydispersities, poly(NIPAm-co-N-MAS) including 2–30% of N-MAS in
the MW range of 14 000–72 000 g·mol−1, and poly(HPMA-co-N-MAS) including
19–28% of N-MAS in the MW range of 4000–54 000 g·mol−1. The latter copolymer
was used for the covalent binding of a peptide leading to a multivalent inhibitor of
the assembly of anthrax toxin.

Another kind of activated ester, pentafluorophenyl methacrylate (PFMA), has
been homopolymerized by RAFT with cumyldithiobenzoate and 4-cyanopentanoic
acid-4-cyanobenzoate, with a better MW control using the latter dithiobenzoate. The
poly(PFMA) block mediated the polymerization of MMA, NAM and diethylacry-
lamide (DEAAm), leading to reactive diblock copolymers, poly(PFMA-b-MMA),
poly(PFMA-b-NAM) and poly(PFMA-b-DEAAm) [20].

13.2.1.2 Polymer Precursors with Reactive End Groups
A particular class of polymer precursors for the binding of various species (includ-
ing biomolecules) are the reactive end-functionalized polymers. For instance, car-
boxylic end-functionalized polymers are easily obtained when using a CTA bearing
a carboxylic function in the R group [21–24]. Then, amino derivatives can in prin-
ciple be covalently bound to the chain. However, as amino compounds are known
to aminolyse the thiocarbonylthio function, side products are usually formed in
parallel. A smart way to avoid such reactions relies on the use of a CTA bearing
an activated ester instead of a carboxylic function in the R group [25, 26]. In turn,
to get an amino end-functionalized polymer, it is necessary to protect the amino
function, for instance with a phtalimide group [22]. Finally, the possibility to bind
thiol derivatives to the ω end of a polymer chain was recently given by the design
of trithiocarbonates bearing a pyridyl-disulfide function [27].

13.2.1.3 Conclusion on Polymer Precursors Synthesized by the RAFT Process
Finally, various water-soluble polymer architectures with activated ester side groups
have been synthesized by RAFT polymerization with controlled MW and MWD.
Even if N-MAS can also be polymerized by atom-transfer radical polymerization
(ATRP) [28], the versatility of the RAFT process enables the use of a great number of
possible comonomers, including acrylamide derivatives. The resulting copolymers
can be used to prepare families of copolymers by covalently grafting increasing
density of various amino derivatives via the reactive activated ester units. The
potential applications of such well-controlled reactive copolymers (with reactive
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side- or end groups) are extremely promising in the biological field and other fields,
and several examples will be described in the following sections.

13.2.2
Biomolecule/Polymer Conjugates

In this section, various polymers involving bio-related species and synthesized by
RAFT are reported. The bio-related species is, for instance, a small molecule able
to interact with a protein either indirectly (an imidazole function) or directly (a
biotin), a protein component such as an amino acid or a peptide, a cell membrane
component such as a phospholipid. The bio-related molecule is introduced in the
polymer structure either as a monomer derivative leading to a polymer with multiple
biomolecules as side groups or as a chain end leading to a polymer with a precisely
located unique biomolecule (α chain end if introduced via the R group of the CTA,
or ω chain end if introduced via the Z group of the CTA or via a covalent reaction
on the terminal SH group released by hydrolysis of the thiocarbonylthio polymer
chain end).

As very few articles have been published about each of these bio-related species
and as some similarities may be encountered concerning the strategy, these exam-
ples are presented together in this section (Table 13.1). Articles related to polymers
involving carbohydrate derivatives – another family of bioconjugates – are presented
in the next section since they are more numerous.

13.2.2.1 Imidazole/Polymer Conjugates
Highly branched polymers with multiple imidazole end groups have been synthe-
sized for protein purification [29, 30]. Imidazole groups have the property to bind to
transition metal ions (ZnII, CuII and NiII) in a similar way than do histidine groups.
When using imidazole-functionalized polymers, it is possible to purify histidine-
tagged proteins by forming polymer/metal ions/protein complexes. The advantage
of introducing the imidazole groups as end groups of a branched polymer synthe-
sized via the RAFT process relies on a better accessibility of these groups compared
to a linear random copolymer incorporating imidazole units as side groups. Rim-
mer and coworkers used such highly branched polymer to extract histidine-tagged
breast cancer susceptibility proteins from a crude cell lysate [30]. The polymer was
based on P(NIPAm) to benefit from the thermally induced phase separation that
favors extraction of the polymer/protein complex.

13.2.2.2 Biotin/Polymer Conjugates
Another interesting application related to proteins consists in the control of the
bioactivity of, for instance, an enzyme via the binding of a thermosensitive polymer
close to the active site. Then, the reversible collapse of the polymer chain would
result in a temporary blocking of the active site of the enzyme. This concept has been
demonstrated by Hoffman and coworkers, using biotin ω-end-labeled P(NIPAm)
synthesized by RAFT and streptavidin protein [31]. Introduction of the biotin was



c13 December 16, 2007 13:8 Char Count=

490 13 Toward New Materials Prepared via the RAFT Process

Ta
bl

e
13

.1
B

io
-r

el
at

ed
sp

ec
ie

s
co

nj
ug

at
ed

to
po

ly
m

er
ch

ai
ns

sy
nt

he
si

ze
d

by
R

A
FT

B
io

-r
el

at
ed

sp
ec

ie
s

Lo
ca

tio
n

on
th

e
po

ly
m

er
ch

ai
n

N
at

ur
e

of
th

e
po

ly
m

er
R

ef
.

Im
id

az
ol

e
gr

ou
p

B
in

di
n

g
gr

ou
p

fo
r

pr
ot

ei
n

pu
ri

fi
ca

ti
on

vi
a

tr
an

si
ti

on
m

et
al

io
n

s

ω
en

d
gr

ou
p

In
th

e
Z

gr
ou

p
of

th
e

C
T

A
P

ol
ym

er
iz

ab
le

R
A

F
T

ag
en

t

NH N

S

S

H
ig

h
ly

br
an

ch
ed

po
ly

m
er

P
(N

IP
A

m
-c

o-
S)

ba
ck

bo
n

e
P

(N
IP

A
m

)a
n

d
p(

N
IP

A
m

-b
-G

M
A

)
br

an
ch

es

[2
9]

[3
0]

B
io

ti
n

St
ro

n
g

sp
ec

ifi
c

in
te

ra
ct

io
n

w
it

h
st

re
pt

av
id

in
pr

ot
ei

n

ω
en

d
gr

ou
p

M
al

ei
m

id
e-

bi
ot

in

N

NH
S

O

N
H

N
H

O

N H
O

O

St
im

u
li-

se
n

si
ti

ve
po

ly
m

er
s

P
(N

IP
A

m
)-

SH
P

(A
A

-b
-N

IP
A

m
)-

SH
Y

-s
h

ap
ed

bl
oc

k
co

po
ly

m
er

P
E

G
-ly

si
n

e-
b-

P
(N

IP
A

m
)-

SH

[3
1]

[3
2]

[3
3]



c13 December 16, 2007 13:8 Char Count=

13.2 Bio-Related Applications 491

α
en

d
gr

ou
p

B
io

ti
n

di
th

io
es

te
r

A
m

id
e

lin
k

S

N
H

N
H

O

S

S

NH

O

O
O

N H

O

B
io

ti
n

-P
(N

A
M

)
B

io
ti

n
-P

(N
A

M
-c

o-
A

m
G

al
)

[2
5]

[3
4]

α
en

d
gr

ou
p

B
io

ti
n

tr
it

h
io

ca
rb

on
at

e
E

st
er

lin
k

S

S

S

O

C
12

H
25

O
O

NH
S

O

N
H

N
H

O

B
io

ti
n

-P
(H

P
M

A
-b

-N
IP

A
m

)
[3

5]

A
m

in
o

ac
id

A
bi

lit
y

to
pr

od
u

ce
h

ig
h

ly
or

de
re

d
st

ru
ct

u
re

s

Si
de

gr
ou

p
( L

-p
h

en
yl

al
an

in
e)

A
cr

yl
am

id
e

de
ri

va
ti

ve

C
O

O
M

e

O

N
H

H
om

op
ol

ym
er

in
th

e
pr

es
en

ce
of

di
th

io
ca

rb
am

at
e

an
d

di
th

io
es

te
r

[3
6]

(C
on

ti
nu

ed
)



c13 December 16, 2007 13:8 Char Count=

492 13 Toward New Materials Prepared via the RAFT Process

Ta
bl

e
13

.1
(C

on
tin

ue
d)

B
io

-r
el

at
ed

sp
ec

ie
s

Lo
ca

tio
n

on
th

e
po

ly
m

er
ch

ai
n

N
at

ur
e

of
th

e
po

ly
m

er
R

ef
.

Si
de

gr
ou

p
(L

-p
ro

lin
e)

A
cr

yl
am

id
e

de
ri

va
ti

ve

O M
eO

O
C

N

H
om

op
ol

ym
er

R
an

do
m

co
po

ly
m

er
w

it
h

D
M

A
in

th
e

pr
es

en
ce

of
di

th
io

es
te

r

[3
7]

P
ep

ti
de

Se
qu

en
ce

-d
ep

en
de

n
tb

io
ac

ti
vi

ty
α

en
d

gr
ou

p
C

ou
pl

in
g

of
a

ca
rb

ox
y-

fu
n

ct
io

n
al

iz
ed

R
A

F
T

ag
en

tt
o

a
re

si
n

-b
ou

n
d

pe
pt

id
e

A
m

id
e

lin
k

S
S

C
N

NH O

O

G
D

G
F

D

P
ep

ti
de

/p
ol

ym
er

co
n

ju
ga

te
fr

om
co

m
bi

n
at

io
n

of
so

lid
-p

h
as

e-
su

pp
or

te
d

sy
n

th
es

is
an

d
R

A
F

T
po

ly
m

er
iz

at
io

n
:

P
ep

ti
de

-P
(B

A
)

[3
8]

P
h

os
ph

ol
ip

id
s

A
bi

lit
y

fo
r

in
se

rt
io

n
in

lip
id

m
em

br
an

es

Si
de

gr
ou

p
P

h
os

ph
or

yl
ch

ol
in

e
A

cr
yl

at
e

de
ri

va
ti

ve
(P

C
A

) O
P

O
OO

O

O
N

+
–

B
lo

ck
co

po
ly

m
er

P
(B

A
-b

-P
C

A
)i

n
th

e
pr

es
en

ce
of

a
ca

rb
ox

yl
ic

tr
it

h
io

ca
rb

on
at

e

[3
9]



c13 December 16, 2007 13:8 Char Count=

13.2 Bio-Related Applications 493

Si
de

gr
ou

p
P

h
os

ph
or

yl
ch

ol
in

e
M

et
h

ac
ry

la
te

de
ri

va
ti

ve
(P

C
M

)

