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Editorial

Microwave-assisted chemistry has become a major research field in recent decades.
The term ‘microwave-assisted chemistry’ generally refers to the application of
microwave irradiation in chemical reactions, enabling the creation of new and
efficient protocols for syntheses. The interaction of microwaves with molecules
that contain mobile electric charges, such as polar or ionic groups, produces a
source of heating that has certain benefits compared with conventional heating
methods: It provides very fast and efficient direct heating of molecules, sometimes
in combination with targeted/selective heating of sample compounds. Additionally,
autoclave conditions can be obtained by the design of dedicated microwave reac-
tors enabling the use of closed vessels within the setup. Hence, accelerated kinetics
resulting in increased reaction rates and higher yields can be obtained by over-
coming the limitation of reaction temperature to the boiling temperature of the
solvent.

In the field of polymer synthesis, the precise reproducibility of reaction param-
eters is an important criterion for quality control. Correspondingly, alteration of
process parameters during the polymerization reaction can lead to undesired
changes in material properties such as monomer consumption, molar mass distri-
bution, polymer composition and geometry, morphology, mechanical strength,
and/or designed functionalization. The performance of microwave-assisted poly-
merizations in state-of-the-art laboratory reactors ensures accurate control and
monitoring of the targeted reaction parameters. Hence, microwave-assisted reac-
tions have found broad acceptance in various areas of polymer syntheses, including
step-growth polymerizations, free-radical and controlled-radical polymerizations,
and ring-opening polymerizations. The use of microwave irradiation has stimulated
ever-increasing research activities in these fields, as evidenced by a continuous
increase in the number of publications and recent achievements in the fields of
polymer modification and composite synthesis. Last, but not least, recent advances
in the design of microwave reactors have enabled efficient process scale-up and
accelerated polymer degradation.



vi Editorial

This volume of Advances in Polymer Science consists of ten chapters that
summarize the state-of-the-art in application of microwave irradiation. Starting
with the general concepts of microwave-assisted synthesis (Chap. 1 by Nicholas
E. Leadbeater), progress in the fields of step-growth polymerization (Chap. 2 by
Shadpour Mallakpour), free-radical polymerization (Chap. 3 by Huiqi Zhang), and
controlled-radical polymerization (Chap. 4 by Bruno Grassl) are discussed. Subse-
quently, the most recent developments in the area of ring-opening polymerization
in general (Chap. 5 by Frank Wiesbrock) and of cationic ring-opening polymeri-
zations of 2-oxazolines in particular (Chap. 6 by Ulrich S. Schubert, Richard
Hoogenboom, and Frank Wiesbrock) have been summarized. Following this,
post-polymerization modification reactions (Chap. 7 by Ulrich S. Schubert) and
the synthesis of hybrid materials and composites (Chap. 8 by Dariusz Bogdal) are
presented. The concluding two chapters focus on new perspectives for up-scaling of
microwave-assisted polymerizations (Chap. 9 by Richard Hoogenboom) and the
use of microwave irradiation for polymer degradation (Chap. 10 by Dimitris
S. Achilias).

We hope that the articles in this volume will be a substantial source of informa-
tion and inspiration for current and future research on the topic of microwave-
assisted polymer synthesis. In conclusion, we would like to cordially acknowledge
all contributors for their outstanding contributions to this compilation. Enjoy
reading!

Leoben, Austria Frank Wiesbrock
Ghent, Belgium Richard Hoogenboom
Jena, Germany Ulrich S. Schubert

May 2016
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Microwave-Assisted Synthesis: General
Concepts

Nicholas E. Leadbeater

Abstract Microwave heating is proving to be a valuable technique in preparative
chemistry. Using a modern scientific microwave apparatus it is possible to access
elevated temperatures in an easy, safe and reproducible way. By using microwave
heating, reaction times can often be decreased, product yields increased and purity
enhanced as compared with conventional heating methods. The origins of the rate
enhancements observed have been a topic of considerable debate over the years. It
is now accepted, however, that microwave heating is just that — heating. As well as
giving an overview of the physical chemistry concepts behind microwave heating,
this chapter explores the key tenets of microwave-assisted organic chemistry in the
context of particular classes of reaction. The chapter discusses topics such as metal
catalysis, cycloaddition and condensation reactions, use of gases as reagents,
combinatorial chemistry and reaction scale-up.

Keywords Combinatorial chemistry - Continuous-flow - Cycloaddition - Metal
catalysis - Microwave heating - Organocatalysis - Rearrangement - Scale-up
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1 Introduction

Microwave heating is a valuable technique in the preparative chemist’s toolkit. This
is because, using a modern scientific microwave apparatus, it is possible to access
elevated temperatures in an easy, safe and reproducible way (for books on the
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application of microwave heating to organic chemistry, see [1-3]). Research
articles, now numbering into the thousands, have shown that by using microwave
heating the reaction times can be decreased, product yields increased and purity
enhanced as compared with conventional heating methods. The origins of the rate
enhancements observed have been a topic of considerable debate over the years. It
is now accepted that heating is just that — heating. From a preparative chemistry
standpoint, the use of microwave heating is not limited to organic synthesis. It has
found application in materials chemistry (for a review, see [4]), the preparation of
inorganic and organometallic compounds (for a review, see [5]) as well as in the
biosciences [6, 7]. In the field of polymer chemistry, post-synthesis modification of
organic polymers benefits greatly from microwave heating (for reviews, see
[8-13]). Radical as well as step-growth and ring-opening polymerizations have
all been studied. In addition, the field has broadened to the fabrication of polymer/
metal composites as well as biobased materials.

To review each individual reaction performed using microwave heating is
beyond the scope of this chapter and also not particularly useful. Instead, the aim
here is to present some of the broad areas in which microwave heating has proven a
valuable tool and to direct the reader to reviews of these topics for more detailed
information. After an overview of some frequently used terms in microwave
chemistry and a brief discussion of the physical chemistry concepts, attention will
focus primarily on classes of reaction used widely as part of the synthetic organic
chemist’s toolkit.

2 Frequently Used Terms

There are certain terms that are used frequently in the literature for reactions
performed using microwave heating. They are summarized here and discussed at
various junctures in the chapter.

2.1 Specific Microwave Effects

Specific microwave effects are macroscopic heating events that occur slightly
differently under microwave irradiation than when using conventional (convection)
heating methods. They are often difficult (but not impossible) to reproduce without
the use of microwave irradiation (see Sect. 5.2).

2.2 Nonthermal Microwave Effects

Nonthermal microwave effects are effects resulting from direct interaction of the
electric component of the microwave irradiation with specific molecules in a
reaction medium, leading to orientation effects of dipolar molecules or
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intermediates and hence a change in the pre-exponential factor or the activation
energy. Additionally, in the case of polar reaction mechanisms where the relative
polarity of the reaction is enhanced from the ground state to the transition state,
acceleration due to an increase in microwave absorbance of the intermediate could
occur. When nonthermal microwave effects are discussed, they are generally
invoked as a result of inaccurate comparison of the outcome of microwave and
conventionally heated experiments (see Sect. 5.3).

2.3 Multimode Microwave Unit

A multimode microwave unit is a type of microwave apparatus including house-
hold microwave ovens. When microwaves come in to the cavity (heating chamber),
they move around and bounce off the walls. As they do so, they generate pockets
(called modes) of high energy and low energy as the waves either reinforce or
cancel each other out. As a result, the microwave field in the cavity is not uniform.
There will instead be hot spots and cold spots, corresponding to the pockets of high
and low energy respectively (see Sect. 4).

2.4 Monomode Microwave Unit

A monomode microwave unit is an apparatus for small-scale synthesis. The cavity
of a monomode microwave system is the width of just one wave (mode) and it is
possible to heat volumes as small as 0.2 mL effectively. The upper limit of
monomode units is determined by the size of the microwave cavity and is usually
in the region of 100 mL (see Sect. 4).

2.5 Simultaneous Cooling

Simultaneous cooling signifies cooling the walls of a reaction vessel with com-
pressed air or a cryogenic fluid while at the same time irradiating the vessel contents
with microwave irradiation. The objective is to keep the bulk reaction temperature
relatively low while maximizing the applied microwave power. This technique has
been found to open the door to the possibility of data misinterpretation, especially
with regard to accurate temperature monitoring (see Sect. 10).

2.6 Microwave-Assisted Continuous-Flow Organic Synthesis

Microwave-assisted continuous-flow organic synthesis is centered around the use
of microcapillary reactors. By coating the inside of the capillaries with metal, it is
possible not only to use them to perform heterogeneous catalysis but also simply to
heat reaction mixtures very effectively (see Sect. 13).
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2.7 Heating Aids

Heating aids (also known as passive heating elements) are microwave absorbing
materials added to a reaction vessel to allow for effective heating of nonpolar
reaction mixtures. Heating aids include some ionic liquids as well as solids such
as graphite and silicon carbide (see Sect. 8.3).

3 Physical Chemistry Concepts

The microwave region of the electromagnetic spectrum is classified as that between
0.3 and 300 GHz, corresponding to wavelengths of 1 m to 1 mm. Because
applications such as wireless devices and air traffic control operate in this range,
regulatory agencies allow equipment for industrial, scientific and medical (ISM)
use to operate at only five specific frequencies. Household microwave ovens and
scientific microwave units typically operate at 2.45 GHz (12.25 cm wavelength),
with few exceptions (for reviews, see [14]).

Microwave heating is based upon the ability of a particular substance to absorb
microwave energy and convert the electromagnetic energy to heat. Molecules with
a dipole moment attempt to align themselves with the oscillating electric field of the
microwave irradiation, leading to rotation. One molecule excited rotationally by
incident irradiation can strike a second, converting rotational energy into transla-
tional energy. Under microwave irradiation, a large number of molecules are being
rotationally excited and, as they strike other molecules, rotational energy is
converted into translational energy (i.e. kinetic energy) and, as a consequence,
heating is observed (Fig. 1).

Because microwave heating is dependent upon the dipole moment of a molecule,
polar solvents such as dimethylsulfoxide, dimethylformamide, ethanol and water
better convert microwave irradiation into heat as compared with nonpolar solvents
such as toluene or hexane. That said, a number of other factors also contribute to
how rapidly a substance heats upon microwave irradiation. Attributes such as
specific heat capacity and heat of vaporization, as well as the depth to which
microwave irradiation can penetrate into the sample, can sometimes have a larger
impact upon heating rate than its respective dielectric loss. In addition, all these
parameters change as a function of temperature, and heat of vaporization changes as
a function of pressure. Room temperature water, for instance, is most microwave
absorbent at approximately 18 GHz, but as temperature increases, so does the
optimum frequency at which water converts microwave irradiation to heat.
Generally, however, when synthetic chemists speak of “good” or “bad” microwave
absorbers, implied is a 2.45 GHz irradiation source, a small depth-of-field
(1-10 cm) and synthetically relevant temperatures (50—-150°C).

Due to the ease with which reactions can be performed under sealed vessel
(autoclave) conditions, microwave heating opens access to a process window that is
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Fig. 1 Molecule a has been
rotationally excited by

microwave irradiation and

is approached by a second
molecule b (/, 2). Upon 1
impact (3), the rotational

energy of a is converted to
translational movement of b.

In 4, notice the increase in
translational vector

magnitude, the consequence

of which leads in an increase 2
in molecular collisions

(kinetic energy)

€
€
e

otherwise difficult to access (although not impossible). Nearly any solvent the
bench chemist selects becomes a viable option. Ethanol or acetonitrile can replace
N-methyl pyrrolidinone (NMP); ethyl acetate or methyl ethyl ketone can serve as an
alternative to xylenes; and even dichloromethane (b.p. 40°C at 1 atm) can be heated
to 160°C within the typical pressure limitations of most commercially available
scientific microwave units.

4 Equipment

There are two major types of microwave apparatus (Figs. 2 and 3). The larger of
these is termed a “multimode” unit; household microwave ovens are an example of
this category. When the microwaves come in to the cavity (heating chamber), they
will move around and bounce off the walls. As they do so, they will generate
pockets (called modes) of high energy and low energy as the waves either reinforce
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P

Areas of high and low microwave energy are The cavity of a monomode microwave
found in the cavity of a multimode microwave unit unit is designed to fit just one mode

Fig. 2 Differences between multimode (/eff) and monomode (right) microwave units

Fig. 3 A (larger) multimode (leff) and a (smaller) monomode (right) scientific microwave unit
(Reproduced with permission from CEM Corporation)

or cancel each other out. As a result, the microwave field in the cavity is not
uniform. There will instead be hot spots and cold spots, corresponding to the
pockets of high and low energy respectively. This is why domestic microwave
ovens (and their scientific cousins) often have turntables installed. The turntable
allows for movement of food (or reaction vessels) around the cavity and equals out
the microwave energy that the sample is exposed to. A number of reaction vessels
can be heated at the same time by loading them onto a turntable.

When performing reactions on a small scale it is difficult to heat the mixture
effectively in a multimode microwave unit. To overcome this, single-mode (also
called monomode) units have been developed. The cavity of a monomode micro-
wave system is the width of just one wave (mode) and it is possible to heat volumes
as small as 0.2 mL effectively. The upper limit of monomode units is determined by
the size of the cavity but is usually in the region of 100 mL.

There are a range of peripheral tools that are available for interfacing with both
monomode and multimode scientific microwave units. They range from devices to
increase throughput to those that allow for novel applications of microwave
irradiation, thus opening new avenues for fundamental research.

Using a scientific microwave apparatus it is possible not only to perform
reactions using sealed vessels but also using standard reflux glassware. Clearly,
operating in this so-called “open-vessel” mode means that the maximum temper-
ature reached is that of reflux, negating one of the main advantages of microwave
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heating; namely accessing high temperatures and short reaction times. That said,
there are several classes of reaction that benefit from it, including those that lead to
the formation of a gaseous byproduct or those that are facilitated by removal of a
product or byproduct during the course of the reaction.

5 Microwave Effects

5.1 Introduction

Microwave heating can be different to “conventional”, solely convection-based,
heating. Numerous attempts have been made to evaluate the differences between
microwave versus conventional heating, either real or perceived. For the most part,
these differences have been divided into two categories: “specific”’ microwave
effects and “nonthermal” microwave effects.

5.2 Specific Microwave Effects

Specific microwave effects encompass macroscopic heating events that occur
slightly differently under microwave irradiation than when using conventional
(convection) heating methods. Specific microwave effects are often difficult (but
not impossible) to reproduce without the use of microwave irradiation. The first
specific microwave effect has already been addressed: substrates that better convert
incident microwave irradiation into heat, allow the bulk to be heated t faster. For
example, heating 2 mL of water to 100°C from room temperature will take
considerably less time than heating 2 mL of toluene across the same temperature
range and utilizing the same applied microwave power at 2.45 GHz.

The next specific effect of microwave irradiation is that of inverted temperature
gradients. Conventional heating must heat reactions from the outside in, and the
walls of the reaction vessel are generally the hottest part of the reaction, especially
during the initial ramp to the desired temperature. Microwave heating, on the other
hand, can lead to inversion of this gradient because heat is generated across the
entire reaction volume and a larger cross-section of the reaction may reach the ideal
reaction temperature sooner than it would have with conventional heating.
However, efficient stirring and controlled heating can generally mitigate tempera-
ture gradients in both microwave and conventionally heated reactions.

A third example of specific microwave effects is the phenomenon of macro-
scopic superheating [15]. Solvents will only boil when they are in contact with their
own vapor and, if this is not the case, they can be heated to above their normal
(atmospheric) boiling point without the onset of boiling [16]. Without nucleation
sites, solvents are only in contact with their own vapor at the top of the vessel, thus
boiling (and hence release of heat) is limited to this relatively small interface. Using
microwave irradiation, solvents have been held well above their boiling points for
extended periods of time.
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The final example of a specific microwave effect is the ability to heat very
microwave absorbant substrates and/or catalysts selectively under heterogeneous
reaction conditions. An example is in the synthesis of CdSe and CdTe
nanomaterials using the nonpolar hydrocarbons heptane, octane and decane as
solvents [17, 18]. The precursor substrates are purported to absorb the microwave
irradiation selectively, leading to more uniform morphology in the resulting
nanomaterials as compared to conventional heating methods. Selective heating at
the point of reaction is, however, the exception rather than the rule, existing in only
very specific instances.

5.3 Nonthermal Microwave Effects

Numerous attempts have been made over the past 20 years to rationalize perceived
enhancements in reaction rates that could not be explained according to typical
models (e.g. the Arrhenius equation) (for reviews, see [19, 20]). Reactions were
often performed side-by-side, one in a microwave unit and one in an oil bath, and
these reactions were purportedly carried out at identical temperatures, with
increased yields or decreased reaction times almost exclusively reported when
using microwave as opposed to conventional heating. However, when meticulous
attention is paid to reaction set-up and accurate temperature monitoring, the playing
field again becomes level. Some examples of reactions in which nonthermal
microwave effects have been invoked are discussed at different points throughout
this chapter.

6 Safety

Household microwave ovens are not suitable for chemistry and should be relegated
to where they belong; the kitchen. All scientific microwave apparatus is built with
safety in mind and comes with temperature, pressure and microwave power mea-
surement devices. This said, attention to safety is still essential. Elevated pressure in
sealed systems poses a significant hazard. If gases or other volatile components are
produced stoichiometrically during the course of a reaction this will add to the
internal pressure. Efficient stirring is very important and an additional precaution
related to magnetic stirrer bars when used in vessels that are placed into a micro-
wave field is that they should not be one quarter of the wavelength of the radiation
in length (i.e. ~3 cm), otherwise they can function as an antenna and may lead to
destruction of the stirring bar and even rupture of the vessel.

When performing a reaction on a small scale using a monomode microwave unit,
a temptation is to heat the reaction mixture with the full microwave power avail-
able. However, this can sometimes lead to uncontrollable temperature and pressure
rises and, as a result, vessel failure. Although reactions performed using microwave
heating can potentially be scaled directly in a linear manner, it is important to take a
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I BT ©/B(OH)2 MW, PdCl, (9x107* mol%)
+ _— >
R/ = R,/ 7 Na,CO3, HoO/EtOH (1:1)

heat to 150 °C and hold for 5 min

70-98% yield

R =4-Me, 4-OMe, 4-COMe
R' = 2-Me, 4-OMe, 4-COMe, 4-NHAc

| L MW, PdCl, (9x107 mol%) AN R
e
Az R K,CO4, TBAB (1 equiv), Hy,O Az
R R
heat to 175 °C and hold for 10 min 62-97% yield

R = H, 2-Me, 4-Me, 4-OMe, 4-COMe, 4-Cl
R' = Ph, CO,H

TBAB = Tetrabutylammonium bromide

Scheme 1 Suzuki and Heck coupling reactions performed using ultralow catalyst loadings

gradual approach; test reactions at intermediate scales being a wise precaution. This
is particularly important when performing chemistry using concentrated or solvent-
free protocols.