–
O

P
O

OO

O

O
N

+

B
lo

ck
co

po
ly

m
er

P
(B

M
A

-b
-P

C
M

)i
n

th
e

pr
es

en
ce

of
4-

cy
an

op
en

ta
n

oi
c

ac
id

di
th

io
be

n
zo

at
e

[4
0]

α
en

d
gr

ou
p

P
h

os
ph

ol
ip

id
di

th
io

es
te

r
A

m
id

e
lin

k

C
15

H
31

O

O

O

O

O
P

O
OO

NH

O

N H

S

S
O

C
15

H
31

–

P
h

os
ph

ol
ip

id
-P

(N
A

M
)

[2
6,

41
]

N
IP

A
m

=
N

-is
op

ro
py

la
cr

yl
am

id
e;

S
=

st
yr

en
e;

G
M

A
=

gl
yc

id
yl

m
et

h
ac

ry
la

te
;A

A
=

ac
ry

lic
ac

id
;P

E
G

=
po

ly
(e

th
yl

en
e

gl
yc

ol
);

N
A

M
=

N
-a

cr
yl

oy
lm

or
ph

ol
in

e;
A

m
G

al
=

6-
O

-a
cr

yl
oy

la
m

in
o-

6-
de

so
xy

-1
,2

:3
,4

-d
i-O

-is
op

ro
py

lid
èn
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carried out by a postpolymerization reaction on the terminal SH group released
after hydrolysis of the dithiocarbamate chain end (60% coupling yield). As biotin
molecule binds to streptavidin with a very high association constant, it is then
easy to prepare P(NIPAm)–streptavidin conjugates. However, upon increase of the
temperature above LCST, the collapse of the poly(NIPAm) chain on the surface
of streptavidin induces an aggregation behavior of the conjugates (formation of
nanoparticles). Recently, the use of an ionizable block copolymer, poly(acrylic acid-
b-NIPAm)-biotin, increased the electrostatic stability that avoided intermolecular
aggregation of the conjugates at pH values where a sufficient number of carboxylic
groups were ionized [32].

In a similar way, a biotin ω-end-labeled Y-shaped block copolymer was prepared,
with a poly(ethylene glycol) (PEG) block, a poly(NIPAm) block, a carboxylic group
from L-lysine at the focal point and a biotin molecule introduced after aminolysis of
the chain end of the poly(NIPAm) block (52% coupling yield) [33]. Such Y-shaped
block copolymers were designed for surface modification with a potential thermally
controlled presentation of the ligands.

An improved approach to significantly increase the percentage of end labeling
of polymer chains by biotin consists in using biotinylated RAFT agents. This was
recently achieved with biotin-dithioesters [25, 26] and with a biotin-trithiocarbonate
[35]. In the first case, the biotin-dithioester (with an amide link) was synthesized
with an almost quantitative yield from a commercial amino-PEO-biotin deriva-
tive, and was used to copolymerize NAM either with an activated ester, NAS, or
with carbohydrate derivatives, respectively leading to biotin-α-end-labeled reactive
copolymers [26] and to biotin-α-end-labeled glycopolymers based on galactose and
N-acetyl glucosamine [34]. In the second case, the biotin-trithiocarbonate (with an
ester link) was synthesized with 28% yield from biotin, and was used to synthesize
poly(HPMA-b-NIPAm) block copolymers able to reversibly form core-shell nanos-
tructures with biotin-α-end-labeled poly(HPMA) arms. In both cases, a judicious
choice of the RAFT agent/initiator ratio led to more than 90% of biotin-end-labeled
chains.

13.2.2.3 Amino-Acid and Peptide/Polymer Conjugates
Incorporation of amino-acid moieties in a synthetic polymer leads to macro-
molecules with biomimetic structures and properties. Homopolymers of L-phenyla-
lanine- and L-proline-based acrylamide derivatives were synthesized by RAFT in
the presence of dithiocarbamate or dithioester CTA [36, 37]. Well-controlled poly-
mers were obtained in the range 4000–30 000 g·mol−1 with polydispersity index
of 1.2–1.5. Addition of Lewis acid led to improved tacticity of the homopoly-
mer. The homopolymer bearing L-proline moieties showed a thermosensitive
behavior with an LCST around 15–20 ◦C. This value was increased when the
monomer was copolymerized with less than 50% of DMA. None application was
described with these polymers that were designed for potential uses as controlled
release systems, biochemical sensing and biocompatible materials.

Another approach consists in preparing peptide/polymer conjugates by com-
bining solid-phase synthesis and RAFT process. A peptide-based RAFT agent was
prepared either by coupling a carboxy-functionalized RAFT agent to the amino end
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of a resin-bound peptide, or by switching a solid-phase-supported ATRP macroini-
tiator into a peptide RAFT agent [38]. These two strategies avoided the usual chro-
matographic purification procedures. However, in the first case, some side product
resulting from the competitive thioamidation reaction was also formed. The pep-
tide RAFT agent mediated the polymerization of n-butyl acrylate (nBA) at 60 ◦C.
Circular dichroism analysis of the peptide–poly(nBA) conjugate confirmed that the
chirality of the peptide segment was preserved.

13.2.2.4 Phospholipid/Polymer Conjugates
Random copolymers having phosphorylcholine side groups have interest as drug
carriers since they are highly water soluble, biocompatible and antithrombogenic
and since they form hydrophobic microdomains in aqueous solutions. Using RAFT
polymerization, block copolymers of an acrylate (or methacrylate) derivative of
phosphorylcholine with n-butylacrylate (or n-butyl methacrylate) were synthesized
in the presence of a trithiocarbonate [39] or a dithiobenzoate [40]. The resulting
amphiphilic block copolymers self-assembled into micelles in water. In the case of
the methacrylate derivative, a solubilization test of a poorly water-soluble anticancer
drug, paclitaxel, was carried out. The solubilized amount was significantly increased
with block copolymers in comparison with random copolymers.

Alternatively, a phospholipid-end-labeled polymer was synthesized in the pres-
ence of a phospholipid RAFT agent [26, 41] obtained from a precursor RAFT
agent bearing an activated ester function [25] and a dipalmitoyl-type phospholipids.
Polymerization of NAM led to controlled phospholipid-end-labeled polymer chains
that showed an amphiphilic behavior even with poly(NAM) sequences of 35 000
g·mol−1. Its ability to act as steric stabilizer of lipoparticles was investigated in
aqueous solutions of increasing ionic strength.

13.2.2.5 Conclusion on Biomolecule/Polymer Conjugates
The synthesis of this large variety of biomolecule/polymer conjugates by RAFT poly-
merization relies on the versatility of the RAFT process to polymerize monomers
with polar or ionic groups, as well as on the possibility to use mild experimental
conditions such that the integrity of the biomolecule is retained. This is especially
important when the biomolecule is introduced as side group of a monomer or in
the RAFT agent. The examples presented in this section illustrate the numerous
and more complex biomolecule/polymer architectures that can be envisioned in a
near future.

13.2.3
Polymers Involving Carbohydrate Derivatives

13.2.3.1 Glycopolymers
Glycopolymers are synthetic polymers bearing saccharidic residues as side groups
introduced either by polymerization of a carbohydrate derivative or by postmod-
ification of a preformed polymer. Glycopolymers find numerous applications in
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many fields and especially in the biological field, for instance as biocompatible
polymer backbone for immobilization of nucleic acid sequences [42] or as multiva-
lent ligands favoring recognition processes with lectins and glycoproteins [43, 44].

Since the last decades, glycopolymers have been prepared by ‘living’ techniques to
benefit from the MW control, including living anionic and cationic processes, ring-
opening polymerization, methathesis polymerization and more recently, controlled
radical polymerization like NMP, ATRP and RAFT, as reported by several reviews
[45, 46].

Concerning RAFT polymerization, it was first applied to homopolymerize a glu-
cose derivative (methacrylate group in the C-1 position) in water in the presence
of cyanopentanoic acid dithiobenzoate as CTA [47]. Well-controlled homopolymers
were prepared in the MW range 7000–27 000 g·mol−1, while the synthesis of block
copolymers with 3-sulfopropyl methacrylate appeared more favorable when begin-
ning with a sulfopropyl methacrylate block.

Several other carbohydrate derivatives have been polymerized by RAFT so far,
monosaccharides such as glucose, galactose, mannose and N-acetyl glucosamine,
as well as a disaccharide, lactose, mostly with a methacrylate or an acrylamide
function. Contrary to the case of ionic polymerization, when using a CRP pro-
cess it is possible to polymerize carbohydrate derivatives in their deprotected form
in water or in a water/ethanol or water/DMSO mixture. RAFT polymerization in
water phase leads to fast kinetics and to MW up to 100 000 g·mol−1 [48] (Table
13.2). Some carbohydrates derivatives have also been polymerized in a protected
form, (isopropylidene or acetate groups) [34, 53, 55], which makes copolymeriza-
tion possible with a wider range of comonomers. Concerning the kind of CTA,
most of them were dithioesters (including a biotin-linked dithiobenzoate) [25, 34]
and trithiocarbonates (including a grafted trithiocarbonate) [54], leading to well-
controlled polymers in aqueous or organic medium.

Various polymer architectures have been designed, gradient copolymers, block
copolymers, three-arm stars and copolymer brushes on a silicon wafer, among
which some original diblock copolymers including two different carbohydrates,
glucose and mannose, or two glucose linked by a different position to the polymer-
izable function [49].

It is noteworthy that considering carbohydrates, the position of the cycle where
the polymerizable function is introduced is of much importance since it determines
the type of application of the resulting glycopolymer. If the polymerizable function
is at the C-6 position and if the C-1 is free, then it will be possible to use the
masked aldehyde function at the C-1 to further bind amino-bearing compounds
onto the glycopolymer [42, 53]. On the contrary, to favor a better recognition of the
glycopolymer by a lectin, the polymerizable function should be introduced at the
C-1 position.

13.2.3.2 Sugar End-Functionalized Polymers
To get a carbohydrate derivative at a polymer chain end, the best solution consists
in synthesizing an initiator or a CTA including a carbohydrate moiety. To date,
two examples can be found in the literature concerning carbohydrate-derived CTA,



c13 December 16, 2007 13:8 Char Count=

13.2 Bio-Related Applications 497

Ta
bl

e
13

.2
C

ar
bo

hy
dr

at
e

de
ri

va
tiv

es
th

at
ha

ve
be

en
po

ly
m

er
iz

ed
by

th
e

R
A

FT
pr

oc
es

s

Su
ga

r
C

-x
M

on
om

er
de

ri
va

tiv
e

C
TA

/i
ni

tia
to

r/
so

lv
en

t
Po

ly
m

er
ar

ch
ite

ct
ur

e
R

an
ge

of
M

n

(g
·m

ol
−1

)(
PD

I)
R

ef
.

G
lu

co
se

C
-1

m
et

h
ac

ry
la

te
C

P
A

D
B

/A
C

P
A

/w
at

er
H

om
op

ol
ym

er
s

70
00

–2
7

00
0

(<
1.

1)
B

lo
ck

co
po

ly
m

er
s

P
(M

A
G

lu
-b

-S
P

M
A

)(
1.

6)
P

(S
P

M
A

-b
-M

A
G

lu
)(

1.
2)

[4
7]

C
P

A
D

B
/A

C
P

A
/w

at
er

/E
tO

H
:9

/1
H

om
op

ol
ym

er
s

25
00

0–
52

00
0

B
lo

ck
co

po
ly

m
er

s
P

(M
A

G
lu

-b
-M

A
M

an
)(

1.
2)

[4
9]

C
-6

m
et

h
ac

ry
la

te
C

P
A

D
B

/A
C

P
A

/w
at

er
/E

tO
H

:9
/1

H
om

op
ol

ym
er

s
20

00
0–

70
00

0
(<

1.
2)

[5
0]

W
at

er
/E

tO
H

:1
/1

B
lo

ck
co

po
ly

m
er

s
P

(M
A

G
lu

-b
-H

E
M

A
)(

1.
2)

P
(M

A
G

lu
6-

b-
M

A
G

lu
)(

1.
2)

[4
9]

C
-6

vi
n

yl
es

te
r

C
ar

ba
m

at
e

or
xa

n
th

at
e/

A
C

P
A

/w
at

er
H

om
op

ol
ym

er
s

(1
.2

)
[5

1]

G
al

ac
to

se
C

-1
m

et
h

ac
ry

la
te

C
P

A
D

B
/A

C
P

A
/W

at
er

/E
tO

H
:9

/1
H

om
op

ol
ym

er
s

21
00

0
(1

.1
)

[5
2]

pr
ot

ec
te

d
C

-6
ac

ry
la

te
ac

ry
la

m
id

e
ac

ry
la

m
id

e
+

sp
ac

er
ar

m

t-
B

D
B

or
B

E
D

B
A

/A
IB

N
/d

io
xa

n
e

G
ra

di
en

tc
op

ol
ym

er
s

P
(N

A
M

-c
o-

A
G

al
)

P
(N

A
M

-c
o-

A
m

G
al

)
50

00
–5

0
00

0
(<

1.
3)

[5
3]

[3
4]

(C
on

ti
nu

ed
)



c13 December 16, 2007 13:8 Char Count=

498 13 Toward New Materials Prepared via the RAFT Process

Ta
bl

e
13

.2
(C

on
tin

ue
d)

Su
ga

r
C

-x
M

on
om

er
de

ri
va

tiv
e

C
TA

/i
ni

tia
to

r/
so

lv
en

t
Po

ly
m

er
ar

ch
ite

ct
ur

e
R

an
ge

of
M

n

(g
·m

ol
−1

)(
PD

I)
R

ef
.

M
an

n
os

e
C

-6
m

et
h

ac
ry

la
te

C
P

A
D

B
/A

C
P

A
/w

at
er

/E
tO

H
:9

/1
B

lo
ck

co
po

ly
m

er
s

P
(M

A
G

lu
-b

-M
A

M
an

)(
1.

2)
[4

9]

pr
ot

ec
te

d
C

-1
ac

ry
la

m
id

e
t-

B
D

B
/A

IB
N

/d
io

xa
n

e
G

ra
di

en
tc

op
ol

ym
er

s
P

(N
A

M
-c

o-
A

m
M

an
)

50
00

–5
0

00
0

(<
1.

3)

[5
3]

G
lu

co
sa

m
in

e
C

-2
ac

ry
la

m
id

e
B

T
C

P
A

/A
C

P
A

/w
at

er
/M

eO
H

:5
/1

H
om

op
ol

ym
er

s
60

00
–1

00
00

0
(<

1.
3)

[4
8]

W
at

er
/D

M
SO

:1
/1

B
lo

ck
co

po
ly

m
er

s
P

(N
A

G
lu

-b
-N

IP
A

m
)(

1.
3)

W
at

er
/E

tO
H

:5
/1

3-
A

rm
st

ar
co

po
ly

m
er

s
P

(H
E

A
-b

-N
A

G
lu

)(
1.

4)

G
ra

ft
ed

B
T

C
P

A
/w

at
er

/E
tO

H
:5

/1
P

(N
A

G
lu

)b
ru

sh
es

on
Si

w
af

er
[5

4]

W
at

er
/D

M
SO

:1
/1

50
00

–4
0

00
0

P
(N

A
G

lu
-b

-N
IP

A
m

)b
ru

sh
es

on
Si

w
af

er

N
-a

ce
ty

lg
lu

co
sa

m
in

e
pr

ot
ec

te
d

C
-1

ac
ry

la
m

id
e

t-
B

D
B

/A
IB

N
/d

io
xa

n
e

G
ra

di
en

tc
op

ol
ym

er
s

P
(N

A
M

-c
o-

A
m

N
A

cG
lu

)
50

00
–5

0
00

0
(<

1.
3)

[5
3]

La
ct

os
e

pr
ot

ec
te

d
C

-1
m

et
h

ac
ry

la
te

C
D

B
/A

IB
N

/C
H

C
l 3

H
om

op
ol

ym
er

s
30

00
–2

2
00

0
(<

1.
3)

[5
5]

C
P

A
D

B
:c

ya
n

op
en

ta
n

oi
c

ac
id

di
th

io
be

n
zo

at
e;

t-
B

D
B

:t
er

t-
bu

ty
ld

it
h

io
be

n
zo

at
e;

B
E

D
B

A
:b

io
ti

n
et

h
yl

am
id

e
di

th
io

be
n

zo
at

e;
B

T
C

P
A

:3
-b

en
zy

ls
u

lf
an

yl
th

io
ca

rb
on

yl
su

lf
an

yl
pr

op
io

n
ic

ac
id

;C
D

B
:c

u
m

yl
di

th
io

be
n

zo
at

e;
M

A
G

lu
:m

et
h

ac
ry

lo
xy

et
h

yl
gl

u
co

si
de

;S
P

M
A

:3
-s

u
lf

op
ro

py
lm

et
h

ac
ry

la
te

;M
A

M
an

:m
et

h
yl

6-
O

-m
et

h
ac

ry
lo

yl
- α

-D
-m

an
n

os
id

e;
H

E
M

A
:h

yd
ro

xy
et

h
yl

m
et

h
ac

ry
la

te
;M

A
G

lu
6:

m
et

h
yl

6-
O

-m
et

h
ac

ry
lo

yl
-α

-D
-g

lu
co

si
de

;N
A

M
:N

-a
cr

yl
oy

lm
or

ph
ol

in
e;

A
G

al
:

6-
O

-a
cr

yl
oy

l-1
,2

:3
,4

-d
i-O

-is
op

ro
py

lid
èn
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dé

so
xy

-1
,2

:3
,4

-d
i-O

-is
op

ro
py

lid
èn
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a trithiocarbonate bearing a glucose moiety in the Z equivalent group [56] and a
dithioester bearing a protected galactose moiety in the R group [25]. In the first
case, the glucose is linked to the thiocarbonylthio group by the C-1 position via an
ester function, whereas in the latter, the galactose is linked by the C-6 position via
an amide function.

The glucose-derived trithiocarbonate mediated styrene polymerization in N-
methyl pyrrolidone. The ω-functionalized chains were used to prepare porous
films, with pore size depending on the MW of the chains [56]. A rearrangement of
the carbohydrate moieties at the periphery of the pores was expected with the aim
to elaborate new kinds of support for cell cultures. By a similar method, a multi-
functional RAFT agent was obtained from β-cyclodextrine. However, the control of
the arm growth was made difficult due to steric crowding.

The galactose-derived dithioester mediated NAM polymerization in dioxane.
Well-controlled α-functionalized chains were obtained with narrow polydisper-
sity (1.05) in the range 2000–40 000 g·mol−1. A matrix-assisted laser desorption
ionization – time of flight mass spectrometry analysis confirmed the integrity of
the carbohydrate chain end after polymerization [25]. These chains were further
successfully used as stabilizer in a dispersion polymerization of nBA, leading to
hairy latex particles of submicron size (150-nm diameter) that bear an average of
2400 sugar moieties per particle [57]. Such functionalized hairy particles are model
particles potentially useful for biological diagnostic devices.

13.2.3.3 Polysaccharides
Natural polysaccharides such as pullulan and cellulose have also been used as sub-
strates for RAFT polymerization, either after binding vinylic bonds to the polysac-
charide [58], or after binding a CTA derivative (a trithiocarbonate [56, 59] or a
dithioester [60]) to some OH groups of the cellulose backbone. In the former case,
addition of initiator and cumyldithiobenzoate led to reticulation of the pullulan
backbone as a hydrogel (Section 13.2.5). In the latter case, grafting from polymer-
ization of styrene was carried out in order to prepare honeycomb-structured films
(Section 13.3.2) and composite materials (Section 13.3.3).

13.2.3.4 Conclusion on Carbohydrate-Containing Polymers Synthesized by RAFT
In comparison with the other CRP techniques, NMP and ATRP, RAFT process also
affords polymerization of protected or unprotected sugar-based monomers, how-
ever over a wider range, including acrylamide derivatives. Polymerization can be
performed at low temperature in water or water/alcohol mixtures and the resulting
glycopolymers do not contain any residual species disadvantageous for biomedical
uses.

Until now, very few carbohydrate-containing polymers synthesized via the RAFT
process have been used in the context of a biological application. However, most of
them could be favorably evaluated in biological applications implying recognition
events such as diagnostics, targeted drug or gene delivery, as well as in the study
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of pathogen–host cell interactions. They could also be used to bring biocompati-
bility to the surface of biomaterials, and to promote cell adhesion/proliferation in
regenerative medicine. These various application fields are described in the next
sections.

13.2.4
Diagnostic Applications

The aim of biological diagnostic tests is to detect (i.e. capture and quantify) the
presence of a biomolecule (antigen, antibody, DNA, RNA and whole pathogen) in a
complex sample (blood, urine and other kinds of samples). Diagnostic tests are also
used to classify different genes belonging to a same family or to a large panel. For
instance, DNA biochip technology on microsystems has been intensively developed
to answer the increasing need of DNA sequence multianalyses in reduced time and
small volumes.

To reach such goals, several strategies have been developed. One of them relies
on the immobilization of single-stranded DNA sequences or oligonucleotides (ODN)
on synthetic polymer chains. The resulting polymer/ODN conjugates are a smart
alternative to free ODN probes in order to capture the DNA target. First assays
based on random copolymers led to improved results of the test in terms of signal
intensity and sensitivity [4, 61]. To control the orientation of the conjugate on the
solid support (to favor ODN probe accessibility), it appeared challenging to develop
new kinds of conjugates based on graft and block copolymers. To synthesize such
well-defined architectures, the RAFT process was chosen since it can be applied
to a wide range of monomers (especially acrylamide derivatives) under smooth
experimental conditions.