7 Metal-Catalyzed Reactions

7.1 Coupling Reactions

Because many metal-catalyzed coupling reactions require heating, often for
extended times, microwave heating has found significant application [21]. Palla-
dium catalysts have perhaps been the subject of the most attention [22, 23]. In a
number of cases, simple palladium salts have been used as catalysts. Under the
reaction conditions used, highly catalytically active nanoparticulate palladium is
formed and reactions such as the Suzuki [24] and Heck [25] couplings can be
performed using catalyst loadings of as low as 50 ppb to 10 ppm (Scheme 1).
Reactions can be complete after 5 min heating at 150°C.

Microwave-assisted cross-coupling reactions have also found application in the
preparation of organic materials. For example, polythiophenes can be synthesized
by sequential borylation/Suzuki coupling protocols (Scheme 2) [26, 27]. Quinque-
and sexithiophenes can be prepared this way. Longer oligomers can be synthesized
by a similar methodology but incorporating both microwave heating and ultrasound
irradiation, another modern processing tool (for a review, see [28]). Suzuki
coupling and borylation reactions are performed using microwave heating, with
selective bromination of thiophene rings being achieved under ultrasound
irradiation [29].
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I\ s, S g MW, PdCl,dppf I N__s A\
+ (OH) >
Q\@/ @/ ’ KF / alumina S " S
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Scheme 2 Microwave-assisted synthesis of polythiophenes

The application of microwave heating is by no means limited to carbon—carbon
cross-coupling reactions. It has been used for C-N, C-O, C—P and C-S couplings
with success [30]. Also, a wide range of heterogeneous catalysts have been used for
cross-coupling reactions employing microwave heating [31]. Although claims have
been made that it is possible to superheat supported catalysts when using micro-
wave heating, experimental evidence for this is lacking in all but a few extreme
cases [17]. Even though the supported catalyst may in some cases be the most
microwave absorbing component of the reaction mixture, the dissipation of heat is
rapid, especially if the reaction mixture is stirred [32]. Therefore, any temperature
gradient between the catalyst and bulk reaction medium is most probably small.
That being said, heterogeneous catalysis and microwave heating do form a valuable
partnership [33, 34].

7.2 Alkene Metathesis

Among the numerous different classes of reaction, ring-closing metathesis (RCM)
using ruthenium-based catalysts has perhaps seen the most attention, with reactions
reported to be completed within minutes or even seconds at elevated temperatures,
instead of hours at room temperature (for a review, see [35]). Early reports
suggested that the rate enhancements observed were as a result of the direct
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Scheme 3 Domino dienyne and triyne ring-closing metathesis

activation of the catalyst and/or the alkene [36—-38] but performing the reaction
using microwave and conventional heating under strictly isothermal conditions
shows no evidence for such effects [39].

The use of microwave heating for metathesis is not limited to alkenes; for
example, alkyne and ene-yne metathesis have also benefitted (see [40, 41]). One
particularly interesting case is the domino dienyne and triyne ring-closing metath-
esis of suitably functionalized substrates (Scheme 3) [42]. Performing the reaction
conventionally at 95°C in toluene requires multiple additions of fresh catalyst over
the course of 9 h in order to obtain a good yield of the products. Using microwave
heating, one dose of catalyst followed by 10 min at 160°C is sufficient to obtain
complete conversion.

7.3 Functionalization of Unactivated Carbon-Hydrogen
Bonds

The selective functionalization of unactivated carbon—hydrogen bonds has proven
to be one of the most challenging transformations for synthetic chemists to accom-
plish [43, 44]. Employing microwave heating, rhodium catalysis has been used for
the direct coupling of heterocycles with aryl bromides and iodides [45—47]. In a
similar vein, electron-deficient nitrogen heterocycles can be coupled with
iodoarenes without the addition of a transition metal catalyst, the reaction being
promoted by potassium tert-butoxide (KO'Bu; Scheme 4) [48]. There is evidence
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for a radical mechanism in this and subsequent similar couplings reported in the
literature; the combination of a strong base and an amine ligand initiating a single
electron transfer to an aryl-halide bond at high temperatures. That said, care needs
to be taken when defining a reaction as truly transition-metal-free. This is especially
the case when reactions are performed at elevated temperatures because very low
loadings of metal can effect remarkably fast catalysis. A number of previous
“transition-metal-free” couplings have later been found to contain adventitious
metal as contaminants in reagents that subsequently act as a catalyst [49].

Microwave heating can also be used in conjunction with iridium (see, for
example [50]), palladium (see, for example [51]) and copper (see, for example
[52]) catalysis to form C—H bond-activated products. With the increasing interest in
the incorporation of fluorine into molecules (see, for example [53]), the
Pd-catalyzed fluorination of C—H bonds is a noteworthy example [54]. The reaction
involves the use of electrophilic N-fluoropyridinium reagents. Heating in the
presence of catalytic palladium acetate allows for the fluorination of C—H bonds
in a variety of substituted 2-arylpyridine and 8-methylquinoline derivatives
(Scheme 5).
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7.4 Selected Additional Examples

Microwave heating has, of course, found application in a range of other metal-
catalyzed processes that require heat. Gold catalysis, a topic of much current
interest (for an introduction, see [55]), can benefit from microwave heating;
hydroaminations [56], hydroarylations [57] and intramolecular [4+2] cycloaddi-
tions [58] being examples. Click reactions such as the Huisgen 1,3-dipolar cyclo-
addition of azides and alkynes, along with its copper-catalyzed analog can all
benefit from microwave heating (for reviews, see [59, 60]). Microwave-assisted
copper-catalyzed click chemistry is not limited to organic chemistry. Application
has been found in supramolecular [61-65], oligonucleotide [66—68], carbohydrate
[69—73] and polymer chemistry [74, 75], to mention a few.

A common misconception is that microwave heating is not suitable for
enantioselective reactions. This is definitely not the case. Metal-catalyzed asym-
metric allylic alkylation reactions can be performed in high yield and enantios-
electivity (see, for example [76, 77]). They are generally run at 145-220°C for
between 30 s and 20 min. The same reactions often take a day or more at room
temperature. This chemistry has been used as a key step in the synthesis of
Tipranavir, an orally bioavailable HIV inhibitor (Scheme 6) [78].
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8 Cycloaddition and Rearrangement Reactions

8.1 Diels-Alder Cycloaddition Reactions

Cycloaddition reactions are often performed at high temperatures. A glance at the
literature shows that these reactions are now frequently carried out using micro-
wave heating and thus they have been the subject of a wide array of research articles
in the field (for a review, see [79]). The application of microwave heating to the
Diels—Alder [4+2] cycloaddition goes back to one of the two initial papers on
microwave-assisted organic synthesis published in 1986 [80]. There, and in a
subsequent report [81], five Diels—Alder reactions were performed in sealed tubes
using a domestic microwave oven. In each case, the reaction time was decreased
and the yield increased over the conventional approach. The microwave reactions
were performed at higher temperatures than the conventional comparisons, as well
as being run in sealed tubes rather than reflux, these factors explaining the rate
acceleration seen. These early reports sparked other work in the area and it was not
long before the topic of nonthermal microwave effects raised its head. In one
example, cyclic dienes were reacted with acetylenic dienophiles under solvent-
free conditions [82]. Comparing experimental results obtained with microwave and
conventional heating, and taking into account some computational chemistry stud-
ies, the conclusion was drawn that nonthermal microwave effects were at play.
However, a reassessment of the work shows that differences in yield and
regiochemical outcome between conventional and microwave heating come down
to inaccurate temperature measurement [83, 84]. When microwave and oil-bath
experiments were both performed using in-situ temperature measurement by means
of a fiber-optic probe, identical results were obtained. A more egregious example of
a purported nonthermal microwave effect is the case of the reaction of
6,6-dimethylfulvene with alkenes and alkynes (Scheme 7) [85]. When using micro-
wave heating, the reactions were performed at 120-150°C in dimethylsulfoxide as
the solvent. Conventionally heated examples were run at 80°C in benzene and
different products obtained. This is clearly not a fair comparison of the two heating
methods; different solvents and different temperatures and different reaction times
being used. The reaction has more recently been assessed computationally and, not
surprisingly, thermal effects alone were deemed responsible for the differences in
regioselectivity or product yield [86].
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Hetero-Diels—Alder cycloadditions can also benefit from microwave heating (for
examples, see [87, 88]) as can retro-Diels—Alder reactions (for examples, see
[89, 90]). In the case of the latter, the Lewis acid-catalyzed unmasking of
cyclopentenone building blocks can be used to prepare precursors to arachidonic
acid derivatives, maleic anhydride being used as a trap for the cyclopentadiene
byproduct (Scheme 8) [91, 92].

From a materials chemistry perspective, single-walled nanotubes (SWNTs) and
fullerenes such as Cgo can be derivatized by means of Diels—Alder and hetero-
Diels—Alder reactions (for a review, see [93]). The relatively low-lying LUMO
(lowest unoccupied molecular orbital) of Cgy makes it behave as an electron-
deficient alkene and it reacts relatively rapidly under the high temperature condi-
tions. Nanotubes react similarly, albeit significantly slower.

8.2 Clasien Rearrangements

As with the Diels—Alder reaction, the application of microwave heating for the
Claisen rearrangement goes back to the first reports in organic chemistry, allyl
phenyl ether being converted to 2-allyl phenol in 80% yield after 5 h at around
200°C (Scheme 9) (for a review, see [94]). This same reaction has been studied
using a range of different microwave equipment, serving as a good example of a
high-temperature transformation. Microwave heating has also seen significant
application in the aza-Claisen rearrangement (for a review, see [95]).

8.3 The Use of Heating Aids

Given that many cycloadditions and rearrangements require elevated temperatures,
that the reagents are often nonpolar and that the transformations are traditionally
performed in nonpolar solvents, heating the reaction mixture using microwave
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irradiation can sometimes be a challenge. To overcome this, highly microwave-
absorbing heating aids have been used. This indirect heating of the reaction mixture
allows elevated temperatures to be reached quickly and effectively. Clearly, the
heating aid must not react chemically with the reagents. One class of compounds
that has been used is ionic liquids because many are immiscible with common
organic solvents and they heat very rapidly upon microwave irradiation (for
reviews, see [96, 97]). Silicon carbide (SiC) heating elements can also be used
effectively (for a review, see [98]). This material is highly microwave absorbing,
chemically inert and has a very high thermal conductivity and melting point. Small
SiC cylinders can be added to reaction mixtures without compromising the ability
to stir the vessel contents. The Claisen rearrangement of allyl phenyl ether and the
Diels—Alder reaction of 1,3-dimethylbutadiene and acrylonitrile can both be
performed effectively using this approach (Scheme 10) [99]. Rather than use a
cylinder of SiC as a heating aid, the entire microwave vessel can be made of silicon
carbide [100]. This albeit costly option does allow for interesting comparisons
between microwave and conventional heating to be made [101]. Silicon carbide
can additionally be used as a material for manufacturing well-plates with applica-
tion in combinatorial chemistry (for a review, see [102]).

9 Carbonyl Chemistry

9.1 Condensation Reactions

Condensation reactions often require heat and have been performed extensively
using microwave irradiation. Examples include Knoevenagel (see, for example
[103, 104]), aldol (for examples, see [105, 106]) and Dieckmann (for examples,
see [107, 108]) condensations. Broadening the topic somewhat, esterification and
transesterification reactions have been performed extensively using microwave
heating (for examples, see [109, 110]). As well as being a tool for preparation of
simple esters, the technology has been used for the acid- (for examples, see
[111, 112]) or base-catalyzed [113] (for other examples, see [114, 115]) preparation
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of biodiesel, a biorenewable fuel formed as the product of the transesterification of
vegetable oil and methanol. The base-catalyzed reaction is very rapid and, by
working in continuous-flow mode, it is possible to produce up to 7 L of biodiesel
per minute with a modestly sized microwave unit [116]. When using butanol
instead of methanol as a reagent, the reaction can be performed in the absence of
a catalyst by operating in a sealed vessel at 310°C for 4 h [117]. To reach this
temperature, six silicon carbide inserts are used as heating aids and the reaction has
to be performed in a thick-walled quartz vessel capable of withstanding the 80 bar
autogenic pressure involved. The same reaction can be performed more rapidly and
at ambient pressure by using an acid catalyst [118].

These condensation reactions involve loss of a small molecule, often water. In
addition, many of the reactions are reversible in nature, an equilibrium being
established in solution. This can pose a problem when using a sealed tube to
perform the reaction. Although elevated temperatures can be achieved under
these conditions, removal of the water as it is formed is not possible unless a drying
agent is added. The obvious choice is molecular sieves. However, literature
suggests that they cannot be used efficiently as water scavengers under standard
sealed-vessel microwave heating conditions [119]. The reasons for this are not so
much associated with the fact that these zeolite materials are strong microwave
absorbers but more because their ability to remove water is at its maximum at room
temperature. The issues associated with operating in sealed-vessel mode can be
overcome by using an open-flask approach in conjunction with a Dean—Stark trap or
reactive distillation (for an example, see [120]). Take, for example, the esterifica-
tion of acetic acid with butanol [121]. Using a 1:1 molar ratio of the reagents and
sulfuric acid (1 wt%) as catalyst, the reaction mixture is heated until water starts to
accumulate in the Dean—Stark trap and then held at this temperature (103°C) until
water stops being generated. Looking at the case of the acid-catalyzed reaction of
diethyl adipate with butanol, the reaction could be driven towards completion by
removing the ethanol byproduct [121]. Working with a 2:1 molar ratio of butanol to
diethyl adipate, the reaction mixture is first heated to 105°C, holding it at this
temperature for 10 min. The temperature is then raised to 115°C and held for
another 10 min. By this time all the ethanol produced in the reaction is removed.
The temperature is then raised one more time, to 145°C, to strip off any butanol
remaining in the reaction mixture, leaving the dibutyl adipate product in the
reaction vessel (Scheme 11).

Clearly, operating in open-vessel mode means that the maximum temperature
reached is that of reflux, negating one of the main advantages of microwave
heating; namely, accessing high temperatures and short reaction times. However,
the examples shown here demonstrate that performing a distillation from a scien-
tific microwave allows an exquisite level of control not easy to duplicate in an oil or
sand bath (for an example, see [122]). As well as in preparative chemistry, this has
been leveraged in the field of natural products, flavors and fragrances, being used
extensively as a tool for extraction of essential oils from plants and fruits (for
reviews, see [123, 124]).
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9.2 Multicomponent Reactions

Multicomponent reactions (MCRs), defined as one-pot processes in which at least
three easily accessible starting materials react to give a single reaction product, are
of tremendous use for the introduction of many points of structural diversity into
heterocyclic compounds in a single synthetic step. Combining these features with
the short reaction times possible when using microwave heating provides a rapid
and efficient route to libraries of heterocycles (for reviews, see [125-127]).
Microwave heating has found application in synthetic routes to a wide array of
nitrogen-, oxygen- and sulfur-containing, five- and six-membered partially unsat-
urated or fully aromatic heterocyclic rings by means of MCRs involving carbonyl
compounds [128, 129].

Given the number of variables involved in multicomponent reactions (including
reagent stoichiometry, catalyst, solvent, temperature and time), optimization can be
a labor-intensive process. A “design of experiments” (DoE) approach can be used to
accelerate this (for a review, see [130]). Simple experimental designs and statistical
tools for data analysis can provide a great deal of information about a reaction after
only a few experiments. Instead of having to optimize each parameter individually,
a DoE approach involves performing a set of key reactions, statistical analysis of
which can give a valuable insight into which parameters are most important. This is
followed by an optimization component where the best settings for the important
variables are determined, again by performing a discrete set of reactions and
analyzing the data using statistical methods. As most synthetic chemists are not
by training statisticians, there is an array of commercially available software
packages available to help. A DoE approach has been combined with microwave
heating for optimizing both the Biginelli [131] and Ugi [132] reactions, among
others. In the synthesis of the mitotic kinesin Eg5 inhibitor monastrol by the Lewis-
acid catalyzed Biginelli reaction of ethyl acetoacetate, 3-hydroxybenzaldehyde and
thiourea, a series of 29 experiments was all that was needed in order both to identify
catalyst loading, temperature and concentration as the key parameters and then to
determine the optimal conditions for the reaction (Scheme 12) [131].
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9.3 Solvent-Free Reactions

With the increasing drive towards cleaner, greener processing, performing reactions
in the absence of a solvent is receiving increasing attention [133]. A wide range of
synthetic transformations has been performed solvent-free using microwave
heating and those involving carbonyl compounds predominate (for a review, see
[134]). In the early days when domestic microwave ovens were the only equipment
available, performing reactions in the absence of an organic solvent was particu-
larly attractive since it reduced the risk of an accident. One technique used
extensively then, and still now, is to adsorb the starting materials on to a solid
support and irradiate this with microwave energy (for a review, see [135]). The
support can either be inert or else an acidic or basic material, offering the capability
to catalyze the reaction (for a review, see [136]). For example, the reaction of
aromatic aldehydes with aniline to yield imines can be achieved in 1-3 min of
microwave heating after adsorbing the reagents on a clay support (Scheme 13)
[137]. MCRs can also be performed using this approach, the Hantzsch [138] and
Ugi [139] reactions being examples.

An interesting way to perform and monitor these solid-supported solvent-free
reactions is to use a thin-layer chromatography (TLC) plate [140]. Reagents are
co-spotted onto the plate, which is then placed into the microwave cavity, irradi-
ated, allowed to cool and then eluted and visualized to assay the extent of reaction.
Several TLC plates can be irradiated at the same time, each with a different
stoichiometry of reagents, or else different reagents. This process allows for more
rapid optimization of reactions and also for the synthesis of a library of examples.

Another method for performing solvent-free synthesis is simply to heat
the reagents in a reaction vessel. This has been used on a number of occasions
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(see, for example [141, 142]). Because many reactions involving carbonyl com-
pounds are actually exothermic, one approach has been to use a short burst of
irradiation initially and then turn the microwave off for the remainder of the
synthesis. This has been used for the Biginelli reaction, as well as the Pechmann
synthesis of coumarins [143]. The issue with this approach is that it is essentially
uncontrollable and is certainly not scalable.

10 Organocatalysis

Defined as an organic molecule that does not contain a metal and that in
substoichiometric amounts accelerates a reaction, organocatalysts are often natural
products; examples include L-proline and Cinchona alkaloids (for background, see
[144]). As well as yield, enantioselectivity is often a key metric in organocatalysis.
By virtue of the focus on selectivity, most organocatalyzed reactions are performed
at room temperature or lower. As a consequence, the kinetics are often slow,
meaning that reactions can take a long time to reach completion. There is therefore
a dichotomy when it comes to application of microwave heating to these trans-
formations. Although it may reduce the reaction time, this may be at the cost of
selectivity. As a result, there are not many examples in the literature (for a review,
see [145]). Transformations that have been studied include the Mannich reaction
[146, 147], aldol condensation [148], Michael addition [149], Diels—Alder
cycloaddition [148], Baylis-Hillman reaction [150] and anomerization [151]. Unfor-
tunately, significant issues arise in many cases related to temperature measurement
by virtue of the fact that they are performed in conjunction with simultaneous
cooling of the reaction mixture.

Although it has seen limited practical application in synthesis, the subject of
simultaneously cooling while heating reactions with microwave energy deserves
further discussion here. Monomode units use compressed air to cool reaction
vessels upon completion, but this function also allows for simultaneous cooling
during sample irradiation [152]. The role of simultaneous cooling is to keep the
bulk reaction temperature relatively low while maximizing the applied microwave
power. In addition to air cooling, it is also possible to pump microwave-transparent
cryogenic fluid around a specially designed microwave vessel while a reaction is
being irradiated with microwave energy. The fluid can be cooled to temperatures as
low as —60°C, allowing maximum microwave irradiation while keeping the solu-
tion relatively cool.

Cooling of reactions while simultaneously heating with microwave irradiation
has been found to open the door to the possibility of data misinterpretation,
especially with regard to accurate temperature monitoring. A significant tempera-
ture gradient can be established across the reaction vessel. In addition, if using the
built-in infrared sensor on the microwave unit for temperature measurement when
applying simultaneous cooling, issues arise concerning accuracy. Using external
temperature measurement it is possible to, in effect, ‘trick’ the temperature sensor
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by blowing air over it; the temperature read being significantly lower than the actual
bulk temperature in the reaction vessel. Therefore, a difference in reactivity could
be attributed simply to a difference in reaction temperature.

When reassessed using fiber-optic probes placed inside the reaction mixture,
many of the purported rate accelerations observed when using microwave heating
for organocatalysis were found to be artifacts of inaccurate temperature
measurement [153].

11 Reactions Involving Gases as Reagents

Scientific microwave units are, in essence, modern autoclaves. They are designed
with safety in mind and reaction vessels can hold at least moderate pressures
(generally up to 30 bar). They are therefore ideal to interface with gas-loading
accessories capable of introducing an atmosphere of reactive gas into a vessel while
in the microwave cavity (for reviews, see [154, 155]).

A number of commercially available scientific microwave units have the capa-
bility to load gas into the reaction vessel safely, controllably and reproducibly; a
general schematic representation is shown in Fig. 4. Hydrogen gas has been one of
the most widely used gaseous reagents in microwave-assisted reactions using this
equipment and examples include hydrogenation of alkenes (see, for example
[156]), debenzylation [157] and dearomitization of pyridine derivatives to form
saturated piperidines [158]. Ethene can be used as a dienophile in Diels—Alder
reactions using substituted 2(1H)-pyrazinones as dienes [159]. When working at the
elevated temperatures needed, the overpressure of ethene helps prevent the
competing retro-Diels—Alder reaction to regenerate starting materials. In another
example, by careful optimization of the catalyst system it is possible to perform
Heck reactions between ethene and aryl halides to generate styrenes [160].

In the case of carbonylation reactions, molybdenum hexacarbonyl, Mo(CO)g,
can be used as a carbon monoxide source. The organometallic complex starts to
dissociate at temperatures around 150°C and a range of palladium-catalyzed
carbonylation reactions have been performed, the most common of which are
three-component couplings involving carbon monoxide, an aryl-, benzyl- or vinyl
halide (or pseudohalide) and a suitable nucleophile (for a review, see [161]).
Although using Mo(CO)¢ as a carbon monoxide surrogate does have some advan-
tages, including the fact that it is a solid and is easily used on a small scale, its use
results in metal waste; this being a particular problem if the reaction is to be scaled
up. Using carbon monoxide gas in palladium-catalyzed hydroxy- [162], alkoxy-
[163] and amino-carbonylation [164—166] reactions is an alternative. That said,
there are a number of disadvantages to using a significant excess of CO. From a
practical standpoint, because it is highly toxic, extreme care must be taken when
venting a vessel at the end of the reaction. By controlled loading of the reaction
vessel, alkoxycarbonylation reactions can be performed effectively using a near-
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stoichiometric quantity of carbon monoxide (Scheme 14) [167]. Key to the success
of the reaction is an additional load of nitrogen gas.

Rhodium-catalyzed hydroformylation reactions can be performed using syngas
(1:1 mix of CO and H,). Loading with 3 bar of gas and using an ionic liquid as the
solvent, a range of substrates can be hydroformylated in 4-6 min at 110°C
[168]. Molecular oxygen can be employed in palladium-catalyzed oxidative Heck
reactions [169].

Another use of oxygen brings together a range of techniques. By performing
simultaneous microwave heating and UV irradiation, 1,4-dihydropyridines (DHPs)
can be converted to pyridines using singlet oxygen as the oxidant, offering a
cleaner, greener alternative to stoichiometric metal oxidants (Fig. 5) [170]. The
electrodeless discharge lamps (EDLs) used in this methodology had their genesis in
a series of experiments focused around the observation that a high-frequency
electromagnetic field can trigger gas discharge leading to the emission of electro-
magnetic radiation (for a review, see [171]). Using these EDLs, it is possible to
place the lamp directly into a microwave vessel and run a reaction under simulta-
neous UV and microwave irradiation. Because a range of filling gases can be placed
into EDLs, the emission wavelength can be varied. In the field of environmental
chemistry, increased efficiency is seen when using microwave irradiation in the
photocatalytic degradation of various substrates (for a review, see [172]). The
technique has seen some, but limited, application in synthetic chemistry (for a
review see [173]).
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12 Use of Microwave Heating in Combinatorial Chemistry

12.1 Introduction

The preparation of a large number of different but often structurally related
molecules or materials is the essence of combinatorial chemistry. Key to success
is the ability to access these compounds rapidly and, as a result, microwave heating
can play an important role (for a review, see [174]), [175]. Although automated
sequential processing of reactions is an option, it is far more efficient to use parallel
processing, running more than one reaction at a time. To do this, multimode
microwave units are generally used, in conjunction with well-plates or modules
capable of holding multiple reaction vessels. Also intimately linked to combinato-
rial chemistry is the use of solid-phase synthesis techniques. These topics have been
the subject of considerable attention, often driven by the desire to prepare libraries
of small molecules for biological screening with drug discovery in mind [176].

12.2  Parallel Processing

To perform multiple reactions concurrently using microwave heating, one of two
approaches can be taken. The first is to use a carousel into which reaction vessels can
be loaded. Depending on the equipment used, it is possible to monitor the temper-
ature of either one reaction vessel or a number of vessels simultaneously. However,
one vessel is usually designated the “control” and the microwave unit programmed
to heat this to the requisite temperature. If all the reaction mixtures comprise
components that are of roughly the same microwave absorptivity, temperature
variation between vessels is often not a significant issue. This is especially the
case when all the reactions are performed in the same strongly absorbing solvent.
However, when there is a significant difference in microwave absorptivity across the
reaction vessels, then there can be considerable discrepancy in the temperature that
the contents of each tube reaches, which affects the yield of the products.
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Fig. 6 A 48-position (left) and a 24-position (right) silicon carbide plate capable of holding
standard glass vials

Another approach is to use a well-plate, each reaction being performed in an
individual well. This can be advantageous because reactions can be performed on
small scales and a large number can be performed in each run, using for example a
96-well plate. In addition, the well-plates used can be interfaced with equipment for
product purification and high-throughput screening. Early attempts at using these
plates in conjunction with microwave heating were fraught with difficulties (for a
review, see [177]). The best option is to use plates made from silicon carbide (for a
review, see [102]). As already discussed, SiC has a number of attractive features
when it comes to microwave heating. In particular, it is highly microwave absorb-
ing and also chemically inert. This means that reaction mixtures can be placed
directly into wells in a silicon carbide plate [178], or alternatively in vials that
themselves are placed into SiC blocks (Fig. 6) [179, 180]. Using these accessories,
it is possible to perform up to 192 reactions at one time in parallel. It is the silicon
carbide that absorbs essentially all the microwave irradiation and the plates heat
very uniformly [181]. The microwave absorbtivity of the individual reaction mix-
tures is no longer a factor because the reaction mixtures are heated by the plate
itself.

The silicon carbide plates have been used for a range of synthetic chemistry, an
example being the preparation of a library of 24 biaryls by Suzuki coupling
reactions [182]. Silicon carbide plates have also been used in analytical and
biological chemistry for applications such as sample extraction [183], forced
degradation [184] and protein hydrolysis [185].

12.3 Solid-Phase Organic Synthesis

Solid-supported synthesis offers operational advantages such as ease of product
isolation from reaction mixtures and applicability to automation. A drawback,
however, is that reactions can be slow when using a solid-phase approach. For
that reason, and others, microwave heating can be a beneficial tool (for reviews, see
[186, 187]). A common misconception is that the polystyrene resins used as
supports limit the user to reaction conditions below 130-140°C. For 20-30 min,
these resins can tolerate heating to temperatures up to 200°C [188]. A wide range of
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synthetic transformations can be performed on a solid-support using microwave
heating. Examples include metal-catalyzed couplings (for examples, see [189,
190]), multicomponent reactions (for examples, see [191, 192]), rearrangements
(for examples, see [193, 194]) and cycloadditions (for a review, see [195]) as well
as peptide synthesis.

The support used need not be a polymer. Planar supports such as cellulose are
also a possibility and a range of reactions can be performed using microwave
heating [196]. One example is in the discovery of fluorescent cyanopyridine and
deazalumazine dyes (Scheme 15) [197]. Standard chromatography paper
derivatized with an acid-cleavable linker can be used as the solid-support system
and spatially addressed synthesis of the heterocycles can be performed by means of
condensation reactions. Practically speaking, the appropriate reagent(s) are applied
to each spot on the paper, which is then placed into the microwave and irradiated for
10 min. The spot and heat process is then repeated a number of times.

Simple visual inspection of the arrays under irradiation from a handheld UV
lamp (at 254 nm) provides a straightforward primary screen to determine if the
compounds are fluorescent (Fig. 7). In some cases, this visual assay also facilitates
qualitative SAR to be derived across the entire macroarray. The individual
compounds can also be cleaved off the paper support by punched out each spot
from the macroarray with a desktop hole-punch and placing them in individual
vials, followed by treatment with trifluoroacetic acid.
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Fig. 7 UV assay of small
molecule macroarrays of
cyanopyridines and
deazalumazines prepared
via spatially addressed
synthesis on planar
cellulose supports
(Reproduced from Ref
[197], with permission from
American Chemical
Society)

& -
macroarray

13 Microwave-Assisted, Continuous-Flow Organic
Synthesis

So far, attention has been focused on performing reactions in batch mode. However,
continuous-flow processing has a number of attractive features, including aspects of
enhanced safety and efficient mixing of reagents (for reviews, see [198, 199]). It
has been used as a tool for highly effective smaller scale synthesis and sequential
parallel synthesis, a technique dubbed “MACOS”, microwave-assisted continuous-
flow organic synthesis (for a review see [200]). Much of this work is centered on the
use of microcapillary reactors.

There are two designs for the construction of microcapillary reactors (Fig. 8).
One is used for small-scale synthesis and has three inlet ports that merge into one
outlet, allowing separate reagent streams to flow into the capillary where they mix
and react [201]. The other type of microcapillary reactor is used for sequential
parallel synthesis and comprises four pairs of two inlet ports that merge into four
different outlets [202]. Both capillary reactors fit into the cavity of a monomode
microwave unit. The capillaries are generally of around 200-1,200 pm diameter
and flow rates vary from 10 to 60 pL/min.

A wide range of synthetic transformations have been performed using
microcapillary reactors. Examples range from nucleophilic aromatic substitutions
to metal-catalyzed couplings and alkene metathesis [200]. Compound libraries can
also be effectively generated. Suzuki couplings and SyAr reactions lead to libraries
of biaryls and anilines, respectively [200].

By coating the inside of a capillary with palladium, Suzuki and Heck couplings
can be effectively performed [203]. Reactions are run at around 200°C and are
complete in a residence time of the order of seconds. These same palladium-coated
capillaries can be used for performing Diels—Alder reactions (Scheme 16)
[204]. The metal film serves two roles. Due to its high microwave absorbtivity,
the metal film helps to effectively heat the mixture but it also serves as a catalyst for
the reaction, feasibly coordinating the dieneophile.
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14 Scale-Up of Reactions Using Microwave Heating

14.1 Introduction

For microwave heating to be a technology that continues to be useful from an
industrial standpoint, the methods developed on a small scale need to be scaled up
to make more significant quantities of material. Although the use of microwave
heating for performing reactions on the millimolar scale in sealed vessels is
straightforward, there are a number of potential issues associated with scale-up.
These range from accessing suitable equipment through to safety considerations
when working on scale. Manufacturers of microwave equipment have, for the most
part, developed equipment to meet scale-up needs using three main approaches:
(1) open-vessel batch, (2) sealed-vessel batch and (3) continuous-flow processing
(for reviews, see [205-207]).
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sealed vessel (10 mmol): heat to 140 °C and hold for 20 min - 74 % yield
open vessel (1 mol): heat to reflux (120 °C) and hold for 20 min - 90 % yield

Scheme 17 Scale-up of the Beckmann rearrangement using an open-vessel approach

Also, when using microwave heating for scale-up of synthetic chemistry, the
issue of energy efficiency has to be considered. Transitioning from conventional
heating approaches to microwave heating often involves moving away from a
laboratory infrastructure that has been designed over the years to maximize effi-
ciency. A number of energy assessments have been performed, comparing micro-
wave and conventional heating across a range of scales (for a review, see [208]).
Small monomode microwave units are undoubtedly not energy efficient (for stud-
ies, see [209, 210]). In many cases, the microwave field is simply too dense in a
monomode cavity to be completely absorbed by the reaction mixture [211]. Moving
up in scale, multimode microwave systems appear to be more energy efficient than
their monomode cousins and sometimes more so than conventional heating
methods. Indeed, the most efficient microwave equipment operating under optimal
conditions can be significantly more energy efficient than conventional pilot scale
reactors, even up to 40 L [212].

14.2 Open-Vessel Batch Processing

When working on a larger scale, performing reactions in standard laboratory
glassware at atmospheric pressure can offer operational advantages over a sealed-
vessel approach. However, as discussed earlier (see Sect. 4), this eliminates one of
the greatest attributes of microwave heating; namely the ability to heat reactions to
well above the normal boiling points of solvents in a safe and effective manner. As a
result, open-vessel approaches to scale-up have seen somewhat limited application
[213-215]. The Beckmann rearrangement (acid-catalyzed conversion of ketoximes
to N-substituted amides) proves very amenable to translation from small-scale
sealed-vessel processing to a larger open-vessel approach (Scheme 17) [121].
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Fig. 9 Three approaches to scale-up using sealed-vessel processing

14.3 Sealed-Vessel Batch Processing

A sealed-vessel batch approach represents an attractive choice in the scale-up of
reactions performed using microwave heating. The primary advantage is that most
small-scale reactions are developed under sealed-vessel conditions, thus scale-up is
potentially straightforward with little or no re-optimization needed. Disadvantages
to this approach are the limits of reaction volume that can be irradiated as well as
the safety requirements when working with larger vessels under pressure. There are
three options available for sealed-vessel processing (Fig. 9), namely, (1) use of
multiple smaller reaction vessels, (2) an automated stop-flow approach and (3) use
of one larger vessel.

When using multiple vessels processed in a carousel, it is generally possible to
scale reactions without re-optimization of conditions developed on small-scale
equipment (for examples, see [216, 217]). An example is the synthesis of N-aryl
functionalized p-amino esters using a Michael addition protocol (Scheme 18).
Optimized on the 13 mmol scale, it can be scaled to 2.8 mol by placing 20 mL
(0.14 mol) of reaction mixture into each of 20 vessels, thus processing a total
substrate volume of 0.4 L [121].

A drawback to using multiple sealed reaction vessels is that the loading and
sealing of the tubes prior to heating, and then the opening and emptying afterwards,
are all time-consuming processes. In an attempt to overcome this, a stop-flow route
can be used for modest scale-up [121] (see, for example [218, 219]). Having
optimized reaction conditions on a small scale, it is possible in principle to move
directly to a stop-flow method using the same equipment. Reagents are loaded in
and products pumped out by means of a number of polytetrafluoroethylene (PTFE)
lines [220]. A stop-flow approach has been used in a step of the synthesis of
citalopram [221]. The key palladium-catalyzed cyanation is performed on 12 g of
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Scheme 18 Scale-up using multiple sealed vessels

starting material per batch. When the time for addition and removal of material is
factored in, the total cycle time is around 10 min per batch, allowing for the
preparation of 150 g in less than 2 h.

A single, larger reaction vessel for scale-up avoids the issues encountered both
with using multiple, smaller vessels and stop-flow processing. However, a number
of new potential problems arise. First, the equipment used must be designed with
additional safety measures in mind if larger volumes are going to be heated to
elevated temperatures and pressures. Second, significant changes in engineering are
required in order to obtain heating profiles that in any way mirror those of smaller
microwave units. Associated with this is the requirement for highly effective
stirring to overcome any issues with the limited penetration of microwave irradia-
tion into the sample. Third, although it may be possible to heat a reaction mixture
effectively using microwave irradiation, it is also important that the contents of the
vessel be cooled back to ambient temperature in a timely manner. The increased
safety measures needed to withhold a potential vessel failure at elevated tempera-
ture and pressure generally mean that thick-walled vessels and microwave cavities
are used. As a result, cooling can be very slow. This can be overcome by use of
adiabatic cooling, the contents of the reaction vessel being ejected into a holding
tank. Using this, the temperature of the mixture can be reduced rapidly to the
boiling point of the solvent used.

A number of reactions have been scaled up using a single sealed-vessel
approach, most in the 0.1-1 L range (for an example, see [222]). Equipment is
also available capable of processing from 2 to 12 L at a time [223]. This can feasibly
help bridge the gap between a small-scale protocol and larger kilo- or pilot-plant
scale. Reactions using gaseous reagents can also be scaled up in a single sealed-
vessel approach [224].

14.4 Continuous-Flow Processing

There are a number of reasons to adopt a continuous-flow approach for scale-up.
Reactions are actually “scaled-out” rather than scaled up. Maximum throughput is
only a matter of run time and the total number of units operating in parallel.
Drawbacks to this approach are that reaction mixtures are generally required to



32 N.E. Leadbeater

o MW o
o W)J\ . Ho MeSO,H (cat) HO%O
OH E— the
Me 271°C, flowat 6L /h 89%
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be homogeneous before, during and until out of the microwave apparatus.
A consequence of this is that extensive re-optimization may need to be undertaken
in order to develop appropriate homogeneous reaction conditions and suitable
residence times. In addition, significant temperature gradients can be observed
when using flow approaches and the tubing diameter needs to be carefully assessed
to ensure adequate penetration of the microwave irradiation across the entire cross-
section. Despite these drawbacks, a number of synthetic transformations have been
successfully scaled up using continuous-flow processing [121, 225]. The esterifi-
cation of lactic acid is an example at the higher throughput end [226]. Using
methanesulfonic acid as a catalyst, the reaction can be performed at a flow rate of
6 L/min with a residence time in the microwave cavity of 28 s (Scheme 19).

There is a clear parallel between microwave irradiation and conventionally
heated continuous-flow processing. Both technologies offer the ability to heat
reaction mixtures rapidly, safely and (in most cases) easily. It therefore comes as
no surprise that synthetic methods developed on a small scale in batch using
microwave heating can be scaled up using conventionally heated flow reactors
(for an example, see [227]). When using micro- and meso-flow reactors, the rapid
heat transfer that is possible means that comparable heating rates can often be
obtained regardless of whether the thermal energy comes from a conventional or
microwave source.