Favier developed the synthesis of graft copolymers via the RAFT process, with a
backbone based on NAM and NAS monomers, respectively, bringing hydrophilicity
and reactive groups. Glycopolymer grafts of poly(galactovinylether) were grafted
onto these reactive units. Since the side chains provided aldehyde groups from
the galactose units, it was possible to further bind NH2-ODN. The resulting graft
copolymer/ODN conjugate was evaluated in an ELOSA test for hepatitis B virus
using the VIDAS platform developed by bioMérieux Company. The sensitivity limit
was significantly improved in comparison with free ODN probes [62].

More recently, De Lambert et al. carried out the synthesis of amphiphilic block
copolymers via the RAFT process, based on acrylamide derivatives [63]. The hy-
drophobic block consisted of tBAM and was designed to adsorb preferentially on
the solid support, inducing a favorable orientation of the hydrophilic block in
aqueous solution. The hydrophilic block consisted of a reactive random copolymer
having some NAS units able to bind starters for ODN direct synthesis. The result-
ing amphiphilic block copolymer P[tBAM-b-(NAM-co-NAS)] was used to elaborate
a block copolymer/ODN conjugate corresponding to polydT25 model sequence.
A parallel conjugate synthesis was performed on a poly(NAM-co-NAS) random
copolymer.
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Fig. 13.6 Hybridization on DNA biochip microarray using free ODN
probes and polymer/ODN conjugate based on a block copolymer
synthesized by the RAFT process.

The microarray system was based on a 96-well microplate format and the conju-
gates were spotted using a nanodroplet inkjet technique. When using a standard
aqueous buffer, both conjugates – elaborated from random and block copolymers –
similarly enhanced the signal corresponding to polydA25 target hybridization in
comparison with free ODN probes (Fig. 13.6). Moreover, when conjugates were
spotted in a mixed DMF/H2O solvent, the conjugate based on the block copoly-
mer reached a double intensity signal than that corresponding to the random
copolymer that confirms the improved orientation mediated by the amphiphilic
diblock [12].

The same strategy was then applied to two biological models especially difficult
to study with classical systems. The first model, concerning the detection of alleles
associated with insulin-dependent diabetes, was investigated to estimate the sensi-
tivity threshold and the specificity. The second biological model, concerning blood
platelet polymorphism determination, was studied to detect a single nucleotide mis-
match. For both models, the polymer/ODN conjugates led to an increase in signal
intensity in comparison with free ODN probes and to a better specificity at low DNA
target concentration [13]. These successful results show that block copolymer/ODN
conjugates can be useful tools for a wide range of biological models.

In conclusion, RAFT polymerization has been successfully applied to in vitro
diagnostics and is currently explored for in vivo diagnostics, especially for mag-
netic resonance imaging (MRI) as described in a subsequent section (Section
13.3.3.2).
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13.2.5
Drug and Gene Delivery Applications

13.2.5.1 Drug Delivery
Considering therapeutic applications of polymers, controlled drug delivery is the
most active area. Polymer systems are used as carrier or vector to safely transport
drugs to appropriate body sites and to control the release rate [64]. The role of
the polymer is multiple. First, it should promote the protection of the drug from
any degradation or unwanted uptake from the body’s immune system (notion of
furtivity or shielding). Second, it may include specific moieties (sugars, peptides
and antibodies) on the surface of the drug-loaded vector able to drive it to tar-
geted cells or tissues (notion of targeting). Third, it should favor the release of
a sufficient amount of the drug when required or over a desired timescale. Fi-
nally and most importantly, the polymer (and its possible degradation products)
should not induce any toxic/inflammatory response and should be excreted out of
the body. The toxicity and the resorbability are issues that need to be addressed.
All these parameters as well as those relative to the drug characteristics (nature,
hydrophilicity/hydrophobicity and sensitivity to degradation) and action mode (ap-
propriate locus of release and optimal release profile) have to be considered when
designing the polymers [65].

Generally, the polymer systems used for drug delivery are micelles/vesicles/
nano- or microparticles [66–70], (hydro)gels [71] and branched macromolecules, as
recently reviewed by Kumar et al. [72].

Due to its versatility toward polar and/or charged monomers and site-specific
functionalization, RAFT polymerization has rapidly been considered to improve
the properties of various kinds of polymer vectors. Controlled drug delivery is often
mentioned as a potential application; however, only very few studies have reported
the loading capacities and release properties.

Micelles, Vesicles and Nanoparticles Micelles, vesicles and particles (generally
nanosized) are prepared via self-assembly or aggregation of amphiphilic block
copolymers in water. Since a wide range of well-defined block copolymers is avail-
able, micelles/vesicles and nanoparticles are to date the most explored carriers. The
drug can indeed be embedded in the core during the micellization process, while the
hydrophilic outer shell can promote furtivity and dispersion of the drug/polymer
system in water. Furthermore, since reactive functions or specific moieties can be
introduced along [10] or at the chain end [25] of the hydrophilic blocks, it is possible
to tailor the surface properties of the nano-objects (Fig. 13.7).

The block copolymers may include more than two blocks, blocks with branched
architectures and stimuli-responsive blocks depending on conditions such as tem-
perature, pH, ionic strength, light, electric or magnetic field. These block copoly-
mers can be fully synthesized by the RAFT process or may possess segments
differently produced, such as poly(ethylene oxide) (PEO) [73] or poly(lactic acid)
(PLA) [74, 75]. Finally, one or several blocks can be cross-linked after self-assembly
in order to form well-defined nanogel domains and ‘freeze’ the structure of the
nano-objects.
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Fig. 13.7 Examples of self-organization of NAS-containing block
copolymers in solution or at the surface of hydrophobic supports.

Consequently, the number of combination to elaborate the carriers is very large
and several have already been explored:

– The self-assembly in water of amphiphilic diblocks bearing a neutral hy-
drophilic block and a classical hydrophobic block has been studied by different
groups [40, 63, 76, 77]. Yusa et al. demonstrated that aqueous solution of
an amphiphilic poly(2-methacryloyloxyethylphosphorylcholine-b-butyl methacry-
late) copolymer was able to solubilize a significant amount of paclitaxel, a poorly
water-soluble anticancer drug [40]. The stability of the micelles/aggregates could
be increased by cross-linking the hydrophobic cores [73, 78].

– Stimuli-responsive micelles have also been widely studied. The various syn-
thetic routes to obtain these ‘smart’ materials have been recently compiled by
McCormick et al. and will not be detailed here [79]. The different kinds of stimuli-
responsive block copolymers can be classified according to their nature:
Ĺ hydrophilic block copolymers that bear only one stimuli-responsive segment,

either temperature responsive [80–85] or pH- and ionic strength responsive
[83, 86–92],

Ĺ hydrophilic block copolymers that bear two stimuli-responsive segments or
‘schizophrenic’ block copolymers [83, 85, 93–97] and

Ĺ amphiphilic block copolymers that bear one or several stimuli-responsive seg-
ments [39, 74–76, 83, 98–102].
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Compared to other polymerization techniques, RAFT appears as a very
powerful technique to synthesize well-defined block copolymers with thermore-
sponsive segments, generally poly(N-isopropyl acrylamide) (PNIPAm), and/or
pH-sensitive segments, such as poly(acrylic acid) (PAA) [89]. In water, the stimuli-
responsive segments are able to reversibly switch from fully soluble to insoluble
after a sharp transition in temperature or in pH/ionic strength, inducing the
reversible formation of micelles. It is noteworthy that the modification of the
terminal thiocarbonylthio RAFT function can be used to introduce a fluores-
cent probe at the end of the thermoresponsive poly(NIPAm) chains to study
their conformation at the surface of poly(benzyl methacrylate) nanoparticles
[101].

– Finally, the cross-linking of the micelle/nanoparticle shell can also be used to
prevent dissociation [103], the cross-links being created by chemical bonding [16,
104, 105] or electrostatic interactions [106]. Clickable reactive functions coming
from the initial RAFT agent can also be introduced in the cross-linked PAA outer
corona [105]. Then, various entities such fluorescent probes or targeting moieties
can be bound at the surface of the nanoparticles.

Hydrogels Hydrogels are another type of interesting carriers for drug delivery
[71]. They consist of a cross-linked hydrophilic network that swells in aqueous
solutions and then progressively releases the drug. The chemical or physical cross-
links (or nodes) of the network are, respectively, obtained by covalent bonding and
electrostatic or hydrophobic interactions.

The RAFT process can be used to improve the control of the physicochemical
properties of the gels since they depend on the gel structure and degree of cross-
linking (number and repartition of the cross-links), and thus on the architecture
of the connecting chains. For instance, Crescenzi et al. have shown that gels ob-
tained via RAFT polymerization from methacrylated pullulans are more regular
and homogeneous and exhibit higher swelling properties than corresponding gels
prepared by conventional polymerization [58].

In addition, it appears highly desirable to control the synthesis of polymers
known to form physical gels, such as poly(vinylalcohol) obtained after hydrolysis
of poly(vinyl acetate) [107–109], poly(acrylamide) [86, 110], as well as well-defined
random copolymers of hydrophilic and hydrophobic monomers [99, 111].

Finally, since the RAFT process is particularly suited to produce well-defined
stimuli-responsive architectures, ‘smart’ gels can be elaborated with improved prop-
erties [112–115]. They are commonly used for drug delivery due to their ability to
expand or shrink, depending on the external conditions of pH and/or temperature.

Branched Macromolecules Branched macromolecules like star, comb, hyper-
branched polymers or dendrimers [116] (Fig. 13.5) are also very interesting ar-
chitectures (easily synthesized by RAFT polymerization) for the preparation of
nanocarriers and hydrogels for drug delivery. One advantage of branched macro-
molecules relies on their ability to form unimolecular or multimolecular aggregates
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in diluted aqueous solutions [117–119] or highly functionalized gels in concentrated
media [120–122].

13.2.5.2 Gene Delivery
The objective of gene therapy is to introduce genetic material into specific cells
(transfection) in order to replace deficient genes that are source of diseases [123].
Moreover, gene transfection can be used for the expression of biologically active
proteins of interest. Besides therapeutics, applications also enter the field of vacci-
nation.

Among the potential carriers for gene delivery, liposomes and cationic poly-
electrolytes have been considered as an alternative to inactivated viral vectors for
biosafety reasons despite their recent significant improvements. Cationic polymers
like poly(ethylenimine), PEI [124, 125], are indeed able to complex DNA or RNA
(negatively charged) to form interpolyelectrolyte aggregates sometimes called poly-
plexes [126]. This electrostatic complexation of the gene provides protection against
enzymatic degradation and ensures the necessary compaction to enter the targeted
cells.

In this context, the RAFT process opens new possibilities in terms of vector design
since it does control the polymerization of polar cationic or cationizable monomers.
For instance, well-defined homopolymers of P(dimethylaminoethyl methacrylate),
PDMAEMA, were prepared [127], since the corresponding polymers prepared via
conventional radical polymerization had led to very significant transfection results
[128]. Moreover, reactive poly(NAM-co-NAS) building blocks were modified to form
cationizable blocks. The NAS units were reacted with derivatives such as spermine,
ethylene diamine or N,N-dimethyl ethylene diamine [62]. This is a smart strategy
to obtain RAFT polymers bearing primary or secondary amine functions known to
induce aminolysis of the RAFT agents. In addition, the grafting reaction of aminated
side chains on the preformed polymer enables aminolysis of the thiocarbonylthio
chain end that may induce toxicity issues.

The resulting well-defined polymers that carry primary, secondary or tertiary
amine side groups were cationized over a large range of pH and exhibited low
toxicity in 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell
assays. All were shown to efficiently complex plasmid DNA as evidenced by agarose
gel electrophoresis and picogreen displacement assays and to efficiently protect the
plasmid from DNAses. Preliminary in vitro transfection tests of a plasmid coding
for the expression of the fluorescent luciferase protein were performed with BHK-21
(baby hamster kidney) cells. The production of luciferase was low, indicating a too
strong complexation of DNA that prevented its release. In further assays, a varying
density of alkyl chains (dodecylamine) were bound to the polymer chain in addition
to the N,N-dimethyl ethylenediamine side chains in order to try and decrease the
strength of the plasmid complexation to favor its subsequent release. The resulting
complexes were stable in the presence of a serum despite an incomplete compaction
of the plasmid (depending on the charge density). However, the transfection results
were not improved, indicating that the presence of hydrophobic side chains was
not a preponderant parameter on the release ability [14].
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The use of hydrophilic block copolymers bearing one neutral block and one
cationic block is also a very attractive strategy since it enables the preparation
of micellar aggregates with a polyplex core surrounded by water-soluble blocks
(Fig. 13.7). The cationic blocks ensure the compaction of the plasmid, while the
hydrophilic neutral blocks provide a corona with furtive properties toward the
body’s natural defences. Moreover, the hydrophilic blocks may also carry specific
entities like sugars and/or peptides in order to improve the targeting properties of
the vector and to facilitate entrance through the cell membrane.

This kind of core-shell polyplexes can be obtained from P[NAM-b-(NAM-co-
NAS)] precursors synthesized using either a classical two-step method or a
more convenient one-pot procedure by monomer sequential addition [10]. An-
other possibility developed by McCormick et al. for small interfering ribonu-
cleic acid (siRNA) delivery applications is the synthesis of polymers consisting
of one block of P(hydroxypropyl methacrylate), HPMA and one block of N-[3-
(dimethylamino)propyl]methacrylamide, DMAPMA [129]. The cationic segments
bearing tertiary amine groups provided a strong complexation of siRNA and the
poly(HPMA) hydrophilic neutral blocks ensured protection of the nucleic acids
from enzymatic degradation. In addition, the observed slow dissociation of the
complexes suggested that siRNA may be released after entering the cells.

Another class of polyplex vectors can be obtained from grafted polymers. Bisht
et al. synthesized carboxylic acid α-functionalized poly(NIPAm) chains, either by
RAFT (Mw = 17 000 g·mol−1; PDI = 1.02) or by conventional radical polymerization
in the presence of a mercaptan irreversible transfer agent (Mw = 4100 g·mol−1;
PDI = 2.1). The chains were subsequently bound to amino side groups of PEI [130].
The resulting graft copolymer with a cationic backbone and thermoresponsive side
chains was studied as a potential candidate for thermoactivated DNA delivery. In
this study, the controlled length of the poly(NIPAm) side chains seemed to have
only a weak influence on the thermoresponsive and DNA complexation properties.

In conclusion, the contribution of RAFT polymerization to controlled gene de-
livery is potentially very important to improve both vector properties and under-
standing of the polyplex behavior in vitro and in vivo. Very few examples have been
reported to date; however, various cationic architectures can be designed to tailor
the complexation, compaction, protection, furtivity, targeting and release proper-
ties of the vectors. In addition, the possibility to introduce a function at the α-
or ω end of the polymer chain may be used to tag the vector in order to track
its localization and fate in/out the cells or in the body. This could provide valu-
able information about the transfection mechanism and the optimal design of the
vectors.

13.2.5.3 Outlook on Drug and Gene Delivery
CRP techniques enable the access to more sophisticated controlled release systems
via the control of the macromolecular architecture. The RAFT process is especially
well suited due to its tolerance toward polar hydrophilic monomers. Well-defined
stimuli-responsive and charged blocks can be directly synthesized in aqueous media
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and used to tailor the release profile. In addition, the large number of possibilities
in terms of site-specific functionalization will transform the usual polymer carriers
into bioactive vectors able to target specific cells and control the locus of release.

Nevertheless, important issues have still to be addressed, concerning the loading
of the vectors and their in vivo behavior. For instance, the vectors (as well as their
embedded material) have to remain intact during transportation to the locus of
release and should not induce unacceptable inflammatory responses and toxicity,
before, during and after the release. Then, the polymer materials should be removed
from the body using the natural excretion pathways. All these critical parameters
need to be considered when designing the polymers.

Finally, the new generation of delivery devices now accessible using techniques
like the RAFT process should also provide new opportunities in various other fields,
such as agriculture, cosmetics and personal care.

13.2.6
Tissue Engineering and Regenerative Medicine

Tissue engineering applications lie at the interface of material and life science. The
objective is to develop organ or tissue substitutes using living cells such as stem
cells in order to replace, restore, maintain or improve deficient biological functions
[131]. Whereas the first generation of materials in contact with or implanted inside
of the human body was mainly biologically inert such as metallic hip substitutes, the
introduction of bioactive glasses and ceramics and bioresorbable polymer materials
have opened the way for advanced therapeutic strategies [132]. The new generation
of bioactive materials is now designed to help the body repair itself (bones, cartilage,
skin, vascular grafts, nerves, heart valves, liver or kidney).

Among these materials, one- (fibers), two- (films and membranes) or three-
dimensional (gels and porous matrices) polymer materials are used to build
scaffolds/templates that support the cells and guide a biomimetic tissue-
regeneration process [133]. They are mainly based on biodegradable synthetic
polymers such as polyesters (poly(lactic-co-glycolic acid), PLGA) or natural biopoly-
mers such as chitosan, hyaluronic acid or collagen. The recourse to C C backbone
synthetic polymers such as poly(vinylalcohol) or poly(methyl methacrylate) is less
widespread for in vivo applications due to their low biodegradability. Neverthe-
less, they can be used for the preparation of permanent material for orthopedic or
dental applications and for external devices such as artificial liver or kidney and
wound-healing applications.

From an engineering point of view, the most important challenge is to develop
biocompatible, biodegradable or bioresorbable scaffolds with appropriate chemical,
mechanical and biological properties for an optimal regeneration process [134]. In
this context, RAFT polymerization can provide precious tools to tailor both the me-
chanical properties of the scaffold and the interface between the scaffold and the
biological environment. First, the versatility toward a large variety of monomers
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and polymer architectures enables synthesis of adaptable ground for cell adhe-
sion/proliferation and for the establishment of important biological processes like
angiogenesis. Moreover, it is possible to produce low-molecular-weight building
blocks more easily excreted out of the body and site-specific functionalized poly-
mer chains like well-defined bioconjugates (for instance RGD peptide/polymer
conjugates [135]).

Polymer materials for tissue engineering are usually based on hydrogels [136] or
biodegradable porous matrices [133], which may contain controlled release systems
(similar to those used for drug delivery) in order to progressively release bioactive
molecules such as growth factors (proteins) that favor the regeneration process.
Although the direct use of RAFT process for tissue engineering applications is still
not widespread, it can provide interesting alternatives. On the one hand, RAFT
polymerization can be used to produce highly functional hydrogels with improved
physicochemical properties. RAFT-modified hydrogels based on natural biopoly-
mers seem particularly promising as reported by Crescenzi et al. about reticulation
of pullulan [58]. On the other hand, polymers obtained from the combination of
RAFT with another polymerization technique such as ring-opening polymerization
[74, 75, 137], or polymers obtained by grafting RAFT blocks onto natural biopoly-
mers [56, 60], are also expected to give biodegradable materials with improved
properties. Finally, Suzuki et al. have synthesized phosphate polymers via the RAFT
process that can be mineralized by hydroxyapatite (calcium phosphate, CaP) [138].
Since CaP is the main component of bone matrices, this kind of inorganic/organic
hybrid composites can find potential application in bone regeneration.

13.3
Polymer-Based Materials for Various Applications

13.3.1
Polymers with Fluorescent or Optoelectronic Properties

Since about 20 years, it has been demonstrated that polymer films may be used for a
new generation of optoelectronic devices, such as organic light-emitting devices and
organic solar cells [139, 140]. Moreover, fluorescent polymers may find numerous
applications as biological or chemical sensors in military, biomedical and industrial
fields [141].

Quite a large number of articles describe the use of RAFT polymerization to
synthesize polymers bearing fluorescent or luminescent compounds, either as side
groups along the chain or as end groups (introduced via the R or Z group of the
CTA) (Table 13.3).

The introduction of several fluorescent molecules along the chain can result
from the polymerization of a fluorescent monomer or from the covalent binding of a
fluorescent derivative onto a precursor copolymer. The first strategy requires an easy
synthesis pathway able to provide grams of the fluorescent monomer. Moreover, in
case of an ionic derivative, the choice of the polymerization solvent may be limited.
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This strategy has mainly been used for carbazole derivatives in order to prepare
organic electronic materials [143–145]. The second strategy is favored when the
precursor polymer is bearing highly reactive functions, for instance activated ester
ones, which can bind amino- or hydroxyl fluorescent derivatives [15].

Alternatively, the introduction of an unique fluorescent label at one chain end
has also been investigated. Pyrene, naphthalene and carbazole moieties have been
introduced as ω end groups, whereas anthracene, phenanthrene, naphthalene,
pyrene and coumarin have been introduced as α end groups via the R group of the
CTA (a dithiobenzoate in all cases), with either an ester, an amide or a C C bond
between the fluorescent moiety and the thiocarbonylthio group (Table 13.3).

An original study reports RAFT polymerization from cadmium–selenium quan-
tum dots, semiconductor nanoparticles with narrow fluorescence emission profiles
and discrete energy bands. The strategy relies on the anchoring of a functional
trithiocarbonate onto the quantum dots via di-n-octylphosphine-oxide ligand, a
derivative of the usual tri-n-octylphosphine-oxide ligand. Various random and block
copolymers were polymerized from the surface in order to improve the stabilization
and the dispersion of the quantum dots in polymer matrices. The tailored quantum
dot nanoparticles retained their structural and optical properties [160].