15  Summary

This chapter has just scratched the surface of the many synthetic transformations
that can be performed using microwave heating. Using a scientific microwave
apparatus, chemists find that they can perform chemical reactions quickly, easily
and safely. Indeed, for many, the microwave is the go-to appliance whenever they
need to perform a reaction that requires heat and it been dubbed “the Bunsen burner
of the twenty-first century” [228].

Microwave heating goes beyond being a useful tool for routine laboratory work
to affording the bench chemist an opportunity to carry out exciting new chemistry.
As stressed several times in the chapter, microwave heating is just that — heating. It
gives chemists easy access to elevated temperature/pressure conditions. Accurate
temperature measurement is essential when making comparisons with conventional
methods. It is becoming more and more apparent that, when using identical
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conditions, the same reactions can be performed with the same outcome and the
same product yield using either microwave or conventional heating.

To be able to monitor a reaction in real-time is highly advantageous when using
microwave heating. A consequence of working at high temperatures is that reaction
times can often be on the order of minutes instead of hours and there may be a
narrow time window in which product yield is maximized and the onset of
decomposition has not started. To address this, chemists have developed a number
of tools for reaction monitoring (for a review, see [229]). These include interfacing
a digital camera with a scientific microwave unit (see, for example [230]) or using
in-situ analytical tools such as infrared [231], Raman (see, for example [232]) or
UV-visible spectroscopy [233].

As mentioned at various junctures along the way, microwave heating is not an
“organic chemistry” technique. Its application is far broader than that. Other
disciplines are seeing the benefits that a microwave unit can add to the laboratory
setting and exciting new developments lie ahead.
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Microwave-Assisted Step-Growth
Polymerizations (From Polycondensation
to C-C Coupling)

Shadpour Mallakpour and Amin Zadehnazari

Abstract The use of microwave irradiation has become a widespread and conve-
nient method for heating food and beverages in modern society due to the energy
efficient and volumetric heating observed with microwave irradiation. The appli-
cation of microwave or dielectric heating in chemistry has been limited, however,
with most applications occurring in organic chemistry. This new technology pro-
vides novel approaches for enhancing the material properties. The technique offers
a simple, clean, fast, efficient, and economic method for the synthesis of a large
number of organic molecules, which provided the momentum for many chemists to
switch from traditional heating method to microwave-assisted chemistry. In recent
years, the use of microwave irradiation has become a common heat source in
organic chemistry. Inspired by this enormous success, chemists are also increas-
ingly studying microwave irradiation for polymerization reactions. Polymer tech-
nology forms one of the largest areas of application of microwave technology, and
the methods and procedures used therein are among the most developed in chem-
istry. The main areas in which the use of this energy has been explored in recent
years are step-growth polymerizations, ring-opening polymerizations, and radical
polymerizations. Its specific heating method attracts extensive interest because of
rapid heating, suppressed side reactions, energy saving, direct heating, decreased
environmental pollution, and safe operation. In the present chapter, an overview
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will be given of recent applications of microwave technology in well-known step-
growth polymerization reactions. A comparison with the conventional methods
demonstrates the advantages of microwaves in synthetic condensation polymeriza-

tion chemistry.

Keywords Application - Microwave irradiation - Step-growth polymerization -
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T, Glass transition temperature
TGA Thermogravimetric analysis
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1 Introduction

In the electromagnetic spectrum, the microwave region is broadly defined as the
region with wavelengths ranging from 1 m down to 1 mm. This corresponds to
frequencies of between 0.3 and 300 GHz. Because applications such as wireless
devices (2.40-5.00 GHz; USA), satellite radio (2.30 GHz), and air traffic control
operate in this range, regulatory agencies allow equipment for industrial, scientific,
and medical use to operate at only five specific frequencies: 25.12, 5.80, 2.45, 0.91,
and 0.43 GHz. Domestic microwave ovens operate at 2.45 GHz (12.25 cm wave-
length), and this same frequency has also been widely adopted by companies
manufacturing scientific microwave apparatus for use in preparative chemistry,
with only a few exceptions [1]. The first announcement of a microwave oven was
probably a magazine article about a newly developed Radarange for airline use.
This device, it was claimed, could bake biscuits in 29 s, cook hamburgers in 35 s,
and grill frankfurters in 10 s. The first commercial microwave oven was developed
by Percy Spencer, of a company called Raytheon, in 1952. There is a legend that
Spencer, who studied high-power microwave sources for radar applications,
observed a melting of a chocolate bar in his pocket. Another story says that Spencer
had some popping corn in his pocket that began to pop as he was standing alongside
a live microwave source. This idea led to the microwave oven in 1961 and the
generation of the mass market. The widespread domestic use of microwave ovens
occurred during the 1970s and 1980s as a result of Japanese technology transfer and
global marketing [2]. Microwave heating is based on the ability of a particular
substance such as a solvent or substrate to absorb microwave energy and effectively
convert the electromagnetic energy to heat (kinetic energy). Molecules with a
dipole moment attempt to align themselves with the oscillating electric field of
the microwave irradiation, leading to rotation. In the gas phase, these molecular
rotations are energetically discrete events and can be observed using microwave
spectroscopy [3]. In the liquid and solid phases, these once-quantized rotational
events coalesce into a broad continuum as rotations are rapidly quenched both by
collisions and translational movement. Molecules in the liquid or gas phase begin
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to be rotationally sympathetic to incident electromagnetic irradiation when the
frequency approaches 10° Hz [4]. On the other hand, above a frequency around
10" Hz (infrared region), even small molecules cannot absorb an appreciable
amount of rotational energy before the field changes direction. The optimal fre-
quency at which a molecule turns incident electromagnetic radiation into kinetic
energy is a function of many component parts, including the permanent dipole
moment, the size of the molecule, and temperature. However, for most small
molecules, the relaxation process is most efficient in the microwave region
(0.30-300 GHz) of the electromagnetic spectrum. Most good dielectric materials
are solid and examples include ceramics, mica, glass, plastics, and the oxides of
various metals, but some liquids and gases can serve as good dielectric materials as
well. For example, deionized water is a moderately good dielectric; however, it
consists of polar molecules that can couple efficiently with microwaves leading to
heat generation due to polarization losses. Such substances that are counted among
dielectrics but exhibit some polarization losses that result in the dielectric heating
are also called dielectric loss materials. On the other hand, n-hexane, being a
symmetrical molecule, does not possess a dipole moment and does not absorb
microwaves. To apply microwaves to carry out chemical processes, it is most
important to have at least one component that is polarizable and whose dipoles
can reorient (couple) rapidly in response to the changing electric field of microwave
radiation. Providentially, a number of organic molecules and solvents fulfill these
necessities and are good candidates for microwave applications. Since the first
published reports by the groups of Gedye and Giguere/Majetich in 1986 [5, 6] on
the use of microwave irradiation to carry out organic transformations, more than
3,500 articles have been published in this fast-moving and exciting field, today
generally referred to as microwave-assisted organic synthesis [7-10]. In many of
the published examples, microwave irradiation has been shown to dramatically
reduce reaction times, increase product yields, and improve product purities by
reducing unwanted side reactions compared to conventional heating methods [10].
The advantages of this enabling technology have also been exploited in the context
of multistep synthesis [11, 12] and medicinal chemistry/drug discovery [13-18],
and have additionally penetrated related fields such as polymer synthesis [19-25],
material sciences [26-30], nanotechnology [31-33], and biochemical processes
[34-37]. The use of microwave irradiation in chemistry has thus become such a
popular technique in the scientific community that it might be assumed that, in a
few years, most chemists will probably use microwave energy to heat chemical
reactions on a laboratory scale. The statement that, in principle, any chemical
reaction that requires heat can be performed under microwave irradiation has
today been commonly accepted as a fact by the scientific community. The use of
microwave irradiation in polymer chemistry is an emerging field of research. The
number of publications in this field is rapidly increasing and the number of research
groups working on this topic is also expanding incessantly. Reported studies have
already demonstrated that polymerizations can also be accelerated when using
microwave heating and that the molecular weight distributions can be improved
due to the homogeneous heating [19-25]. Step-growth polymerization was one of
the first polymerizations to be studied using microwave heating technology and



Microwave-Assisted Step-Growth Polymerizations. . . 49

numerous examples have been summarized in review articles and books [22, 24, 25,
38, 39]. Conventional polycondensation reactions involve, in many cases, the use of
harsh conditions such as high temperatures and long reaction times, but they can be
performed with great success with the assistance of microwave energy. Some more
recent review articles show an overview on the potentials of microwave-assisted
reactions for synthesis of polymers. Schubert et al. [21] reviewed microwave-assisted
polymer synthesis, including step-growth, free and controlled radical, as well as ring-
opening polymerizations. Microwave-assisted polymerizations, with an emphasis on
microwave-assisted ring-opening polymerization, covering both homopoly-
merization and copolymerization of cyclic monomers, are also reviewed by Gong
et al. and the advantages of microwave-assisted ring-opening polymerization over
conventional polymerization discussed [22].

The objective of this contribution is to explain useful details concerning the
application of microwave irradiation to step-growth polymerization chemistry.
Research in this area has shown the potential advantages of microwaves to not
only drive the polymerization reaction but also to perform them on a reduced time
scale. Specific examples of condensation polymerizations are described to show
that various types of polymers can be prepared under microwave irradiation. In
addition, polymerization via C—C coupling reactions under microwave irradiation
resulting in conjugated polymers is becoming more popular and will be discussed as
well. Because the effects of microwave irradiation on chemical reactions are
generally evaluated by comparing the time needed to obtain a desired yield of
final products with respect to conventional thermal heating, for this purpose, in
some cases, the syntheses run under microwave conditions are compared with
conventional heating methods.

2 Step-Growth Polymerization

Step-growth polymerizations continue to receive intense academic and industrial
attention for the preparation of polymeric materials used in a vast array of applica-
tions. Polycondensation is a special type of step-growth polymerization in which
the reaction between monomers and the growing polymer chain end group releases
a small molecule such as water, alcohol, or hydrochloric acid. This reversible
reaction will reach equilibrium and halt unless the small molecular byproduct is
removed. Polymers that contain heteroatoms in the main chain, such as polyamides
(PA)s and poly(imide)s (PI)s, are typically synthesized by this mechanism. A
number of polymers obtained in step-growth polymerization reactions can be
classified as so-called functionally terminated thermoplastics, which combine the
toughness of thermoplastics and the resistance of thermosets. Most recently, step-
growth polymerizations have been amongst the most extensively investigated
polymerization reactions under microwave irradiation. The challenge in the micro-
wave synthesis and processing of these polymers is that temperature during the
reactions and processing is often very close to the thermal degradation temperature,
making temperature control crucial.
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2.1 Poly(amide)s

Synthesis of aliphatic PAs under microwave irradiation was reported in a series of
papers [40—-44]. PAs were prepared from either m-amino acids or diamines together
with dicarboxylic acids (i.e., the nylon salt type of monomers) in the presence of a
small amount of a polar organic medium. The reactions were carried out in a
modified domestic microwave oven with a small hole on the top of the oven so
that nitrogen could be introduced into a 30-mL wide-mouth vial adapted as a
reaction vessel. In a typical experiment, a monomer or its salt (2.00 g) in a polar
high-boiling solvent (1.00-2.00 mL) that acted as a microwave absorber was
irradiated under nitrogen atmosphere. The microwave-assisted polycondensation
proceeded rapidly and was completed within 5 min for the PAs with inherent
viscosity of around 0.24-0.63 dL g~'. Inherent viscosity of the polymer was
measured by using an Ostwald viscometer at a concentration of 0.5 g dL™" in
concentrated sulfuric acid at 30°C.

Large temperature differences were observed between the final temperature of
the solvent alone and the final temperature of the polymerization mixtures. How-
ever, the temperature measurements were performed by means of a thermocouple
that was immersed in the reaction mixtures just after removal of the reaction vessels
from the microwave cavity. This phenomenon was explained by the participation of
the polar amino acid monomer dissolved in the solvent to generate additional heat
during the polymerization under microwave irradiation. When water, which pos-
sesses the highest dielectric constants, was used as a solvent, a PA with an inherent
viscosity of 0.35 dL g~ ' was obtained. In general, the use of solvents possessing
both a high dielectric constant and boiling point, attaining high final polymerization
temperature, led to the formation of a PA characterized by viscosities higher than
0.50 dL g~'. Suitable solvents were found to be sulfolane and amide-type solvents
such as N-cyclohexyl-2-pyrrolidone and 1,3-dimethylimidazolidone. Hydroxyl-
containing solvents possessing a high dielectric constant like glycol, and those
with low polarity, such as benzyl alcohol, m-cresol, and o-chlorophenol, were also
effective in producing a PA with the viscosity values of approximately 0.5 dL g~
or higher. Thus, the solvents played an important role as primary microwave
absorbers for the microwave-assisted polycondensations [39]. The same experi-
mental procedure was applied and similar observations were made for the poly-
merization of diamines with dicarboxylic acids (i.e., the nylon-type salt monomers).
Moreover, for the salt monomers, the rate of polycondensation under various
conditions was in the following order: microwave-induced polycondensation >
solid-state thermal polymerization > high-pressure thermal polycondensation
[40]. For some series of diamines and dicarboxylic acids, the polycondensation
reactions were run under periodic and continuous microwave irradiation [44]. Even-
tually, it was found that the polycondensation under periodic microwave irradiation
yielded PAs with a higher inherent viscosity and allowed for easier temperature
control in comparison with continuous irradiation. In a similar way, the synthesis of
aromatic PAs from aromatic diamines [m-phenylenediamine, p-phenylenediamine,
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Scheme 1 Synthesis of poly(amide)s from linear nonaromatic dicarboxylic acids (i.e., adipic,
suberic, sebacic, and fumaric acid) and aromatic diamines [46]

bis(4-aminophenyl) methane, and bis(4-aminophenyl)ether] and dicarboxylic acids
such as isophthalic and terephthalic was performed in a household microwave oven
by Hong et al. [45]. The polycondensation was carried out in an N-methyl-2-
pyrrolidone (NMP) solution in the presence of triphenyl phosphite (TPP), pyridine,
and lithium chloride as condensing agents to produce a series of PAs with moderate
inherent viscosities of 0.21-0.92 dL g_1 within 30-50 s. However, no marked
differences in molecular weight distribution and inherent viscosities were found
between the PAs produced by conventional (60 s, 220°C) and microwave methods.
The synthesis of PAs from linear nonaromatic dicarboxylic acids (i.e., adipic, suberic,
sebacic, and fumaric acid) and aromatic diamines such as p-phenylenediamine or
2,5-bis(4-aminophenyl)-3,4-diphenylthiophene (Scheme 1) under microwave condi-
tions was presented by Pourjavadi et al. [46]. The reactions were carried out in a
50-mL high density polyethylene (HDPE) screw-capped cylinder vessel, in which
aromatic acid (1.25 mmol) with aliphatic diamine (1.25 mmol) in a NMP (3 mL)
solution were irradiated in a domestic microwave oven (3040 s) in the presence of
TPP (3.12 mmol), pyridine (0.75 mL), and lithium chloride (3.12 mL). The PAs with
inherent viscosity in the range of 0.10-0.80 dL g~ ' were obtained in medium to high
yield (60-100%). Temperature was not measured during these microwave experi-
ments. The PAs were characterized by thermal methods [thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC)]. However, no comparison with the
polymers prepared by a conventional method was made.

More recently, the synthesis of PAs containing isosorbide units under micro-
wave irradiation was described by Caouthar et al. [47]. The polycondensation of
isosorbide-derived diamine with different derivatives of diacyl chlorides in the
presence of a small amount of NMP is shown in Scheme 2.

The molecular weight of polymers under microwave and interfacial polymeri-
zation or the Higashi process was compared. Thus, it was found that the molecular
weight of polymers obtained under microwave heating was much higher than under
conventional conditions. The polymers were obtained with inherent viscosities
between 0.22 and 0.73 dL g ', corresponding to molecular weights up to
140,000 g mol~'. With interfacial polymerization or the Higashi method, lower
molecular weight polymers were acquired with inherent viscosities in the range of
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Scheme 2 Reaction of isosorbide with p-fluoronitrobenzene and further reduction of the dinitro
derivative into the diamino derivative and polymerization of acid dichlorides and the diamino
derivative of isosorbide [47]

0.04-0.36 dL g~ '. In another study by Caouthar s research group [48], a series of
optically active PAs were prepared from the polycondensation reaction of an
optically active isosorbide-derived diacyl chloride with two aromatic diamines,
diphenylamino-isosorbide (DAI) and 4,4’-diaminodiphenylsulfone (DDS), in NMP
under microwave irradiation and interfacial polymerization from an isosorbide-
derived diamine with different diacyl chlorides. The polymers were obtained in 52%
and 70% yields with inherent viscosities of 0.11 and 0.92 dL g~ " after 30 and 6 min of
reaction time for diamines of DAI and DDS, respectively, whereas the polymerization
reaction using the interfacial technique was unsuccessful. The synthesis of chiral
PAs from the polycondensation reaction of chiral 5-(4-methyl-2-phthalimidyl-
pentanoylamino)isophthalic acid, (2S)-5-(3-phenyl-2-phthalimidylpro-panoylamino)
isophthalic acid and 5-(3-methyl-2-phthalimidylpentanoylamino) isophthalic acid
with several aromatic and aliphatic diisocyanates such as 4,4’-diphenylmethane
diisocyanate (MDI), toluylene-2,4-diisocyanate (TDI), isophorone diisocyanate
(IPDI), and hexamethylene diisocyanate (HMDI) under microwave irradiation as
well as using conventional techniques was investigated by Mallakpour et al. (Scheme 3)
[49-51]. Amalgamation of the bulky side chain in the PAs cause an increase in the
solubility while maintaining good thermal stability. Microwave-assisted step-growth
polymerization reactions preceded rapidly compared to conventional solution poly-
condensation and were completed within a short period of time. The reactions were
carried out in the presence of a small amount of dibutyltin dilaurate (DBTDL),
pyridine, or triethylamine (TEA) as catalysts or without catalyst. The use of such an
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Scheme 3 Synthesis of optically active and thermally stable poly(amide)s [49-51]

organic medium was necessary to induce effective homogeneous heating of the
monomers. Mallakpour et al. obtained comparable results from the point of view of
yield and inherent viscosity of the polymers, with lower reaction time by several orders
of magnitude under microwave conditions, and the procedure was straightforward.
The polymerization reactions were also carried out in the presence of tetrabuty-
lammonium bromide (TBAB) as a molten salt ionic liquid (IL) or using a traditional
solvent like NMP under microwave irradiation as well as conventional heating
conditions [52-54].