Ligands of ruthenium and europium have also been introduced in the R group
of dithiobenzoates. After RAFT polymerization, the complexation of RuII or EuIII

leads to metallopolymers with luminescent properties [161, 162, 164–167]. A spe-
cial application of the RuII-bypyridine-based dithioester consists in elaborating
light harvesting polymers with a styrene derivative of coumarin. Indeed, excita-
tion energy transfer from coumarin to the RuII bipyridine energy trap core is
observed, especially in the case of star architectures [161]. Moreover, introduction
of a poly(NIPAm) second block induces a decrease of the competing quenching
effect of the dithioester chain end.

Such quenching effect of the dithioester moiety has been reported in most of
the articles about fluorescent polymers synthesized by RAFT. Recent fluorescence
investigations using coumarin 343 demonstrated that static and dynamic quench-
ing result from the reversible formation of an exciplex between coumarin and the
dithiobenzoate chain end. This fluorescence quenching could be totally suppressed
by aminolysis into a thiol end group [168].

13.3.2
Thin Films and Membranes on Organic Substrates

Polymer grafting techniques provide a versatile tool to tailor surfaces of solid sub-
strates. Two strategies have been explored. The first one consists in a reversible
coating via the adsorption of polymer chains using electrostatic or hydrophobic
interactions. The second approach consists in an irreversible grafting via covalent
attachment of polymer chains to the surface, either by ‘grafting to’ or by ‘graft-
ing from’. The ‘grafting-to’ technique involves a reaction between one or several
appropriate functional groups on the polymer chain and the surface, to chemically
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tether the polymer chains. However, steric hindrance near the surface (due to the
already-grafted chains) limits the diffusion of incoming polymer chains, which
usually results in low grafting density. The ‘grafting-from’ technique is based on
the anchoring of initiators to the surface, followed by polymerization from the sur-
face. The diffusion of small-sized monomers is little affected by the existing grafted
chains, which significantly increases the grafting density. Finally, polymer chains
can be immobilized on a surface as (i) thin films, either by adsorption or using a
multiple point covalent anchoring (‘grafting to’), or as (ii) polymer brushes, via a
unique point covalent anchoring (‘grafting to’ and ‘grafting from’).

The CRP techniques have been intensively used for surface-initiated polymer-
ization in order to modify the surface properties of various substrates. Homopoly-
mers, diblocks, triblocks and star architectures can be easily tethered to the surface
to produce brushes, multilayers and patterned surfaces. Among the various CRP
techniques, the RAFT process is compatible with a wide range of monomers and
requires easy experimental conditions. It has been applied to the synthesis of thin
films, polymer brushes, honeycomb films and membranes on various organic sub-
strates.

13.3.2.1 Thin Films and Polymer Brushes on Organic Substrates
Polymer brushes resulting from surface-initiated polymerization are of high den-
sity that induces highly anisotropic conformation of the swollen brushes in suit-
able solvent. Such coatings bring strong resistance against compression and in-
teresting size-exclusion properties. One of the most important requirements is
a suitable polymerization solvent preventing the surface from swelling and lead-
ing to well-defined graft systems. RAFT polymerization has been used to improve
the properties of different organic substrates, such as fluoropolymers, cellulose,
poly(dimethylsiloxane) (PDMS), poly(propylene) (PP) and poly(styrene) (PS) (Table
13.4). The last part of the table reports a class of polymers defined as adhesives
synthesized via RAFT polymerization in solution.

Fluoropolymer Substrates Among the different polymer substrates, fluoropoly-
mers have often been studied due to their chemical and physical resistance. Con-
cerning their biomedical applications as biomaterials, the key parameter is to
improve the surface hydrophilicity of fluoropolymers to avoid contaminations. To
reach this objective, Yoshikawa et al. suggested to graft a biocompatible polar
polymer, poly(hydroxyethyl methacrylate) (PHEMA), from a nonpolar substrate,
poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP). They successfully synthe-
sized PHEMA brushes via the RAFT process from the pretreated substrate (O2

plasma) and claimed that these biointerfaces are very promising [169]. A simi-
lar ‘grafting-from’ strategy was used to tether poly(methyl methacrylate) (PMMA)
and poly(ethyelene glycol) monomethacrylate (PEGMA) brushes via the RAFT pro-
cess on azo-functionalized poly(vinylidene fluoride) (PVDF) surfaces [170]. An-
other strategy was proposed by Grasselli and Betz using an electron-beam-induced
RAFT-mediated graft polymerization. Acrylic acid monomer was polymerized from
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irradiated PVDF in order to improve its surface properties without loosing its ex-
cellent mechanical properties [171].

Cellulose Fiber Substrates Another often studied substrate is natural cellulose,
which presents several advantages: It is a renewable natural resource, recyclable,
of low cost and has good mechanical properties. However, cellulose fibers are
very absorbent due to their high hydrophilicity, which can lead to composites
failure. To reduce this hydrophilicity and improve adhesion to more hydrophobic
materials, a strategy relies on the surface modification of cellulose fibers by grafting
hydrophobic polymer chains onto their surface. Perrier and coworkers defined a
two-step method to anchor RAFT agents on cellulose and to grow PS brushes
from the surface. Although the density of polymer chains has to be improved, the
reduced hydrophilicity of the cellulose fibers is promising for future hydrophobic
composites [60]. In the same time, Hernandez-Guerrero et al. directly grafted RAFT
agents based on trithiocarbonate containing carboxylic groups onto cellulose. Then,
PS brushes were successfully synthesized from cellulose, in order to prepare highly
regular honeycomb-structured porous films [59].

poly(dimethylsiloxane) Substrates Surface-initiated polymerization has been per-
formed on PDMS substrates, often used for inertness and structural properties. Bae
et al. treated PDMS under microwave plasma in the presence of maleic anhydride
and followed by hydrolysis, leading to the appearance of carboxylic groups on the
surface. In the presence of surface-tethered 2,2′-azobis(2-methylpropioamidine) di-
hydrochloride initiator, neutral DMA, anionic 4-styrene sulfonate (SS) and cationic
(vinylbenzyl)-trimethylammonium chloride (p-VBAC) monomers were success-
fully homopolymerized via RAFT from the surface. The polyelectrolyte layers are
planned to be involved in a layer-by-layer process in order to generate stable hy-
drophilic surfaces, whereas poly(DMA) provides a biocompatible surface [172].

poly(propylene) Substrates Solid phases for organic compound and peptide syn-
thesis have been studied since the first supported reaction proposed by Merrifield
on PS resins. A large variety of solid phases were then proposed based on differ-
ent monomers. As the RAFT process is versatile, the use of Merrifield resins was
considered to remove all impurities of the polymerization medium (dead chains,
monomers and residual RAFT agent) to make this process industrially viable. Per-
rier and coworkers suggested to bind the RAFT agent via the Z group, polymerized
methyl acrylate, and claimed that such technique could lead to well-defined block
copolymers [173, 174].

More recently, a new support was developed where PS is grafted from a more rigid
PP scaffold. Polymer was grafted from the surface via γ -radiation-initiated RAFT
polymerization at low temperature [175]. Recently, the same group adapted this
method to copolymerize styrene and m-isopropenyl-α,α′-dimethylbenzyl isocyanate
(TMI), as TMI is able to scavenge primary and secondary amine [176].

poly(styrene) Substrates Polymer colloids with biointeractive functional groups
on the surface have many applications in biological diagnostics [181]. D’Agosto
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et al. described the synthesis of P(NAM) chains in the presence of a RAFT agent
containing a propionic acid group, and their subsequent grafting onto amino-
functionalized polystyrene latex particles in order to get hydrophilic hairy particles.
This strategy is promising to introduce biologically active species in the hairy layer
via the copolymerization of suitable functional monomers [177].

Adhesives on Metal or Polymer Substrates Promoters for adhesion on metal or poly-
mer substrates have been synthesized in solution via the RAFT process. These well-
defined polymers exhibit functional side chains from acrylonitrile and phosphorus-
or sulfur-containing monomers.

Fan et al. carried out the copolymerization of styrene and acrylonitrile via the
RAFT process, leading to poly(styrene-co-acrylonitrile) (PSAN) copolymer, well-
known thermoplastic for its excellent properties, such as solvent resistance, ther-
mal stability, transparency and processability. To improve the interfacial adhesion
of different phases, block copolymers containing PSAN and a block of PMMA,
PHEMA, PGMA or PDMAEMA were successively prepared [178].

Phosphorus-containing polymers are of great interest, as they can be used for
different applications like flame retardant, ion-exchange resins, dental adhesives,
adhesion promoters on metal substrates and biotechnology. Rixens et al. reported
the controlled synthesis of random and block copolymers from halogenated and
phosphonated monomers using the RAFT process. The phosphonated groups were
introduced either by chemical modification of hydroxyethylacrylate copolymers or
by copolymerization with a phosphonated methacrylate. As these copolymers have
barrier properties due to the vinylidene chloride monomer as well as adhesion and
anticorrosion properties due to the phosphonated monomer, potential applications
in paints and surface treatments seem suitable [179].

Tebaldi de Sordi et al. focused on 2,3-epithiopropyl methacrylate (ETMA)
monomer that presents two reactive centers. It can be polymerized by ring-opening
polymerization through episulfide group or by radical polymerization through the
double bond of methacrylate group. This polymer is of great interest since its
sulfur-containing ring pendants can promote chemical adhesion to metals and
polar surfaces, and it was already used as dental adhesive. Well-defined PETMA ho-
mopolymers and block copolymers were synthesized by RAFT polymerization [180].

13.3.2.2 Honeycomb Films and Membranes
A wide range of applications have been suggested for honeycomb-structured porous
films, like separation membranes, photonic devices, chemical sensors or cell growth
substrates. These porous structures are obtained from casting solutions of star or
block copolymers in an organic solvent (e.g. carbon disulfide) onto a glass substrate
under a humid atmosphere. To get a high regularity, polymer chains should exhibit
an amphiphilic nature. Stenzel et al. elaborated porous films based on various
polymer architectures synthesized via RAFT polymerization [182]. For instance,
polystyrene homopolymers, graft copolymers and star polymers were prepared in
the presence of trithiocarbonate RAFT agents previously synthesized from α-D-
glucose, cellulose and β-cyclodextrin, respectively [56, 183].
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Various other copolymers synthesized by the RAFT process were casted as
honeycomb-structured porous films: (i) a PS comb polymer after introduction
of trithiocarbonate groups on a poly(styrene-co-hydroxyethylmethacrylate) random
copolymer backbone [59], (ii) an amphiphilic block copolymer composed of a
poly(styrene) block and a poly(acryloyl phosphorylcholine) block, playing on the
length of each block in order to change the pore size [184] and (iii) a poly(styrene-
b-acrylic acid) amphiphilic block copolymer customized by pyrrole template as this
monomer coordinates with acid groups via hydrogen bonds, in order to stimulate
biological systems with electric current, beneficial for the cell growth [185].

Polyimides (PI) have often been studied as dielectric and packaging materials
in microelectronic industry because of thermal stability, chemical resistance, me-
chanical strength and good adhesion to semiconductor and metals. The use of
materials of ultralow dielectric constant is required to reduce the power dissipation
of integrated circuits. One interesting approach consists of preparing nanoporous
materials since the incorporated air (dielectric constant of 1) greatly reduces the
dielectric constant of the resulting structure. Fu et al. used this strategy and pre-
pared a RAFT-mediated graft copolymer composed of a poly(amic acid) backbone
(PamA) and PMMA side chains grown from RAFT agents bound on the pendant
carboxylic groups. Nanoporous PI films were obtained after thermal imidization
of PamA backbone under inert atmosphere, followed by thermal decomposition
of PMMA side chains. As RAFT polymerization provides well-defined side chains,
nanoporous films exhibited more uniform and smaller pores – leading to lower
dielectric constants – in comparison with films prepared via conventional radical
polymerization [186].

From similar materials, Chen et al. described the synthesis of a graft copolymer
via the RAFT process using an ozone-activated fluorinated polyimide (FPI). Mi-
crofiltration membranes were formed from the amphiphilic poly(FPI-g-PEGMA)
graft copolymer by phase inversion in aqueous media [187]. Another pathway was
explored by Rzayev and Hillmyer in order to prepare nanoporous PS-based materi-
als containing hydrophilic pores for water purification or biomolecule separation.
poly(LA-b-DMA-b-S) triblock and poly(LA-b-S) diblock copolymers were synthesized
by combining ring-opening polymerization and RAFT. In the case of the ABC tri-
block structure only, nanoporous PS with hydrophilic pores was obtained using a
selective etching protocol to remove the PLA block [188].

A last application reports a simple way to develop nanoporous films for lithog-
raphy (fabrication of microelectronic devices), using the self-assembly behavior of
block copolymers. Bang et al. synthesized poly(S-b-MMA-b-EO) triblock copolymer
via the RAFT process and obtained nanoporous arrays promising for lithography,
taking advantage of PMMA block degradability and PEO block long-range ordering
[189].

13.3.2.3 Conclusion on Thin Films and Membranes on Organic Substrates
RAFT polymerization is a very suitable method to immobilize polymer architec-
tures on a wide range of organic substrates, using the classical strategies, namely
adsorption, ‘grafting-to’ and ‘grafting-from’ approaches. The latter still suffer from
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limitations since the anchoring of RAFT agents on various substrates remains
difficult. The resulting thin films, nanoporous films and polymer brushes find
applications in many fields, such as elaboration of microelectronic devices, ultrafil-
tration membranes and biomaterials.

13.3.3
Organic/Inorganic Hybrid Materials

Hybrids materials composed of synthetic polymer and inorganic substrate exhibit
complex nanostructures, combine the inherent properties of both phases and re-
veal original characteristics due to the interaction between the phases. The different
coating pathways described in Section 13.3.2 (adsorption, ‘grafting to’ and ‘graft-
ing from’) can be adapted to inorganic surfaces. Here again, the RAFT process is
promising due to the versatility and the simplicity of the method. In comparison
with other CRP techniques, only few articles describe the application of RAFT poly-
merization to grow polymer brushes from inorganic substrates due to the difficulty
to tether RAFT agents on the surface. In this section, we report the applications
of the RAFT process to immobilize polymer chains on inorganic substrates of dif-
ferent shapes, such as flat inorganic surfaces, inorganic nanoparticles and carbon
nanotubes. Applications involving silane-based polymer chains are also described
in a last part.

13.3.3.1 Flat Inorganic Substrates
RAFT polymerization has been performed on different flat inorganic substrates,
such as silica wafers, oriented single-crystal silicon substrates and clays (Table 13.5).

Silica Wafers Baum and Brittain were pioneers to use RAFT polymerization to
tether homopolymer, diblock or triblock copolymers on silica wafers [190]. Using
an azo-immobilized surface, they grow polymer brushes of PS-b-PDMA and PDMA-
b-PMMA [191]. More recently, Stenzel et al. carried out the anchoring of the RAFT
agent (via the Z group) on the surface of aminated silica wafers and obtained
stimuli-responsive glycopolymer brushes of PNIPAm-b-PAGA. Such brushes are
promising because of the significant role of glycopolymers in specific recognition
events [54].

Suzuki et al. performed the controlled polymerization of phosphate-derived
monomers, monoacryloxyethyl phosphate (MAEP) and 2(methacryloyloxy)ethyl
phosphate (MOEP), via the RAFT process because of their potential use in biomed-
ical applications, especially for regeneration of bones. Indeed, polymer materials
containing phosphate groups are able to initiate events that lead to CaP mineral
nucleation and biomineralization. Homopolymers of PMAEP and PMOEP were
synthesized with MWs below 20 000 g·mol−1, to avoid any cross-linking reaction
due to residual diene impurities from monomers. Block copolymers including a
poly[(2-acetoacetoxy)ethyl methacrylate] (PAAEMA) block were also prepared and
immobilized on aminated silica wafers through the ketone side groups. Then, eval-
uation of the calcification behavior of these polymers was done by simulated body
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fluid measurements. The number of phosphate group and their accessibility are
key parameters, concerning the amount and type of formed mineral. Block copoly-
mers brought a significant improvement in comparison with random copolymers,
as they provide accessible ionic phosphate groups from the surface for calcium
chelation and CaP nucleation [138].

Layer by layer is an important method for the creation of structured and functional
thin films deposited on solid surfaces (elaboration of multilayers via electrostatic in-
teractions between opposite charged polyelectrolytes). Potential applications are for
instance optical and electronical devices, separation membranes, biosensors, cell-
repellent surfaces and catalyst systems. CRP techniques and especially the RAFT
process enable preparation of well-defined polyelectrolyte or polyzwitterionic chains
as random, graft and block copolymers. Morgan et al. synthesized poly(sodium-2-
acrylamido-2-methylpropane sulfonate) (PAMPS) and poly(sodium-3-acrylamido-
3-methylbutonate) (PAMBA) homopolymers as well as PAMPS-b-PAMBA block
copolymers. The multilayer film was created using cleaned silica wafers first in
contact with the cationic polyelectrolyte solution. Authors studied the correlation
between the polyelectrolyte architecture and the resulting film in terms of mor-
phology, dimension and stimuli-responsive behavior [192].

Oriented Single-Crystal Silicon Substrates Oriented single-crystal silicon substrates
are central to the semiconductor and microelectronics industry. To better design
and manipulate the physicochemical properties of the substrate, self-assembled
monolayers based on well-defined functional polymers have been grafted onto or
from the surface, using controlled radical polymerization. Applications concern
passivation layers in microfluidic and microelectromechanical systems, recogni-
tion layers in sensors or adhesion promoters for metal on silicon substrates.
Baum and Brittain suggested first to use the RAFT polymerization to form poly-
mer brushes on AIBN-anchored silicon surfaces with free RAFT agents [191].
Using the same way, Zhai et al. reported the synthesis of polybetaine brushes
on a silicon surface. This surface-initiated RAFT polymerization was carried out
with immobilized azo initiator [193]. At the same period, Yu et al. used an azo-
immobilized surface to perform RAFT polymerization of vinylbenzyl chloride
(with free RAFT agent in solution) in order to get well-defined PVBC brushes
on oriented crystal silicon substrate. The benzyl chloride groups of the PVBC
brushes were then derivatized into viologen groups that confer redox-responsive
properties [194]. Recently, the same group described another way to functional-
ize silicon substrates by directly immobilizing RAFT agent on the surface via the
Z group. This approach was validated by the synthesis of PHEMA homopolymer
and PMMA-b-PDMAEMA block copolymer brushes [195].

Clays Nanocomposites based on clays are of interest due to the improvement of
mechanical, thermal and gas barrier properties in comparison with more classical
polymer blends. To produce these composite materials, a preliminary step is re-
quired, using an intercalation agent to enable diffusion of monomers between clay
layers. Salem and Shipp treated montmorillonite with cationic vinyl monomers as



c13 December 16, 2007 13:8 Char Count=

13.3 Polymer-Based Materials for Various Applications 521

intercalation agents. The RAFT polymerization of P(styrene) and P(butyl acrylate)
was carried out with classical dithiobenzoates, but no significative contribution was
observed on the properties of this nanocomposite [196]. More recently, Zhang et al.
described a similar protocol based on an intercalation agent containing a dithioben-
zoate group and cationic species. RAFT polymerization of styrene was successful
and resulted in a higher thermal stability of this nanocomposite in comparison
with PS [197].

13.3.3.2 Inorganic Nanoparticles
Composites nanoparticles are of great interest because of the potential properties
of nanoparticles in the magnetic, optical and electronic fields. Polymer grafting is
an interesting technique to tailor the surface of nanoparticles and consequently the
interface between nanoparticles and the polymer matrix. This tailoring leads from
simple particle dispersions in polymer matrices to highly ordered structures by self-
assembly. RAFT polymerization was successfully used to tether polymer chains on
various inorganic nanoparticles, such as silica nanoparticles, gold nanoparticles,
magnetic nanoparticles and colloidal calcite dispersion (Table 13.6).

Silica Nanoparticles Silica nanoparticles are solid supports with good chemical
resistance, mechanical stability and reasonable costs. Tsujii et al. first synthesize
oligomeric PS brushes on silica beads via ATRP techniques. In a second step, they
convert the halogen chain end into a thiocarbonylthio function to perform RAFT
polymerization of styrene from the particles surface [198]. As the method requires
the presence of RAFT agents in solution, a large amount of free polymer chains were
produced detrimental to tethered chains. Benicewicz and coworker suggested solv-
ing this disadvantage by anchoring the RAFT agent directly on the silica nanopar-
ticle surface using a RAFT-silane coupling agent. Well-defined polymer brushes of
PS, PnBA and PS-b-PnBA were synthesized [199]. The same group developed an-
other method, the anchoring of a carboxylic group containing RAFT agent onto am-
inated silica particles, to form controlled PMMA brushes [200]. In order to improve
the distribution of the polymer brushes, Zhao and Perrier tethered the RAFT agent
via its Z group on silica particles. A wide range of homopolymers and block copoly-
mers were successfully grafted on the surface [204]. Zhang et al. used a different
pathway to functionalize silica particles with stimuli-responsive block copolymer.
They first synthesized in solution block copolymer composed of a stimuli-
responsive P(NIPAm) block and a P(γ -methacryloxypropyltrimethoxysilane) func-
tional block. The specific reaction between the surface and the trimethoxysilyl side
groups leads to the formation of stimuli-responsive core-shell nanoparticles [201].
A third pathway was explored by Guo et al. to tether lactose-containing polymer on
silica beads. First, well-defined glycopolymers were synthesized by RAFT process
in solution. In a second step, these polymer chains were tethered on particles func-
tionalized with vinyl-silane. The nanoparticles exhibit sugar groups on the surface,
with potential applications for separation materials and for analysis of substances
with biological activity [55].
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More recently, Titirici and Sellergren used the molecular imprinting concept that
relies on generation of polymer-based elements designed for specific recognition
of a given target. The range of applications is very wide, including chemical sens-
ing, drug delivery, catalysis, solid-phase extraction and chiral separation. Usually,
polymer particles can constitute the molecular imprinted polymer, as they provide
good affinity and specificity. However, they exhibit low capacity and poor acces-
sibility for the target due to an irregular shape. Composites nanoparticles afford
one solution, as it distinguishes the regular morphology (inorganic part) from the
imprinting ability (polymer). They immobilized azo initiator on mesoporous silica
nanoparticles. Then, graft copolymerization of methacrylic acid and ethylene glycol
dimethacrylate in the presence of L-phenylalanine anilide led to imprinted thin
film composite beads that proved to be a highly selective chiral phase, resulting in
separation of the template racemate [202].