In another study, Mallakpour et al. [55] synthesized novel optically active
aromatic PAs from the reaction of a new diacid monomer, 5-[3-phenyl-2-(9,10-
dihydro-9,10-ethanoanthracene-11,12-dicarboximido)propanoylamino]isophthalic
acid, which was successfully synthesized starting from cis-9,10-dihydro-9,10-
ethanoanthracene-11,12-dicarboxylic acid anhydride and L-phenylalanine, and dif-
ferent aromatic diamines, by both microwave-assisted and conventional heating
polyamidation (Scheme 4). A highly effective, very fast microwave method was
described for the synthesis of optically active aromatic PAs under microwave
heating for only 3 min. Generally, better yields are obtained as well as faster and
cleaner reactions when using microwave irradiation rather than conventional
heating. All of these polymers having bulky anthracenic and amino acid function-
ality in the side chain showed excellent solubility and readily dissolved in various
organic solvents. PAs were thermally stable, with 10% weight loss recorded at
385°C in the nitrogen atmosphere, char yields higher than 50% at 800°C, and glass
transition temperature (T,) above 180°C.

Because of the importance of optically active materials and polymers
based on amino acids, Mallakpour et al. [56] prepared a series of novel optically
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Scheme 4 Polycondensation reactions of chiral monomer with aromatic diamines [55]
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active PAs by direct polycondensation of chiral dicarboxylic acid, containing a
rigid naphthalimide and flexible S-valine pendant group, 5-[3-methyl-2-
(1,8-naphthalimidyl)-butanoylamino]isophthalic acid, with different diisocyanates.
Both microwave heating, in the presence of a small amount of ILs that act as a
primary microwave absorber, as well as conventional heating methods were used
(Scheme 5). Incorporation of the naphthalimide group into the polymer side chain
as well as combination of the aromatic backbone and aliphatic pendant group in
the presence of several functional groups remarkably increased the solubility
while maintaining good thermal stability of the new polymers. The choice of
1,8-naphthalenedicarboxylic anhydride was due to the many derivatives of
1,8-naphthalic anhydride that exhibit strong fluorescence emission and serve for
this reason as fluorescent dyes and fluorescent whitening agents. The authors
reported for the first time an electrochemical oxidation method based on the
adsorptive stripping cyclic voltammetry technique on the multiwalled carbon
nanotube-modified glassy carbon electrode for the investigation of electrochemical
stability of the resulting polymers in aqueous solution at various pH values. The
resulting polymers have many potential applications as photoactive materials for
use in solar energy collectors as electro-optically sensitive materials and for laser
activity.

In recent years, Mallakpour and coworkers [57] reported on the synthesis and
characterization of a new class of fully aromatic and optically active PAs
containing phthalimide and L-leucine pendant groups by condensation polymeriza-
tion of a bulky diacid, (2S)-5-[4-(4-methyl-2-phthalimidylpentanoyl-amino)
benzoylamino] isophthalic acid, and several diisocyanates (Scheme 6). Polymeri-
zation reactions were performed in 240 s under microwave irradiation in the
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Scheme 6 Synthesis of optically active poly(amide)s containing phthalimide and L-leucine
pendant groups [57]

presence of DBTDL as a catalyst and without catalyst in molten TBAB as a green
medium and were compared with polymerization in NMP as a common organic
solvent. The resulting polymers were obtained in good yields and inherent viscos-
ities ranged between 0.26 and 0.96 dL g~ '. The resulting aromatic PAs were soluble
in various organic solvents and had good thermal stability.

An optimization of the Yamazaki—Higashi method for direct polyamidation of
aromatic diacids and aromatic diamines was reported by Carretero et al. [58]. As a
model reaction, the polycondensation between 4,4'-oxydianiline and isophthalic
acid was studied in the presence of a phosphorylation agent under microwave
irradiation. It was shown that optimal results can be attained by using a great excess
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of pyridine as catalyst (pyridine-to-monomer ratio of 7), at moderate radiation
intensity (200 W), and up to 25% (w/v) monomer concentration. Although the
inherent viscosity achieved by microwave and by conventional heating was com-
parable, an exceptional reaction rate under microwave irradiation yielded a PA
inherent viscosity of around 1.00 dL g~ ' in only a few minutes.

2.2 Poly(imide)s

As poly(imide)s (PIs) possess many desirable attributes, this class of materials has
found applications in many technologies. They have inherently strong mechanical
properties, good chemical resistance, low dielectric constants, and high thermal
stability. The high processing temperature of these materials requires dopant mol-
ecules to have high thermal decomposition temperatures. Currently, high perfor-
mance Pls are being widely used for several primary applications in the electronics
area, including: (1) fabrication aids such as photoresists, planarization layers and in
implant masks; (2) passivation overcoats and interlevel insulators; (3) adhesives and
underfill materials for micro BGA (uBGA) packaging and flip chip technology; and
(4) substrate components. Some other applications include aerospace, automotive,
and general engineering. In the aerospace and automotive industry they are used in
structural composites and as high temperature adhesives. General engineering
applications include high temperature bearings and seals [59, 60].

A large number of the presented PIs contain the pyromellitoyl unit in their
polymer chains. The incorporation of this unit into the polymers chain increased
the thermal stability. Imai et al. [61] investigated the step-growth polymerization of
aliphatic diamines H,N—(CH,),—NH, (x = 6—12) with both pyromellitic acid and
its diethyl ester (Scheme 7). The reactions were performed in solution in a domestic
microwave oven. Among the investigated solvents, all of them with high boiling
points and high dielectric constants, 1,3-dimethyl-2-imidazolidone (DMI) proved
to be best suited as primary microwave absorber and solvent for the monomers and
polymers. Pls with inherent viscosities of 0.7 dL g~ ' (for x = 12) were obtained
within 2 min from pyromellitic acid as starting material. Especially for pyromellitic
acid diethyl ester as monomer, the microwave-assisted polymerization proved its
virtues by producing a series of PIs with inherent viscosities of up to 1.60 dL g~ ".
For the reaction of dodecamethylene diamine with pyromellitic acid, a direct
comparison between microwave irradiation and conventional heating was made
in control experiments. The solution polymerization in the microwave was shown
to proceed much faster than the corresponding solid-state synthesis under conven-
tional heating during the initial 5 min. After these 5 min, and with concomitant
inherent viscosities of around 1.00 dL g, the inherent viscosities of the polymers
that were prepared in the microwave oven only slightly increased with prolonged
irradiation times, whereas those from the polymers synthesized with conventional
heating still increased to values of up to 2.00 dL. g~ '. No explanation was provided
for these observations; instead, Imai’s group emphasized the microwave’s superi-
ority to conventional heating during the first 5 min.



Microwave-Assisted Step-Growth Polymerizations. . . 57

+ (o]
HaNT >SN R
3
+ Microwave N N-]—H
- HZN‘[‘/\/\/_ n
o (0] DMI 4 5
o o
-0 (ONGF
o (0]

Scheme 7 Poly(imide) synthesis from the reaction of hexamethylene diamine with pyromellitic
acid diethylester under microwave irradiation [61]

Another series of PIs, having third-order nonlinear optical properties, were
prepared by Lu et al. [62] from sodium tetrazodiphenyl naphthionate and
pyromellitic dianhydride under microwave irradiation as well as oil-bath heating
in N,N-dimethylformamide (DMF) as solvent by a two-step method (Scheme 8).
Using microwave heating, the imidization time was reduced from hours to minutes
and, due to the fast heating rate, the degree of imidization was noticeably increased.
This same group [63] introduced PIs containing the pyromellitoyl unit via a
two-step pathway. In the first step, reaction of benzoguanamine and TDI generated
a poly(urea). Subsequent polyimidation of the resulting poly(urea) and pyromellitic
dianhydride in the solid phase gave the PI (Scheme 9). Lu et al. found that the
degree of imidization under microwave irradiation reached a maximum value in
8 min whereas by conventional heating it reached its highest value in 5 h.

Yi et al. [64] reported on the copolycondensation of 3,3'4,4'-
benzophenonetetracarboxylic dianhydride, 4,4’-diaminodiphenylmethane, and
4,4'-oxydianiline in DMF under microwave irradiation as well as conventional
heating via a two-step procedure (Scheme 10). In the first step, a certain amount
of 4,4'-diaminodiphenylmethane and 4,4’-oxydianiline was dissolved in DMF.
The reaction vessel, containing a mixture of a reactant and a solvent, was placed
on the centre of the turntable in the domestic microwave oven, and then nitrogen
gas was introduced from the top of the reaction vessel through a thin Teflon tube
to minimize the danger of fire in the reaction system. Then, a certain amount of
3,3',4,4'-benzophenonetetracarboxylic dianhydride was dropped into the reaction
vessel. The reaction system was irradiated with microwaves for a prescribed time at
a low temperature. The polymerizations were carried out at different microwave
irradiation times for which 2 h was found best for the preparation of poly(amic acid)
(PAA) with highest yield and inherent viscosity. The polyimidation was achieved
by dehydration under 1 h of continuous microwave radiation. Compared with the
conventional solution polycondensation method, the results showed that the poly-
mers obtained via microwave-assisted polymerization had superior inherent vis-
cosities and yields in a much shorter reaction time.

More recently, Xu et al. [65] used a microwave-assisted polycondensation
method for the synthesis of PAA and PI using pyromellitic dianhydride and
3,3’,4,4'-benzophenonetetracarboxylic dianhydride and 4,4’-oxydianiline under
microwave irradiation in DMF as solvent. The polymerization reaction under
microwave irradiation resulted in an increase of the reaction rate as well as higher
yield and inherent viscosity.
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Scheme 10 Copolycondensation of 3,3',4,4’-benzophenonetetracarboxylic dianhydride, 4,4'-
diaminodiphenylmethane, and 4,4’-oxydianiline under microwave irradiation [64]

In a study by Ritter and coworkers [66], linear and cyclic PIs were synthesized
via bulk polymerization under microwave irradiation. The AB-type monomer
3-aminophthalic anhydride (Scheme 11, structure 2) used was obtained by means
of a one-pot microwave-assisted heterogeneous catalytic transfer hydrogenation of
the corresponding nitrophthalic acid (Scheme 11, structure 1). The resulting bifunc-
tional monomer (Scheme 11, structure 2) could easily be purified and is unreactive
at room temperature. However, it has the possibility to form high-molecular-mass
polymers at elevated temperatures and thereby fulfills the requirements of an
AB-type monomer. Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) measurements of the polymers (Scheme 11,
structure 3), prepared under microwave heating, indicate the formation of a poly-
mer homolog series of linear and ring-shaped molecules.

2.3 Poly(ether)s

Hurduc et al. [67] investigated the synthesis of a poly(ether) by phase-transfer
catalysis (PTC) under microwave irradiation for the reaction of 3,3-bis
(chloromethyl)oxetane (BCMO) and various bisphenols (i.e., bisphenol A, 4,4'-
dihydroxyazobenzene, 4,4’-dihydroxybiphenyl, 4,4’-dihydroxybenzophenone, and
4,4'-thiodiphenyl) (Scheme 12). In a typical reaction, a mixture of bisphenol
(1.30 mmol), water (5.00 mL), NaOH (3.00 g), nitrobenzene (5 mL), BCMO
(1.30 mmol), and TBAB (0.20 mmol) was placed in a 50-mL flask and irradiated
for 1.5 h in a microwave waveguide (60 W) while temperature (95-100°C) was
monitored by a thermovision infrared camera. Under conventional conditions, the
reaction was carried out for 5 h at 90°C. It was found that for semicrystalline
polymers, the yields were higher under microwave conditions, whereas in the case
of amorphous polymer, the yields were approximately equal in shorter reaction times.
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Scheme 12 Synthesis of poly(ether)s by phase-transfer catalysis (PTC) reactions [67]

Moreover, this same group [68] studied the modification of oxetane-based poly-
mers with 4-(2-aminoethyl)-morpholine (Scheme 13) under microwave irradiation.
In a typical experiment, 0.1 g of the polymer with 0.10-0.40 g of 4-(2-aminoethyl)
morpholine in a DMF solution (10 mL) was exposed to microwave irradiation for
1-3 h in a stereo-mode applicator while the temperature was monitored with use of
a thermovision camera. The highest degree of conversion under microwave irradi-
ation reached 27%, whereas in several syntheses under conventional conditions,
the conversions of oxetane rings were always lower and achieved a maximum value
of 18%.

Alimi et al. [69] investigated microwave-assisted homopolycondensation of
1-chloro-4-methoxybenzene in alkaline dimethyl sulfoxide solution for producing
poly(phenylene vinylene)-ether (PPV-ether) (Scheme 14). The mixture was
exposed to 600 W microwaves for a few minutes until a temperature of 470 K
was achieved and then stirred at room temperature for 6 h. This raw mixture was
composed of three fractions: a yellow fraction of PPV-ether insoluble in all
common organic solvents with 43% yield, a white fraction soluble in CHCl; with
52% yield, and a yellow-green fraction soluble in the CH,Cl, with 5% yield.

Chatti et al. [70, 71] reported on the synthesis of linear poly(ether)s from either
isosorbide or isoidide and disubstituted alkyl bromides or methanesulfates by using
microwave irradiation under solid-liquid PTC conditions (Scheme 15). Isosorbide
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Scheme 13 Modification of oxetane-based polymers under microwave irradiation [68]
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Scheme 14 Microwave-assisted synthesis of poly(phenylene vinylene)-ether (PPV-ether) [69]
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Scheme 15 Top: Chemical structure of isosorbide (1,4-dianhydro-p-sorbitol), isomanide
(1,4-dianhydro-p-mannitol), and isoidide (1,4-dianhydro-p-iditol). Below: Synthetic scheme for
linear poly(ether) synthesis from either isosorbide or isoidide and disubstituted alkyl bromides or
methanesulfates [70-72]
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and isoidide are byproducts of biomass obtained from the sugar industry through
double dehydration of starch [72]. The reactions were carried out in a single-mode
microwave reactor, Synthwave 402 (Prolabo), with temperature infrared detector,
which was previously calibrated with an optical fiber detector introduced into a
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reaction mixture. The reaction mixtures consisting of isosorbide or isoidide
(5 mmol), alkyl dibromide/methanedisulfate (5 mmol), TBAB (1.25 mmol), and
powdered KOH (12.50 mmol) were irradiated for 30 min to afford the poly(ether)s
with 70-90% yield (Scheme 14). It was found that the use of a small amount of
solvent was necessary to ensure good temperature control and a decrease in the
viscosity of the reaction medium. In the case of isosorbide, the microwave-assisted
synthesis proceeded more rapidly than with conventional heating and the reaction
time was reduced to 30 min, with a yield of approximately 69-78%. Under
conventional conditions, the poly(ether)s were obtained with 28—-30% yield within
30 min. Similar yields of the poly(ether)s were obtained when the reaction time
was extended to 24 h. These yields remained practically unchanged even though
the synthesis was carried out for another 7 days. The analysis of properties of the
synthesized poly(ether)s revealed that the structure of the products strictly
depended on the activation mode (i.e., microwave or conventional activation).
Under microwave conditions, the poly(ether)s were characterized by higher molec-
ular weight and better homogeneity. For example, within 30 min of the reaction
time under conventional heating, the poly(ether)s with higher molecular weight
were not observed at all. Moreover, it was found that the mechanism of chain
termination is different under microwave and conventional conditions. The poly
(ether)s prepared with conventional heating had shorter chains with terminal
hydroxyl ends, whereas under microwave irradiation the polymer chains were
longer with terminal ethylenic ends. In fact, under microwave irradiation, terminal
ethylenic ends were formed rapidly and set up a hindrance to further polymer
growth. In contrast, under conventional conditions the terminations were essentially
constituted by hydroxyl functions; however, further polymerization was prohibited
as well.

Later, the same protocol was applied to the polycondensation of aliphatic diols
of isosorbide with 1,8-dimesyloctane and other dibromo- and disulfonated
alkylating agents [73]. In all cases, it was found that microwave-assisted poly-
condensations proceeded more efficiently compared with conventional heating (the
reaction time was reduced from 24 h to 30 min: ratio 1:50). The polycondensation
under microwave yielded 63% of poly(ether)s with relatively high average molec-
ular weights [weight-average molecular weight (M,,) up to 7,000 g mol ']. The
poly(ether)s were characterized by nuclear magnetic resonance (NMR) (IH, 13C)
and Fourier transform—infrared spectroscopy and SEC measurement and MALDI-
TOF MS. It was demonstrated that the application of previously synthesized ethers
of isosorbide was beneficial and allowed preparation of poly(ether)s in better yields
than the poly(ether)s obtained in direct reactions of isosorbide and dibromo- or
dimesylalkenes. Moreover, the molecular weights of the poly(ether)s were higher
than of those prepared in the earlier work, whereas molecular weight distributions
of new poly(ether)s were similar or lower. Such a microwave-assisted procedure
can contribute to synthesis of alternating poly(ether)s and further modification of
their properties.
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Scheme 16 Chemical structure of poly(dichlorophenylene oxide) (A) and the conducting
polymer (B) [74]

Poly(dichlorophenylene oxide) with a conducting polymer was obtained under
microwave irradiation from 2,4,6-trichlorophenol (Scheme 16) [74]. Microwave-
initiated polymerization was performed with a Pyrex vessel in which 2.5 g of 2,4,6-
trichlorophenol was mixed with 0.5 g of NaOH and 1.00-2.00 mL of triple-distilled
water. The reaction mixtures were irradiated in a domestic microwave oven for
various time intervals of 1-7 min. The resulting polymers [i.e., poly(dichloro-
phenylene oxide)] (Scheme 16, A) and the conducting polymer (Scheme 16, B)
(0.3 S cm™~?) were separated by precipitation from toluene. The optimum conditions
for obtaining poly(dichlorophenylene oxide) or the conducting polymer were 70 W
for 5 min and 100 W for 1 min, respectively. In turn, poly(alkylene hydrogen
phosphonate)s were obtained by a transesterification of dimethyl hydrogen phos-
phate and poly(ethylene glycol) (PEG 400) under microwave irradiation
(Scheme 17) [75]. The reactions were carried out in a round-bottomed vessel
equipped with an upright condenser in which the mixture of 52.50 mmol of
dimethyl hydrogen phosphate and 50 mmol of PEG-400 was irradiated in a
single-mode microwave reactor for 55 min at 140-190°C. The temperature was
monitored by an infrared sensor. It was found that microwave conditions avoid the
undesirable thermal degradation of dimethyl hydrogen phosphate because of short
reaction times. Although in comparing microwave and conventional conditions,
poly(alkene hydrogen phosphonate)s with higher average molecular weights were
obtained under conventional conditions, the reaction time was substantially reduced
under microwave conditions from 9 h to 55 min for conventional and microwave
conditions, respectively.

2.4 Poly(ester)s

Aliphatic poly(ester)s (PES)s are one of the most important classes of biodegrad-
able materials. Convergence of functionality and biodegradability represents a
major trend in modern materials, especially for biomedical applications and as
environmentally friendly alternatives to nondegradable petrochemicals. However,
the synthesis of functional (PES)s is still a formidable challenge. Most current
methods are inefficient and require complex chemical processes [76]. Direct poly-
condensation of equimolar quantities of a dicarboxylic acid and a diol, which does
not generate any undesirable wastes, is an ideal method for producing aliphatic
(PES)s, the demand for which is set to increase considerably as a result of their
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Scheme 17 Synthetic route for poly(alkylene hydrogen phosphonate)s [75]

biocompatibility. There is a need for an effective system for producing aliphatic
(PES)s under mild conditions with short reaction times. Takeuchi and coworkers
[77] reported on a rapid, environmentally benign, solvent-free method for the
synthesis of aliphatic (PES)s by direct polycondensation of equimolar quantities
of a dicarboxylic acid and a diol through microwave irradiation (at a power of
200 W, 10 min) in the presence of tin(Il) chloride as catalyst. The number-average
molecular weight (M) of the polymers that were obtained was relatively constant
and the reaction time was extremely short (10 min) compared with existing
systems, such as Sc(OTf); (M, = 2.09 x 10%, 4.0 x 10 Pa, 10 h) [78],
HfCI4(THF),, (THF, tetrahydrofuran), (M,, = 3.40 x 10, 24 h, o-xylene reflux)
[79], SnCl, (M, = 1.64 X 10%, 16 h, dimethyl benzene reflux) [80]. The advan-
tages of this microwave-assisted method, such as equimolar direct polycondensa-
tion, a short reaction time, and solvent-free conditions, permit the synthesis of
aliphatic (PES)s in a rapid and ecofriendly manner under conditions that are mild
compared with those used in conventional syntheses. In another study, Takeuchi
et al. [81] reported on a microwave-assisted direct polycondensation of lactic acid
by use of a binary catalyst of SnCl,/p-TsOH, using a single-mode microwave
synthesizer (2.45 GHz frequency and 300 W maximum power). They reported
that microwave irradiation successfully accelerated the reaction and produced poly
(lactic acid) (PLA) with a molecular weight higher than 10,000 g mol !, The
reactions were performed with different catalysts like SnCl,, Sn(Oct),, Bu,SnCl,,
1,3-dichloro-1,1,3,3-tetrabutyldistannoxane, =~ SnCl,/p-toluene  sulfuric  acid
monohydrate (p-TsOH), p-TsOH, phosphoric acid, and sulfuric acid. Under opti-
mized conditions, the SnCl,/p-TsOH binary catalyst gave a white polymer with a
molecular weight of 16,000 g mol ' within 30 min of microwave irradiation at
200°C, and the reaction time can be reduced significantly compared to conventional
polycondensation at the same temperature. An oligomer of lactic acid with M, of
1,800 g mol ™! in 53.5% isolated yield under normal pressure was obtained after
30 min of microwave irradiation. In contrast, no polymer was obtained with a
conventional heating system under the same conditions. PLAs with molecular
weights of 6,400 and 15,000 g mol~' were obtained after 60 and 300 min of
microwave irradiation, respectively; polymers with molecular weights of 2,300
and 8,600 g mol ' were produced at the same reaction times under conventional
heating, respectively.

Recently, Nagahata et al. [82] studied direct polyesterification of succinic acid
and butane-1,4-diol in the presence of 1,3-dichloro-1,1,3,3-tetrabutyldistannoxane
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Scheme 18 Polycondesantion of acid anhydrides (i.e., maleic and phthalic anhydrides) with
diols [83]

as a catalyst. Under optimum conditions, a reaction time of 20 min, poly(butylene
succinate) with a M, of 2.35 x 10* g mol~' was obtained. In comparison with the
reactions conducted via conventional heating (5 h), microwave irradiation showed a
tenfold increase in the rate of polymerization. Polycondensation reaction of acid
anhydrides (i.e., maleic and phthalic anhydrides) with diols (i.e., ethylene glycol)
under microwave irradiation was also described by Pielichowski et al. [83] for the
synthesis of unsaturated (PES)s (Scheme 18). It was found that the reaction times
for microwave and conventional protocols were comparable and depended on the
rate of removing water from the reaction system.

The bulk polycondensation of pL-lactic acid to PLA under microwave irradiation
was also studied by Keki et al. [84] (Scheme 19). The reactions were carried out in a
domestic microwave oven, in which 5 g of lactic acid was placed in a 20-mL beaker
and irradiated at 650 W. The reaction time was varied between 10, 20, and 30 min to
afford PLA with 96%, 84%, and 63% yield, respectively. The yield of polyconden-
sation decreased with increasing irradiation time, probably due to the loss of
oligomers of lower polymerization degree during the polycondensation. Under
conventional thermal conditions, the polymer was obtained in 94% yield after
24 h at 100°C. According to MALDI mass spectrometry analysis, only linear
oligomers were formed. After 20 min of microwave irradiation, oligomers were
obtained with nearly the same M, as those produced upon conventional heating
(i-e., 100°C, 24 h). Thus, the reaction time for preparing PLA could be considerably
reduced. On increasing the reaction time under microwave conditions, a fraction of
cyclic oligomers tended to appear as well as linear oligomers.

2.5 Poly(urea)s

Diamines are frequently used to react with diisocyanates, especially isocyanate
prepolymers, to give poly(urea)s. The reaction has the advantages that no
byproducts are produced and that it can be carried out at low temperatures. The
synthesis of high molecular weight poly(urea)s and poly(thiourea)s via the reaction
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Scheme 20 Synthesis of poly(urea)s and poly(thiourea)s under microwave irradiation [85]

of aromatic and aliphatic amines with urea and thioureas in the presence of a
catalytic amount of p-toluenesulfonic acid was reported by Banihashemi et al. [85]
using a microwave oven (for duration of 12 min) at 400 W (Scheme 20).
The reactions were performed in different solvents such as dimethyl sulfoxide,
N,N-dimethylacetamide (DMAc), chlorobenzene, dioxane, and toluene. DMAc
was chosen as the most appropriate solvent owing to the greater solubility of the
substrates, the higher rate of the reactions, and the excellent energy-transfer prop-
erties. In comparison with the conventional thermal method, microwave irradiation
reduces the reaction time and simplifies the workup processes. Owing to partial
degradation of the aliphatic polymers, increasing the reaction time up to 15 min led
to polymers with lower viscosities.

Mallakpour et al. [86-88] reported on solution polycondensation reactions of 4-(4'-N-
1,8-naphthalimidophenyl)-1,2 4-triazolidine-3,5-dione, 4-(4'-acetamidophenyl)-1,2,4-
triazolidine-3,5-dione and  4-(4’-tbutylphenyl)-1,2 4-triazolidine-3,5-dione ~ with
HMDI, IPDI, and TDI in DMAc or NMP solution in the presence of pyridine, TEA,
or DBTDL as a catalyst under microwave irradiation (Scheme 21). After irradiation
times of 8—18 min, poly(urea)s with inherent viscosities of 0.06-0.30 dL g~ ' were
obtained. In another study by Mallakpour and coworkers [89], 4-phenylurazole (PHU)
and 4-(4-methoxyphenyl)urazole (MPU) were condensed with HMDI, IPDI, and TDI
under solvent-free conditions using a domestic microwave oven (Scheme 21). Opti-
mized experimental conditions allowed the preparation of high molecular weight poly
(urea)s in yields up to 92% within 5 min of heating (no temperature measurement was
reported). The materials are of potential use for the encapsulation of pharmaceuticals,
inks, and dyes or for the modification of wool fibers by interfacial grafting techniques
[90]. Conventional thermal synthesis, both solvent-free and also in DMAc solution,
afforded polymers with comparable properties but only after 12 h at 120°C.
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Scheme 21 Polycondensation reactions of different urazole derivatives with various
diisocyanates [86—89]

2.6 Poly(amide-imide)s

High performance polymers are thermally stable polymers that generally show
excellent mechanical strength and stability. They have received widespread attention
as replacements for metals or ceramics in the automotive, aerospace, and microelec-
tronic industries [91]. Aromatic PIs as versatile high performance polymers have
been investigated for a variety of applications (e.g., aerospace, microelectronics,
optoelectronics, nanocomposites, separation membranes, finger-mounted tactile
sensors, etc.) because of their excellent balance of thermal, mechanical, and electric
insulation properties, and chemical resistance. However, the processing of these
thermoplastic polymers has been greatly hindered because they lack softening or
melting behavior at usual processing temperatures and they tend to degrade before
or at the softening temperature [92, 93]. To overcome these drawbacks, modifications
of the PI structure are often used, for example, introducing kinked and flexible
bridging units, nonsymmetrical structures, or bulky substituents into the polymer
backbones. In addition, various copolymers have been developed and reported,
among them poly(amide-imide)s (PAls), whose amide groups can improve the
solubility [94]. PAIs have properties in between aromatic PAs and PIs. Thermal
stability of PAIs is worse than that of PIs and better than PAs, but they are process-
able. The high thermal resistance of PAIs is due to heterocyclic imide-ring into
polymer chains [95, 96]. PAs are used in a broad range of applications, from injection
or compression molded parts and ingots to coatings, films, fibers, membranes, wire
enamels, and adhesives [97, 98]. Synthesis and characterization of a number of
optically active PAIs under microwave irradiation were investigated by Mallakpour’s
group [99-101]. The synthesis of PAIs from the polycondensation reaction of
N,N'-(pyromellitoyl)-bis-L-a-amino diacid chlorides (prepared using amino acids
such as L-leucine, L-isoleucine, and L-valine) with different aromatic diamines under
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Scheme 22 Synthesis of chiral poly(amide)s by reaction of different N,N'-(pyromellitoyl)-
bis-L-a-amino diacid chloride with aromatic diamines [99-101]

microwave heating in a porcelain dish was studied and the results compared with those
polymers obtained by conventional heating (Scheme 22). The obtained aromatic PAIs
were optically active and soluble in various organic solvents and have good thermal
stability. Microwave-assisted step-growth polymerization reactions preceded rapidly
compared to conventional solution polycondensation and it was completed within
a short period of time. Several types of optically active PAIs were prepared
by Mallakpour et al. [102-105] from polycondensation reaction of N,N’-(4,4'-
carbonyldiphthaloyl)-bis a-amino diacid chlorides (prepared using amino acids such
as L-phenylalanine, L-alanine and L-leucine) with several aromatic diamines in o-cresol
or DMAc (Scheme 22). Polymerization reactions were carried out using microwave
irradiation and conventional solution polycondensation. The microwave-assisted
polycondensation proceeded rapidly, compared with the conventional melt polycon-
densation and solution polycondensation giving a series of PAIs with inherent viscos-
ities of about 0.22-0.85 dL g™ '. All aromatic PAIs were optically active and readily
soluble in various organic solvents and had good thermal stability. The inherent
viscosities obtained from microwave-assisted polycondensation reactions are much
higher than those polymers obtained from solution polymerization. Furthermore, the
above results demonstrate that microwave heating is an efficient method (shorter
reaction time and high efficiency of energy) for the polycondensation reactions.
Polymerization reaction of several diamines with 4,4’-(hexafluoroisopropylidene)-N,
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N'-bis-(phthaloylmethionine) diacid chloride and 4,4’-(hexafluoroisopropylidene)-
bis-(phthaloylleucine) diacid chloride were performed in polar aprotic solvents by
Mallakpour’s group [106, 107] (Scheme 23). By applying different solution polycon-
densation methods, fluorine containing PAIs having inherent viscosities in a range of
0.09-0.45 dL g~ " (molecular weight ranging 15,000-25,000 Da) were synthesized.
These polymers exhibited a higher thermal stability than non-fluorine bearing poly-
mers with comparable structures. The presence of both amide and chiral imide groups
into the polymer backbone gives a good balance of properties with chiral centers;
introducing two CF; groups into the monomer unit, gives a good solubility in com-
parison to the other PAIs.

Mallakpour’s group have also reported direct polycondensation of
4.,4'-(hexafluoroiso-propylidene)-N,N'-bis(phthaloylleucine-p-amidobenzoic acid)
and N,N'-(4,4’-hexafluo-roisopropylidendiphthaloyl)-bisisoleucine with aromatic
diamines in a medium consisting of TPP, NMP, pyridine, and CaCl, or via
Vilsmeier adduct derived from tosyl chloride and DMF [108, 109] (Scheme 23).
The resulting PAIs were obtained in high yield and were optically active and
thermally stable. Furthermore, the resulting optically active PAIs contain amino
acid linkages and could be biocompatible and biodegradable. The same group
[110-114] studied the microwave-promoted as well as conventional heating poly-
condensation of N,N'-(4,4'-oxydiphthaloyl)-bis-methionine diacid chloride or diacid
chlorides containing amino acids of (S)-valine, L-isoleucine, or L-leucine with
several aromatic diamines (Scheme 23). They also investigated a series of optically
active PAIs via step-growth polymerization reactions of bis ( p-amidobenzoic acid)-
N-trimellitylimidoleucine monomer with different diisocyanates via direct step-
growth polymerization under microwave irradiation, solution polymerization
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under gradual heating, and reflux conditions in the presence of pyridine, DBTDL,
and TEA as a catalyst and without a catalyst [115]. The optically active PAIs were
obtained after a short time of 3 min in good yields (53-95%) and with inherent
viscosities in the range of 0.17-0.61 dL g~ '.

Synthesis of optically active PAIs by the reactions of chiral diacid chlorides
containing 3,3’ ,4,4’-diphenylsulfonetetracarboxylic dianhydride and «-amino acids
(S-valine, L-phenylalanine, L-leucine, or L-isoleucine) moieties with several aro-
matic diamines was reported by Mallakpour et al. [116—119] (Scheme 23). The
polymerization reactions were carried out in the presence of a small amount of
o-cresol and gave polymers with high yields and moderate inherent viscosities
within 6 min with 100% of radiation power. In order to compare this method
with conventional solution polycondensation, PAIs were also synthesized by both
low and high temperature solution step-growth polymerization. Microwave-
enhanced synthesis actually generates higher yields and purer products than
conventional techniques. The polyamidation reactions of 4,4’-carbonyl-bis
(phthaloylalanine) diacid chloride with six different derivatives of tetrahydropyr-
imidinone and tetrahydro-2-thioxopyrimidine compounds were discussed earlier in
the work of Mallakpour and coworkers [120] in the presence of a small amount of
o-cresol. Under microwave irradiation power of 900 W, a series of optically active
and thermally stable PAIs were produced within 10 min with inherent viscosities in
the range of about 0.25-0.45 dL g~ ' and high yields. The syntheses and character-
ization of optically active PAIs derived from diacid chloride containing epiclon and
several amino acids (such as L-phenylalanine, L-isoleucine, L-methionine, L-valine,
or L-leucine) with different aromatic diamines in the presence of a small amount of
a polar organic medium such as NMP under microwave irradiation (Scheme 24)
was studied by Mallakpour et al. [121-125]. To compare microwave irradiation
polymerization with solution polymerization methods, PAIs were also synthesized
by both low temperature and high temperature classical solution polymerization.
The results of these methods were comparable with the microwave method. But,
the microwave heating is a more efficient method for these step-growth polymer-
ization reactions.

Recently, Mallakpour’s group [126, 127] developed facile and rapid polycon-
densation reactions of 3,5-diamino-N-(3,4-dihydroxyphenethyl)benzamide with
several N,N'-(pyromellitoyl)-bis-L-a-amino acids and N-trimellitylimido-L- o -
amino acids, in the presence of a small amount of a molten salt, TBAB, and TPP
as the activator using a domestic microwave oven (Scheme 25). The polyconden-
sation reactions proceeded rapidly, and completed within 4 min, to produce a series
of novel chiral, thermally stable, and nanostructured PAIs in high yield and inherent
viscosities. It was shown that 3,5-diamino-N-(3,4-dihydroxyphenethyl) benzamide
(Scheme 25, structure 4) is an interesting monomer that contains both hydroxyl
groups as well as aromatic rings. A synergistic effect was observed with both
microwave irradiation and molten salt to improve the thermal stability. Also, field
emission scanning electron microscopy (FE-SEM) revealed that PAIs self-
organized into nanopatterns. The average diameter of polymeric particles was in
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Scheme 25 Polycondensation reactions of dopamine and p-amino phenol-containing diamines
with different amino acid-containing diacids (/) p-amino phenol or dopamine (2) 3,5-dinitroben-
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phenethyl)benzamide [126-129]
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the range of 46—65 nm and their shape was spherical. These properties could make
these PAIs attractive for practical applications such as processable high-
performance engineering plastics.

In a similar study, the same researchers [128, 129] investigated the polyconden-
sation reactions of a hydroxyphenyl-containing diamine with different amino acid-
based diacids in a microwave oven for 8 min at 50% of the power level (900 W)
(Scheme 25). Optically active nanostructured PAls were prepared with yields of
88-96% and inherent viscosities of 0.30-0.58 dL g~'. It was shown that the
incorporation of hydroxyl pendant groups into the PAI structure can also improve
the solubility of polymers. The polymer solutions are very stable and no gelation,
phase separation, or precipitation was observed after storage for several weeks.

Different nanostructured PAIs containing benzimidazole and natural amino
acids were also successfully synthesized by Mallakpour s research group [130]
under green conditions using TBAB as molten IL (Scheme 26). The synthesis has
been performed under conventional heating and microwave irradiation for 3 min at
90% of power level (810 W) to highlight the effect of microwave heating. Charac-
terization of the resulting polymers demonstrates that the synthesis using micro-
wave heating results in materials with properties equivalent to those obtained when
using conventional heating routes. Beneficially, microwave-assisted polymeriza-
tion allows a reduction in the reaction time, increased operational simplicity, energy
saving and, in most cases, improved yields and inherent viscosities. In addition, in
the case of IL-catalyzed polymerization, removal of some chemicals (e.g. NMP,
CacCl,, and pyridine), which are essential in conventional methodologies, decreases
the cost of the polymerization reaction.
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Scheme 27 Synthesis of poly(amide-ester)s by reaction of sebacic acids and @-amino alcohols [131]

2.7 Poly(amide-ester)s, Poly(ester-imide)s,
Poly(ether-imide)s, and Poly(ether-ester)s

Poly(ester-amide)s (PEAs) are emerging as promising materials for a wide range of
biomedical applications due to their potential for both hydrolytic and enzymatic
degradation as well as the ease with which their properties can be tuned by the
choice of monomers. The architecture of the PEA polymers is a blend of PA and
PES polymer character. This also leads to a blend of the characteristic behavior and
properties of these two distinct polymers. The thermal properties of PEAs include
higher melt transitions and increased thermal stability versus (PES)s. Synthesis of
PEAs by polycondensation of sebacic acids and w-amino alcohols in the presence of
stannous 2-ethyl hexanoate, Sn(Oct),, as a catalyst under microwave irradiation
was reported by Borriello et al. [131] (Scheme 27). A Teflon container was selected
as synthetic reactor because of its transparency to microwave energy. A Teflon tube
was connected to the Teflon reactor to provide a nitrogen blanket during the
reactions. The polymerization temperature was measured and controlled by a
grounded Omega K-type thermocouple, which was calibrated beforehand with a
Luxtron optical fiber temperature probe. A low microwave input power, 5070 W,
was applied in these processes because of the high absorption of microwaves by the
starting materials. Temperature control was achieved by changes in the applied
electric field, which was programmed to maintain a set temperature by a pulse
power on—off cycle. Polymerization reactions were also comparatively performed
using conventional melt polycondensation; it was found that under microwave
conditions, polymers with higher molecular weights and equivalents or higher
yields were achieved in one third of the time required for a thermal process.