In order to develop industrial applications for RAFT polymerization, the first step
may require the removal of the sulfur-containing RAFT end groups that may be
a limitation for potential applications. Immobilizing the RAFT agent appears as a
suitable approach to reach this goal. The use of silica nanoparticles as solid support
seems well adapted. According to Nguyen and Vana, immobilizing the RAFT agent
via its Z group presents several advantages: (i) to obtain a narrow distribution of
polymer chains without dead chain population, (ii) to produce sulfur-free polymer
chains by adding AIBN on particles to cleave the polymer brushes and (iii) to recover
the initial RAFT agent immobilized on silica particles [203].

Gold Nanoparticles Gold nanoparticles are of particular interest, as they provide
optical, magnetic and electronic properties to hybrid materials. Consequently, nu-
merous applications are possible in various fields like chemical separation, sensing,
catalysis or biotechnology. The colloidal stability of gold nanoparticles appears as
a crucial parameter. To facilitate the self-assembly of nanostructures, stabilizing
agents like polymers have been tethered on the surface of gold nanoparticles. RAFT
polymerization is one of the most suitable techniques to do so. Moreover, the re-
duction of the RAFT thiocarbonylthio end group in a thiol function is especially
adapted to the modification of gold surfaces. Lowe et al. first used this strategy with
different water-soluble homopolymers or block copolymers with anionic, cationic,
neutral or zwitterionic blocks [205]. These polymers were prepared in the presence
of 4,4′-azobis(4-cyanopentanoic acid) and 4-cyanopentanoic acid dithiobenzoate as
initiator and RAFT agent, respectively, providing free carboxylic groups on the
surface, useful for biochip and high-throughput screening applications [206]. Luo
et al. adapted this method to tether responsive double hydrophilic block copoly-
mer PEO-b-PDMA on gold surface [208]. More recently, Fustin et al. suggested a
method to transfer the gold particles from organic solvent to aqueous environment.
Nanoparticles first stabilized with PEG-b-PCL block copolymer in organic solvent
were grafted with PAA chains synthesized by RAFT polymerization. The transfer
of these particles in water was successful due to the specific chemisorption of the
trithiocarbonate end group on gold surface [209].
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In the same time, Hotchkiss et al. described the modification of gold nanorods
using hydrophilic (PAA or PDMAEMA) or hydrophobic polymer (PS) with or with-
out reducing agent. Interaction of the dithiobenzoate or trithiocarbonate chain ends
with gold surface was sufficient to stabilize the particles in suitable solvent (water
for PAA and PDMAEMA brushes and DMF for PS brushes) [210]. Stenzel and
coworkers proposed a similar approach to modify the surface of gold nanoparticles
with polymer chains that bear pyridyl disulfide end group. The use of a mild reduc-
ing agent is sufficient to obtain thiol-terminated polymers and stabilize the gold
nanoparticles [27]. In contrast, the ‘grafting-from’ pathway was used by Tenhu and
coworkers in order to control the thickness of the coating and the density of the
chains at the surface of the hybrid nanoparticles. NIPAm monomer was polymer-
ized to vary the surface properties, altering the particle solubility in water due to
the thermoresponsive behavior [207].

Magnetic Nanoparticles Magnetic nanoparticles have attracted considerable in-
terest because of their potential biomedical applications like MRI, targeted drug
delivery or rapid biological separation. To avoid aggregation or precipitation of
the nanoparticles, several methods to prepare polymer-coated nanoparticles have
been described. Wang et al. proposed the ‘grafting from’ of PS or PAA brushes
on ozone preactivated nanoparticles. The composite particles exhibit an excellent
dispersability and stability in organic solvent [212]. In the same time, Berret et al.
prepared iron-based contrast agents for MRI. The stabilization of the magnetic
nanoparticles was performed using electrostatic interactions. Two cationic-neutral
block copolymers PTEA-b-PAM were synthesized via the macromolecular design
by interchange of xanthates process with the same MW for neutral segment. The
size of the magnetic clusters and their contrast properties increased with the MW
of the cationic block. This easy technique to prepare stable magnetic nanoparticles
is very promising for biomedical applications [211].

Calcite Nanoparticles Calcite is a natural crystal of calcium carbonate, which can
form colloidal calcite dispersion in presence of water and a small amount of dis-
persant. This colloidal dispersion is used in paper industry as coating. P(sodium
acrylate) prepared via the RAFT process was used as dispersant. Since only chains
of a given MW (5000 g·mol−1) adsorb on the surface, generating an electrostatic
barrier against aggregation, the synthesis of well-defined polymer chains is crucial,
justifying the choice of the RAFT polymerization [213, 214].

13.3.3.3 Carbon Nanotubes
Carbon nanotubes possess unique structures, thermal stability and mechanical
and electrical properties [215, 216]. Then, potential applications are numerous
in fields like molecular electronics, sensors, high-strength fibers and biological
electronic devices. The main problem of carbon nanotubes is their poor solubility
in solvent due to the strong intertube Van der Waals interactions. The challenge
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consists of elaborating carbon nanotubes soluble in solvents (especially in water)
and biologically compatible.

Although the tethering of polymer chains on the surface of carbon nanotubes
remains difficult, it offers potential solubility in various solvents without altering
the physical properties. Cui et al. first immobilized RAFT agents on the surface of
carbon nanotubes and polymerized styrene via a ‘grafting-from’ approach leading
to core-shell nanocomposites [217]. Using the same strategy, Hong et al. covered
carbon nanotubes with thermoresponsive PNIPAm chains [218], with hydrophilic
and biocompatible PHPMA chains [219] and with reactive P(S-alt-MAh) chains
[220]. In the latter case, hydrophilic polymer chains (PEO OH or glycopolymer)
were further indirectly tethered to the surface via the anhydride groups, avoid-
ing deterioration of the surface and consequently keeping the properties of the
nanotubes.

At the same time, this group developed another way to functionalize the sur-
face via a ‘grafting-to’ approach. They first anchored thiopyridine, highly reactive
with thiol groups, and bound hydrophilic PHEMA and PHPMA polymer chains
synthesized by the RAFT process. The resulting polymer brushes brought water
solubility to the carbon nanotubes [221]. More recently, Wang et al. achieved the
same objective using an acrylamide-based coating [222]. At the opposite, Xu et al.
used a tethered RAFT agent to synthesize P(MMA-b-S) block copolymers from the
surface, exhibiting dispersibility in various organic solvents [223].

13.3.3.4 Silane-Based Polymer Chains
RAFT polymerization has also been used to synthesize polymer architectures based
on silyl-containing methacrylate monomers, immobilized on flat inorganic sub-
strates as well as on inorganic nanoparticles. Saricilar et al. applied RAFT poly-
merization to 3-[tris(trimethylsilyloxy)silyl]propyl methacrylate (TRIS) monomer,
a precious monomer for contact lens industry due to its high Si O content that
brings high permeability to oxygen. Optimizing oxygen permeability without losing
transparency, mechanical properties and hydrophilicity requires well-defined poly-
mer structures. TRIS was successfully polymerized in solution with low dispersity
(10 000–80 000 g·mol−1; PDI < 1.2), a promising result for future block copolymer
synthesis [224].

Mellon et al. focused on the RAFT polymerization of γ -methacryloxypropyl
trimethoxysilane (MPS) monomer, since the alkoxysilane reactive function can
be used as coupling agent to design nanocomposites for applications in optics,
coatings and catalysis. PMPS homopolymer and P(MMA-b-MPS) block copoly-
mers were successfully synthesized with MWs up to 40 000 g·mol−1 and a low
polydispersity (PDI < 1.3) [225].

Nguyen et al. polymerized tert-butyldimethylsilyl methacrylate monomer via the
RAFT process, for the potential applications of the polymer in photoresists, dry
etch resistance and antifouling paints. The presence of trialkylsilyl esters as pen-
dant groups, subject to hydrolysis, led to water-soluble polymers and induced the
decrease of the coating thickness. As this erosion was dependent on the number of
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silylated groups, RAFT polymerization was used to obtain well-defined structures
with controlled MW and low polydispersity (30 000 g·mol−1; PDI < 1.3) [226].

13.3.3.5 Conclusion on Organic/Inorganic Hybrid Materials
In the recent years, RAFT polymerization has provided numerous hybrid materials,
as this process is suitable for a large variety of monomers. Different approaches
like adsorption, grafting to and grafting from have been performed on various in-
organic substrates (silica wafers, clays, gold, magnetic, cadmium–selenium, calcite
nanoparticles and carbon nanotubes) to get polymer architectures on the surface.
New applications are expected since the polymer coating brings a new interfacial
behavior (e.g. stabilized nanoparticles and carbon nanotubes in water), without
impacting on the inorganic substrate own properties.

13.4
Conclusions

The large increase of publications related to polymers synthesized via the RAFT
process clearly demonstrates its significant impact on polymer science and polymer-
related applications, as reported in the various sections of this chapter. Like other
polymerization techniques that enable the control of macromolecular architec-
ture, the RAFT process appears as a powerful tool for the design of a large array
of polymers. Its versatility, high tolerance to polar groups and ease to process
make it a very attractive technique, especially for the development of functional
polymers.

The characteristic of getting chains of predetermined MW and low polydispersity
is a first advantage, considering size and composition homogeneity. This structural
homogeneity is expected to lead to materials of homogeneous properties and con-
sequently to more reproducible results in the application where that material is
used. However, that last expectation remains to be proved in the next years in or-
der that RAFT polymerization may reach an industrial level. In addition, for some
kinds of application, the size homogeneity of the polymer chains may appear as a
disadvantage.

In fact, the best advantage of RAFT polymerization relies on the ability to pre-
pare well-defined block, graft and star copolymers with sequences of different
nature. Moreover, if the RAFT process is combined with another polymeriza-
tion technique (which is relatively easy for a number of processes, such as the
other CRP techniques, catalytic polymerization, ring-opening (metathesis) poly-
merization and polycondensation, Table 13.7), or with a grafting technique coming
from organic/inorganic chemistry and biochemistry, the variety of combination
of the blocks is even increased. The resulting polymers and new generations of
hybrid/composite materials are expected to have a very large range of tailored
properties and most probably some unprecedented properties. The field of future
applications is then widely opened.
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