A series of optically active poly(ester-imide)s (PEIs) were prepared by
Mallakpour et al. through a facile and rapid polycondensation reaction of chiral
N,N-(pyromellitoyl)-bis-L-leucine diacid chloride and N,N-(pyromellitoyl)-bis-L-
phenylalanine diacid chloride with several aromatic diols such as phenol phthalein,
bisphenol-A, 4,4'-hydroquinone, 1,8-dihydroxyanthraquinone, 1,5-dihydroxy naph-
thalene, 4,4'-dihydroxy biphenyl, and 2,4-dihydroxyacetophenone using a domestic
microwave oven in the presence of a small amount of a polar organic medium such as
o-cresol [132, 133] (Scheme 28). The polymerization reactions proceeded rapidly and
were completed within 10-20 min, producing a series of optically active PEIs with
good yield and moderate inherent viscosity of 0.10-0.27 dL g~ ' and were compared
with polymerization reactions under conventionally heated solution conditions but
the resulting materials were soluble in methanol probably due to formation of
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oligomers. Therefore, the microwave technique in this case was superior to the
conventional solution method. These aromatic PEIs showed optical rotation and
were readily soluble in various organic solvents and had good thermal stability.

Optically active PEIs containing benzophenone tetracarboxylic and L-phenylal-
anine or L-alanine moieties were synthesized from N,N'-(4,4'-carbonyldiphthaloyl)-
bisphenylalanine or L-alanine diacid chloride with several aromatic diols by
low-temperature solution polycondensation in CHCI3/Et;N solution and under
microwave irradiation in the presence of a small amount of a polar organic medium
such as o-cresol [134, 135]. These PEIs showed optical rotation and were readily
soluble in various organic solvents and had moderate thermal stability. Zhang
et al. [136] studied the polycondensation reaction of disodium bisphenol-A with
bis(chlorophthalimide)s with a domestic microwave oven in o-dichlorobenzene by
PTC. PEIs with inherent viscosities between 0.55 and 0.92 dL g~' were obtained
within 25 min. The synthesis of poly(ether—ester)s based on diol-ether of isosorbide
and adipoyl chloride or terephthaloyl chloride was investigated by Chatti
et al. [137] (Scheme 29). The polymerizations were carried out in a monomode
system with focused waves operating at 2.45 GHz. The polymerizations proceeded
at least five times faster (compared with conventional heating) and the reactions
were almost complete (yields up to approximately 95%) within 5 min. The com-
parison of the microwave-synthesized polymers with those synthesized via con-
ventional heating using adipoyl chloride showed that a yield of 86% was achieved
after 5 min at 150°C with M, of 4,200 g mol~!; under conventional heating,
the polymer was obtained in 19% yield with M., of 4,050 g mol .
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Scheme 29 Synthesis of poly(ether-ester)s based on diol-ether of isosorbide and adipoyl chloride
or terephthaloyl chloride [137].

2.8 Poly(amide-imide-urethane)s and Poly
(amide-ether-urethane)s

A new class of optically active poly(amide-imide-urethane)s (PAIUs) was synthe-
sized [138] via a two-step diisocyanate route under microwave irradiation [4 min of
irradiation (2 + 2-min intervals of irradiation and grinding) at 100% power]. In
these reactions, 4,4’-methylene-bis(4-phenylisocyanate) was reacted with bis(p-
amido benzoic acid)-N-trimellitylimido-lleucine and PEGs (such as PEG-400,
PEG-600, PEG-1000, and PEG-2000) to furnish a series of new PAIUs. The effects
of different reaction conditions, such as the method of preparation (polyol or acid
chain extension), the prepolymerization step [NCO-terminated oligoamide or
NCO-terminated poly(ether) polyol], the irradiation time and power, the reaction
solvent, the soft-segment length, and the presence or absence of reaction catalysts
(e.g., TEA, pyridine, and DBTDL), on the properties of the copolymers, including
the solubility, viscosity, and thermal behavior, were investigated. A systematic
study of PAIUs obtained under different reaction conditions has demonstrated a
drastic influence of the reaction conditions on the polymer chain growth and
microphase separation. The data obtained from this study suggest that microwave
irradiation is an interesting alternative for preparing these kinds of PAIUs in
competition with conventional heating methods. In a similar research [139], four
different series of new optically active thermoplastic PAIUs with modified thermal
stability were successfully synthesized by microwave-promoted reactions of dif-
ferent PEGs, MDI and a diacid chain extender. The synthetic procedure referred to
as one-step method, is effective for the facile synthesis of multiblock copolymers.
Systematic study of PAIUs obtained under different reaction conditions demon-
strates a drastic effect of reaction conditions on the efficiency of polymer chain
growth. The data obtained from this study suggest that microwave irradiation can
be used effectively and easily for preparation of these kinds of PAIUs.

A series of new self-colored segmented polymeric dyes were synthesized via the
reaction of an azo-based diacid with different diisocyanates and polyethylene
glycol with molecular mass of 400 (PEG-400), under microwave irradiation via a
diisocyanate route in NMP or NMP containing 4% w/w CaCl, as a solvent in the
presence of different catalysts (such as DBTDL or pyridine) or without catalyst by
one-step as well as two-step methods [140]. The researchers investigated the effects
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of different reaction conditions such as irradiation time, reaction catalysts, poly-
merization methods (one step versus two steps), reaction solvent, and changes in the
structure of diisocyanates on the polymer chain growth as well as polymer
properties.

2.9 Polymerizations via C-C Coupling Reactions

Microwave-assisted polymerizations by metal-catalyzed C—C coupling reactions
have gained attention only very recently. The palladium-catalyzed cross-coupling
reaction between organoboron compounds and organic halides or triflates provides a
powerful and general methodology for the formation of carbon—carbon bonds. This
reaction has been called the Suzuki coupling, Suzuki reaction, or Suzuki—Miyaura
coupling [141]. Recently, many conjugated polymers were synthesized by this
reaction under microwave irradiation as energy source. A novel microwave-assisted
polycondensation protocol involving an in-situ activation/coupling scheme has been
developed and applied to the preparation of lengthy poly(m-phenyleneethynylene)s
without diyne defects via either AB’ or A, + BB’ approaches [142]. It was found that
the microwave-assisted polymerization was comparable with thermal heating in
toluene, which was ascribed to the low dipole moment of the solvent. When the
solvent was changed to acetonitrile, the polymerization under microwave irradiation
resulted in higher polymerization rates as well as polymers of higher molecular
weight, whereby the microwave polymerizations were performed under different
conditions. The synthesis of fully conjugated p-phenylene ladder polymers via
microwave-assisted palladium-mediated “double” Suzuki and Stille-type reactions
was recently demonstrated (Scheme 30) [143]. The polymerization reactions were
run in a THF solution at 130°C in the presence of palladium catalyst with phosphine
ligands and irradiated in a single-mode microwave reactor for 11 min. Compared to
conventional thermal protocols, the reaction time was reduced from days to a couple
of minutes, and molecular weight distributions [polydispersity index (PDI) was
approximately 1.8] of the polymers were changed significantly. Subsequently,
thiophene oligomers (up to six units) were also obtained under microwave condi-
tions from 2-thiophene boronic acid and dibromo precursors with three thiophene
units in the presence of a palladium catalyst and KF with KOH. The reactions were
run in a single-mode microwave reactor at 70°C for 10 min [144]. Subsequently, an
innovative heterogeneous procedure for the preparation of highly purified thiophene
oligomers via microwave-assisted palladium catalysis by using silica- and chitosan-
supported palladium complexes was reported [145]. This approach is very efficient
and greener than the existing homogeneous methodology as it combines a very
efficient reaction with improved catalyst separation. Thienyl iodides or activated
bromides were employed as starting materials and KF as base. The microwave
reaction was carried out in aqueous ethanol. The heterogeneous catalyst can be
easily removed from the reaction mixture by filtration and reused in consecutive
reactions (up to four times). Scherf et al. [ 146] investigated the Suzuki C—C coupling
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method under microwave irradiation to synthesize a series of ladder polyketones
incorporating conjugated 1,5- and 2,6-naphthylene building blocks. A series of
stepladder copolymers based on thiophene—phenylene—thiophene SL1-SL3 and
thiophene—naphthylene—thiophene SL4 repeat units with varying lengths of the
oligothiophene segment has been designed and synthesized via a microwave-
assisted Stille-type cross-coupling reaction followed by a polymer-analogous cycli-
zation reaction [147]. The chemical structure of the aforementioned polymers is
shown in Scheme 31. The reaction was carried out by using a mixture consisting of
equimolar amounts of the bis(trimethylstannyl) oligothiophene, 4’,4”-didecyl-2,5-
bis(5’-bromothien-2’-yl)terephthalo-phenone, potassium fluoride (10 equiv), 10 mol%
PdCl,(dppf), toluene (2 mL), and dry DMF (1 mL) in a sealed 10-mL vial under
glove-box conditions followed by irradiation with microwaves (300 W, 110°C) for
15 min. Microwave irradiation (at 200°C for 10 min) has also been employed to
synthesize soluble polythiophenes via the Stille coupling, resulting in the preparation
of a polythiophene with higher molecular weight (M,, > 15,000) and a lower PDI
(M /M,, = 2) than those synthesized using conventional heating [148]. In another
study [149], poly(ether sulfone) containing free carboxylic groups was synthesized
by the condensation reaction of 4,4-bis(hydroxyphenyl)-pentanoic acid and bis
(4-chlorophenyl)sulfone. Thereupon, poly(ether sulfone) was condensed with
4-aminobenzoic acid and 1-naphthole under microwave irradiation and, as a com-
parison, under classical conditions in a preheated oil bath. In contrast to the classical
procedure, the polymer-analogous amidation could be efficiently realized in apolar
solvents using microwaves. Incorporation of bulky aromatic groups into the polymer
structure caused an increased shear rate dependent viscosity compared to the parent
polymer. Another palladium-catalyzed C—C coupling procedure, namely the Heck
reaction, was studied by Ritter and coworkers for the formation of conjugated poly-
mers under both microwave (monomode microwave reactor) and thermal heating
[150]. They reported on the first microwave-assisted synthesis of poly(2,5-dibutoxy-
1,4-phenylenevinylene) via Heck-polycondensation as an example of efficient
heating. The facile synthesis of the higher lactones 1-oxa-2-oxocyclooctanone and
1-oxa-2-oxocyclononanone via the Baeyer—Villiger reaction offers an example of the
microwave-accelerating effect.



78 S. Mallakpour and A. Zadehnazari

Scheme 31 Structure of thiophene—phenylene—thiophene (SL1-SL3) and thiophene—naphthylene—
thiophene (SL4)-based stepladder polymers [147]

In addition to palladium-catalyzed step-growth polymerization, nickel(0)-
catalyzed polycondensation is also reported. Polyarylene-type polymer was prepared
through the polymerization of 2,7-dibromo-9,9-dihexylfluorene under microwave
irradiation [151]. In a typical experimental procedure, a catalyst stock solution
was prepared consisting of bis(1,5-cyclooctadiene)nickel(0), 2,2'-bipyridine, and
cyclooctadiene in toluene/DMF (1.15:1). Then, a monomer solution containing
2,7-dibromo-9,9-dihexylfluorene in toluene was prepared and added. The vial was
sealed and irradiated in a single-mode microwave up to 250°C for 10 min. Eventu-
ally, polymers with M, in the range of 5,000—10,000 g mol~" and PDI between 1.65
and 2.22 were obtained. Thereafter, poly(pyrazine-2,5-diyl) polymer was prepared
through organometallic dehalogenative polycondensation of 2,5-dibromopyrazine
[152]. The reaction was carried out by using a mixture of 2,5-dibromopyrazine,
bis(1,5-cyclopentadiene)nickel(0), and 2,2’-bipyridyl that was irradiated in a
single-mode microwave reactor for 10 min in either toluene or DMF solutions.
Under microwave conditions, the polymer was obtained in 83-95% yield, while a
similar yield under conventional conditions at 60°C was obtained after 2 days.

3 Conclusions

The use of microwave irradiation to accelerate polymerization reactions has
provided new alternative procedures for the synthesis of polymers of interest by
step-growth polymerization. The advantages that this methodology can offer over
conventional conductive heating procedures, with the introduction of dedicated
single-mode instruments, include accurate monitoring and control of reaction
conditions, and thus reproducibility, the rapid optimization of procedures, the
automation of multiple reactions with tailored variation in individual reaction
parameters, changes in selectivity, improvements in product yield and purity, and
the rapid generation of polymer libraries through considerable reduction in the
reaction times of individual reaction events. The examples described in this chapter
demonstrate that microwave-assisted synthesis can allow easy and rapid access to
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various polymeric materials. These polymers have been synthesized by applying a
variety of microwave systems, including domestic microwave ovens. This chapter
is not intended to be exhaustive in its content, but rather to highlight significant
examples where microwave irradiation has been either synthetically enabling or has
provided a key advantage over conventional thermal methods. With so many
advances in such a short time, it is with eager anticipation that we can expect
many more developments in the microwave-assisted synthesis of polymers in the
very near future.
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Microwave-Assisted Free Radical
Polymerizations

Liangjing Fang, Guang Han, and Huiqi Zhang

Abstract Microwave irradiation has drawn rapidly increasing interest in the
field of polymer science as an alternative heating method for polymer syntheses
and modification, mainly because of its obvious advantages over conventional
heating methods as the heating is non-contact, instantaneous and rapid, and
highly specific. Many different kinds of microwave-assisted polymerizations have
been developed in the past three decades, such as various microwave-assisted
free radical polymerizations, step-growth polymerizations, and ring-opening poly-
merizations, which normally showed dramatically accelerated polymerization rates
in comparison with those performed under conventional heating conditions. In this
chapter, we provide a detailed overview of microwave-assisted conventional free
radical polymerizations and their applications for the rapid and efficient preparation
of a diverse range of polymer materials. The progress of both homogeneous
(i.e., bulk polymerization and solution polymerization) and heterogeneous (including
suspension polymerization, emulsion polymerization, dispersion polymerization,
precipitation polymerization, and some other heterogeneous polymerizations)
microwave-assisted conventional free radical polymerizations is presented. In addi-
tion, some important issues and perspectives in this research area are also discussed.
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1 Introduction

The past decades have witnessed considerable interest in the use of the radiation
as an alternative to conventional thermal heating in the field of chemistry because
this non-contact mode of heating can overcome some intrinsic disadvantages of
conventional heating with regard to energy-saving, thus making it highly promising
in industrial applications. However, traditional radiation sources like y-radiation,
electron beam, and UV light have their own limitations. UV light has poor pene-
tration ability and cannot be used for thick samples, whereas y-radiation is strongly
penetrative and active but has inherent danger and liability problems. In addition,
an electron beam in the megaelectron volt (MeV) region has ideal penetration
ability but suffers from enormous start-up costs. These drawbacks have signifi-
cantly limited their broad applications [1, 2].

In contrast to the above-mentioned radiation sources, microwave radiation
(or irradiation) is an affordable and efficient heating source and has been widely
utilized in many private households and chemical industries. Microwaves comprise
electromagnetic radiation with a frequency between 300 GHz and 300 MHz
(the corresponding wavelengths range from 1 mm to 1 m). Most microwave systems
for domestic and synthetic purposes utilize an irradiation with a frequency of
2.45 GHz (4 = 0.122 m) in order to avoid interference with telecommunications
and radars. The mechanism of microwave-assisted heating is based on the dielectric
character of microwaves, which can be selectively absorbed by polar molecules
or ionic particles. The electric field of microwaves oscillates 4.9 x 10° times per
second and consequently drives polar molecules and ionic particles to continuous
reorientation cycles, whereby heat is simultaneously generated because of the rota-
tion, friction, and collision of the molecules [3, 4]. More importantly, this direct
interaction of the electromagnetic irradiation with the particular molecules creates
a very fast non-contact internal heating, which is almost uniform throughout the
whole radiation process.

The popular use of microwave irradiation as a heating source in chemistry can
be mainly attributed to the often observed enhanced reaction rates compared to
those obtained with conventional heating. This enhancement is typically caused by
a simple thermal/kinetic effect, which is a consequence of quickly achieved high
temperature and high pressure conditions enabled by the use of sealed vials [5].
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It is well known that according to the Van’t Hoff rule, a reaction rate acceleration of
a factor of 2—4 is generally predicted if the reaction temperature is increased by
10 K. In addition, the easily accessible high-pressure reaction conditions due to the
use of sealed vials allows one to replace high-boiling solvents with low-boiling
ones, thus simplifying product isolation and paving the way to environmentally
benign industrial production. Furthermore, the direct and highly specific heating
of particular polar or ionic molecules under microwave irradiation precludes
the formation of by-products or the decomposition of the molecules close to the
walls of the reaction vials. Therefore, the instantaneous and rapid heating, together
with all the above-mentioned features, surely lead to less side reactions, cleaner
products, and higher yields [6-8].

The first microwave-assisted organic syntheses were reported in 1986 [9, 10].
Ever since, these syntheses have received broad attention all over the world
[11-15]. In comparison, there has been an obvious delay in the widespread use of
microwave heating methods for polymer syntheses and modification. This might be
caused by the polymer chemists’ early awareness of the pronounced exothermic
character of most polymerization reactions, which would make the reproducibility
and safety of the potential experiments doubtful because of the insufficient
temperature control in domestic microwave ovens.

With the advent of the new millennium, more and more commercial microwave
synthesizers have been designed and manufactured to meet special laboratory needs
(Fig. 1). In contrast to the common domestic microwave ovens, these microwave
synthesizers are typically monomodal and allow the precise measurement and fast
online monitoring of the temperature and pressure [17]. The irradiation power of
such microwave synthesizers can thus self-regulate according to a predetermined
heating profile or can be switched off automatically when the reaction parameters
run out of control. In this way, the risks of hazardous explosions associated with the
traditional domestic microwave ovens have been greatly minimized [18].

These technical improvements have attracted rapidly increasing interest in
microwave-assisted polymerizations [16, 19-23], as indicated by the almost expo-
nential increase in related publications (Fig. 2). So far, microwave irradiation
has been applied in a number of polymerization systems, such as free radical
polymerizations including both conventional free radical polymerization and
controlled/“living” radical polymerization, step-growth polymerization, and ring-
opening polymerization. Microwave-assisted step-growth polymerization has been
widely utilized for the preparation of polyamides, polyimides, polyethers, and
polyesters [24-27]. In addition, microwave-assisted ring-opening polymerization
of cyclic monomers has proven to be efficient for obtaining in quite a short time
poly(L-lactide)s, poly(e-caprolactone)s, and poly(2-oxazoline)s with high mole-
cular weights, which are highly useful in biomedical and pharmaceutical fields
[28-30]. Some review papers on microwave-assisted step-growth polymeriza-
tions [31, 32] and ring-opening polymerizations [32-34] have been published to
summarize the progress in these fields.

Controlled/“living” radical polymerizations have been intensively investigated
in the field of polymer science in the past two decades due to their versatility in the
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Fig. 1 Selected examples of microwave reactors used for chemical reactions: (a) domestic micro-
wave oven, (b) Initiator Eight (Biotage, Sweden), (¢) CEM Discover (CEM), and (d) Chemspeed
Swave automated microwave synthesizer (Chemspeed, Switzerland). Reprinted with permission
from [16]. Copyright 2011 American Chemical Society
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Fig. 2 The number of publications (including books, journals, patents, preprints, and reviews) on
microwave-assisted polymerizations per year, as obtained from the SciFinder database on April
28, 2013 using the keywords “microwave” and “polymerization”

preparation of well-defined polymers under mild reaction conditions. Microwave-
assisted heating has also been successfully applied in different kinds of controlled/
“living” radical polymerizations including atom transfer radical polymerization
(ATRP) [35-37], nitroxide-mediated radical polymerization (NMP) [38—40], and
reversible addition-fragmentation chain transfer (RAFT) polymerization [41-43].
Very recently, Kempe et al. have summarized the progress in microwave-assisted
controlled radical polymerizations [16].

In this chapter, we aim to provide a detailed overview of microwave-assisted
conventional free radical polymerizations including both homogeneous systems
(i.e., bulk polymerization and solution polymerization) and heterogeneous sys-
tems (including suspension polymerization, emulsion polymerization, dispersion
polymerization, precipitation polymerization, and some other heterogeneous
polymerizations). Some important issues and perspectives on the future trends in
this intriguing field are also discussed.



Microwave-Assisted Free Radical Polymerizations 91
2 Microwave-Assisted Free Radical Polymerizations

The conventional free radical polymerization has been the most widely used
polymerization approach for both the commercial and laboratory-scale production
of high molecular weight polymers because of its applicability to a large number
of monomers, mild polymerization conditions, and tolerance to many different
solvents (such as water) and impurities. According to the polymerization conditions
used, conventional free radical polymerization can be typically classified into
homogeneous and heterogeneous systems. The former can be divided into homo-
geneous bulk and solution polymerizations, whereas heterogeneous systems mainly
consist of suspension polymerization, emulsion polymerization, dispersion poly-
merization, and precipitation polymerization. In addition, some other free radical
polymerizations such as surface-grafting polymerization from various substrates,
simultaneous sol-gel reaction and free radical polymerization, and hydrogel-forming
polymerization can also be included in the heterogeneous polymerization system.
In this contribution, the research progress in various microwave-assisted conven-
tional free radical polymerizations is reviewed in detail.

2.1 Homogeneous Free Radical Polymerizations

2.1.1 Bulk Polymerization

Bulk polymerization here refers to the homogeneous polymerization of the mono-
mer(s) in the absence of any solvent, which offers the simplest process with
minimal contamination of the product. However, it is difficult to control the bulk
polymerization because of the characteristics of radical chain polymerization
(i.e., highly exothermic nature, high activation energies, and a tendency toward
the gel effect). Normally, heat dissipation difficulties are encountered in the bulk
polymerization system. So far, various monomers and conditions have been inves-
tigated in the case of microwave-assisted conventional free radical bulk polymeri-
zation, as summarized in Table 1 (entries 1-22) [44-65].

The first reported microwave-assisted free radical polymerization was a bulk
polymerization system [44]. Although the intense use of microwave irradiation
as a heating source in polymerization occurred well after the development of
microwave-assisted organic syntheses, the first microwave-assisted free radical
bulk polymerization had already been disclosed by Gourdenne et al. in 1979
and involved the crosslinking of an unsaturated polyester with styrene (St) under
microwave irradiation [44]. Several years later, hydroxyethyl methacrylate (HEMA)
proved to be polymerizable under microwave irradiation in bulk in the absence of
any radical initiator [45]. The microwave-assisted bulk polymerization of HEMA
was found to be significantly faster than the conventional thermal polymerization,
although they turned out to have similar temperature profiles. Chia and coworkers
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also observed an increase in reaction rates for the microwave-assisted free radical
bulk homopolymerizations of methyl methacrylate (MMA), St, and methyl acrylate
(MA) [46-48]. The percentage conversion profiles of the polymerizations were
followed by Fourier transform infrared (FT-IR) spectroscopy at different microwave
powers (200, 300, and 500 W). A sharp and large auto-acceleration at the gel
effect was observed for the polymerization of St under microwave irradiation,
which is in contrast to conventional heating. No clear explanation of this pheno-
menon was provided. The distinct auto-acceleration effect was also observed for
the microwave-assisted polymerization of MMA, but not for MA. In addition, the
authors also found that the limiting conversions decreased with an increase in the
microwave power. Porto et al. systematically investigated the microwave-assisted
free radical bulk polymerizations of a series of monomers including vinyl acetate
(VAc), St, MMA, and acrylonitrile (AN) using a domestic microwave oven [49].
The polymerization rates proved to be dependent on the monomer structures as well
as the power and time of the microwave irradiation, but independent of the periodic or
continuous irradiation technique used. The polymerization of the highly absorbing
AN could be realized even in the absence of the radical initiator azobisisobutyr-
onitrile (AIBN) under high power microwave irradiation. Lu et al. reported the
microwave-assisted free radical homopolymerizations of 2-ethylhexyl acrylate
(EHA) and acrylamide (AM) in the presence of a carrier (i.e., aluminum oxide, silicon
oxide, or magnesium oxide) [50]. The results revealed that the polymerization
occurred according to a radical mechanism in the presence of aluminum oxide or
silicon oxide, whereas it occurred according to a combination of radical and anionic
polymerization mechanisms with superficial grafting in the presence of magnesium
oxide.

The microwave-assisted free radical chain transfer bulk homopolymerizations
(or telomerizations) of a series of N-alkylacrylamides including N-isopropylacrylamide
(NIPAAm), N,N-dimethylacrylamide (NDMAM), and N-[3-(dimethylamino)propyl]
acrylamide (N3DMAPAM), as well as the copolymerization of NIPAAm and
NDMAM, were studied by Fischer et al. [51]. Polymerizations induced by microwave
irradiation under solvent-free conditions or performed in superheated yet subcritical
methanol (80-170°C) were compared with those carried out under standard reflux
conditions (methanol reflux, ~65°C, ambient pressure) in terms of the yields and
molecular weights of the resulting polymers. The polymerization rates in superheated
methanol were found to be greatly increased in comparison with the standard reflux
system, while the average molecular weights and yields of their products remained
almost unchanged. When the microwave heating was applied to the bulk polymeriza-
tion systems, the reaction rates could be further accelerated and the polymerization time
could be reduced to the minute range (which was 1 h in the superheated polymerization
system). A 30% drop in the average molecular weights of the polymers obtained under
microwave irradiation was observed compared with those of the polymers obtained in
the other two systems, which was ascribed to the higher polarity of the reaction
mixtures under solvent-free conditions and the resultant higher chain transfer rate.

The microwave-assisted free radical bulk polymerization technique was also
extended to some monomers with high steric hindrance. Cortizo and coworkers
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reported the free radical bulk homopolymerizations of some dialkyl fumarates
(alkyl group = isopropyl, cyclohexyl, 2-ethylhexyl, 2-phenylethyl) under micro-
wave irradiation at different powers (70, 140, 210, and 280 W) using a domestic
microwave oven [52, 53]. The effects of the monomer and initiator structures,
initiator concentration, and microwave irradiation energy on the monomer conver-
sions as well as the average molecular weights and dispersities (M,,/M,) of the
resulting polymers were studied in detail. The results showed that microwave
irradiation led to a significant enhancement in the polymerization rates in compar-
ison with conventional heating. Naguib et al. described the free radical bulk
homopolymerization of N-p-bromophenylmaleimide (BrPMI) with AIBN as the
initiator, both with conventional heating and under microwave irradiation [54].
Although BrPMI could not be polymerized by conventional heating at 135°C, poly
(BrPMI) was readily obtained under microwave irradiation (350 W) within 10 min.

In addition to the above-described microwave-assisted free radical bulk
homopolymerization systems, many microwave-assisted free radical bulk copoly-
merizations were also reported. Lu et al. investigated a series of microwave-assisted
solid-state copolymerizations of maleic anhydride (MAH) with dibenzyl maleate
(MDE) [55] or allyl thiourea (AT) [56] as well as that of dibutyltin maleate
(DBTM) with AT [57]. The experimental results showed that the targeted copoly-
mers could be prepared under microwave irradiation in a domestic micro-
wave oven in a short time [55-57]. The reactivity ratios were determined for
the different combinations of monomers. In addition, the effects of the polymeri-
zation parameters on the polymer yields and viscosity were also studied. Later
on, the same research group also reported the successful preparation of copolymers
of N,N-dimethylaminoethyl methacrylate (DMAEMA) and AT in a domestic
microwave oven [58]. Copper(Il) was then coordinated to the copolymer by mixing
the solution of the copolymer with blue vitriod under microwave irradiation.
The resultant Cu-poly(DMAEMA-co-AT) proved to heterogeneously catalyze the
polymerization of MMA at room temperature.

Ritter and coworkers reported very interesting microwave-assisted single-step
synthesis of some (meth)acrylamides and their corresponding polymers directly
from (meth)acrylic acid and different amines [59-61]. They found that (meth)
acrylamides could be quickly (in 30 min) obtained in good yields directly from
(meth)acrylic acid and the corresponding amines in a solvent-free environment
by using microwave irradiation (140 W), whereas no products were formed
under reflux in an oil bath even after 6 h of reaction time [59]. More interestingly,
the addition of an initiator (AIBN) to the starting mixtures led to the in situ
formation of copolymers of (meth)acrylic acid and (meth)acrylamide in a single
step under microwave irradiation. They further investigated the microwave-assisted
synthesis of chiral (meth)acrylamides directly from (meth)acrylic acid and
(R)-1-phenylethylamine without any prior activation in bulk (Fig. 3) [60, 61]. The
kinetic experimental results indicated that the reaction exhibited an exceptional
selectivity for the desired AM monomers under microwave irradiation. Similarly,
it was also very simple to obtain optically active copolymers consisting of both
AM and imide structural units in a one-pot reaction under microwave irradiation
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Fig. 3 Condensation reaction between acrylic acid and (R)-1-phenylethylamine under microwave
irradiation in the presence and absence of the radical initiator AIBN. Adapted with permission
of Wiley-VCH from [60]

by adding AIBN to the starting reaction system. In addition, the same research group
also reported the microwave-mediated direct synthesis of N-phenylmaleimide (NPI)
from maleic anhydride and aniline [62]. The subsequent homopolymerization of
this monomer in bulk (using AIBN as initiator) under microwave irradiation has
also proven to be successful.

Microwave-assisted crosslinking bulk polymerization was also reported. Lee et al.
developed a rapid and highly efficient approach for the fabrication of microstructures
of poly(ethylene glycol) (PEG)-based (meth)acrylates by microwave-induced
thermal crosslinking. PEG-based polymer microarrays and microwells were gen-
erated on 3-(trimethoxysilyl)propyl methacrylate (TMSPMA)-coated glass slides
placed on top of a silicon wafer [63] (Fig. 4). In comparison with the conventional
UV-irradiated polymerization and thermal curing technique, microwave-induced
crosslinking polymerization has three main advantages: a very short reaction time
(<10 s), no need for an additional radical source, and minimal oxygen inhibition in
the presence of ambient oxygen. In addition, no thermal degradation was observed
during the microwave-induced crosslinking. This approach is expected to be
useful for providing various PEG-based microstructures for high-throughput
screening assays, cell-based biosensors, and biomedical microdevices.

Very recently, a few important studies on the microwave-assisted bulk polymeri-
zations have been carried out with the aim of checking whether there exists a
particular “microwave effect”. Kwak et al. made critical evaluations of the micro-
wave effect on the initiation, propagation, and termination during the free radical
bulk polymerization of MMA and random bulk copolymerization of St with (meth)
acrylates under both microwave heating and conventional heating conditions [64].
PMMAs with similar molecular weights, dispersities, and yields were obtained
under precisely controlled temperature conditions, indicating very small changes
in propagation rate constant. The decomposition rates of the initiator AIBN
were essentially identical for microwave heating and conventional heating under
well-controlled temperature conditions. Rate enhancement in the absence of
precise temperature control was mostly due to the higher temperature of the
reaction mixture than the apparent value indicated on the instrument display.
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Fig. 4 (a) Crosslinking polymerization of acrylates by microwave-induced heating. (b) Scheme
of microwave-induced heating technique and phase contrast image of the crosslinked poly
(ethylene glycol), diacrylate (PEG4DA) after microwave-induced heating with 1% AIBN for
10 s in the presence of ambient oxygen. Scale bars: 100 pm (fop inset) and 300 pm. Reprinted
with permission of Wiley-VCH from [63]

Sugihara et al. also made an assessment of the influence of microwave irradiation
on the free radical bulk polymerization of St by carefully conducting the experi-
ments, and the results also demonstrated that there was no significant “microwave
effect” on the polymerization rate [65].

2.1.2 Solution Polymerization

Solution polymerization here refers to the homogeneous polymerization of
monomer(s) in a solvent that can also dissolve the formed polymer. The presence
of a solvent in the solution polymerization can overcome many disadvantages
of bulk polymerization. For example, the solvent can help transfer the heat pro-
duced during the polymerization process and its dilution effect allows easier
stirring of the polymerization solution, which makes thermal control much easier
in solution polymerization than in bulk polymerization. So far, many microwave-
assisted homogeneous solution polymerizations have been investigated, including
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microwave-assisted solution homopolymerization and copolymerization systems,
as summarized in Table 1 (entries 23-32) [66-75].

Madras and Karmore investigated the kinetics of the simultaneous homo-
polymerization of MMA and the degradation of the formed poly(MMA) (PMMA)
in chlorobenzene with different initiator and monomer concentrations under micro-
wave irradiation [66]. The experimental results showed that the polymerization
rates were enhanced by microwave radiation and that equilibrium between poly-
merization and degradation could be reached within 10 min for all the investigated
systems. Recently, Singh et al. reported the efficient synthesis of poly(AM) (PAM)
in water under microwave irradiation using a catalytic amount of potassium per-
sulfate in a modified domestic microwave oven [67]. The polymerization process
did not require any inert atmosphere and could be accomplished in approximately
2 min. The achieved maximum monomer conversion was 98.5% and the number
average molecular weight (M,) of the obtained PAM samples ranged from
4.11 x 10" to 1.30 x 10°.

Stange and coworkers reported both the free radical homopolymerization of
St and copolymerization of St with MMA in different solvents [toluene and
N,N-dimethylformamide (DMF)] in the presence of different peroxide radical
initiators with and without microwave heating [68, 69]. Significant solvent effects
were observed for the studied polymerizations. Rather similar polymerization
rates were obtained in toluene for both heating methods, whereas significant
polymerization rate acceleration was observed in DMF under microwave irradia-
tion in some cases. In the authors’ opinion, the higher monomer conversions
obtained in DMF under microwave irradiation probably originated from the
much stronger microwave absorbing ability of the polar DMF, whereas the rela-
tively poor microwave absorbing ability of toluene limited the heating efficiency
of microwave irradiation, thus leading to no improvement in monomer conver-
sions. Nevertheless, the specific microwave-induced selectivity of monomers
and the change in reactivity ratio of the monomers were not observed in the
copolymerization process.

Agarwal et al. described the copolymerization of 2,3,4,5,6-pentafluorostyrene
(PFS) with NPI in anisole using both conventional heating and microwave heating
[70]. The initial copolymerization rate under microwave irradiation was found
to be about 14 times higher than that under conventional heating conditions.
However, a lower maximum conversion was obtained in the former case, which
was ascribed to an increased amount of diffusion-controlled termination reactions
under microwave irradiation. In addition, the molecular weights of the polymers
obtained with microwave heating proved to be lower than those of the polymers
prepared with conventional heating, which could be due to the increased initiator
efficiency under microwave irradiation. On the other hand, the dispersities of the
polymers were higher in the microwave-assisted system, which was also attributed
to the rapid and increased amounts of termination reactions. The novel copolymers
possessed both high hydrophobicity and high glass transition temperatures. Buruiana
et al. reported the microwave-assisted rapid synthesis of copolymers of N-acryloyl-
(S)-phenylalanine benzyl ester and N,N-dimethylaminoethyl acrylate (DMA) in
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Fig. 5 Conceptual green process for the continuous microwave-assisted synthesis of hydrophobic
polymers in water-soluble ionic liquids. This process allow a reduction of emissions of volatile organic
compounds into the environment and may allow for energy savings. Reprinted with permission of
Wiley-VCH from [72]

dioxane with 1,1-azobis (cyclohexane-1-carbonitrile) as the initiator, whose subse-
quent quaternization with 4-chloromethylphenylcarbamoyloxy-methylstilbene led
to a photoresponsive copolymer with a large fluorescence response towards
monomethyl viologen, 4,4'-bipyridyl, 2,2’-bipyridyl, piperazine, and triethylamine
in DMF solution [71].

Recently, microwave-assisted free radical solution polymerizations with ionic
liquids as solvents have been described [72—74]. Ionic liquids interact very effi-
ciently with microwaves through an ionic conduction mechanism and they can be
rapidly heated at rates easily exceeding 10°C/s without any significant pressure
build-up. Therefore, safety problems arising from overpressurization of heated
sealed reaction vessels can be minimized [76, 77]. In addition, the excellent
dissolution ability and very high boiling points of ionic liquids make them envi-
ronmentally friendly solvents for microwave-assisted free radical polymerizations.
Water-soluble ionic liquids were first used as reaction media in the homogeneous
free radical polymerization of MMA by Schubert and coworkers [72]. The incor-
poration of ionic liquids into the polymerization provided a more efficient heating
profile of the reaction mixtures under microwave irradiation. In addition, a conve-
nient approach for the polymer isolation and recovery of the ionic liquids for
further polymerization was demonstrated by taking advantage of the water solu-
bility of the investigated ionic liquids (Fig. 5). Gliick et al. investigated the free
radical solution homopolymerizations of St and MMA and free radical solution
copolymerizations of St with AN and MMA with NPI using both traditional solvents
(DMF or methanol) and ionic liquid solvents ((EMIM]EtSO,4 or [BMIM]BF,) under
microwave irradiation or conventional heating [73]. No differences were observed
in the polymerization rates between microwave heating and conventional heating
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when DMF or methanol was used as the solvent. The polymerization rates in ionic
liquids were found to be higher than those in conventional solvents when the
polymerizations were carried out with conventional heating. The overall polymer-
ization rates in the microwave proved to be lower than those performed with
conventional heating when ionic liquids were used as solvents, which was proposed
to be due to the disturbance of the polar interactions between the ionic liquids and
the monomer molecules or the polymer radicals by microwave irradiation, thus
leading to a significant decrease in the propagation rate compared with conven-
tional heating. On the other hand, there were no remarkable differences in the
molecular weights of the polymers prepared using either heating method in either
organic solvents or ionic liquid solvents, mainly because microwave heating had
no influence on the viscosity of the reaction mixtures. More recently, Shih et al.
described a rapid and efficient synthetic method for preparation of organic polymer-
based monoliths in a room temperature ionic liquid medium via microwave-
assisted vinylization and polymerization [74]. This novel approach took only 10 min
to complete the whole process. The chromatographic performance of the obtained
monolithic materials was found to be highly promising for chromatographic
stationary phases and microreactors in proteomics or chemical syntheses.

The application of microwave-assisted simultaneous free radical solution polymer-
ization and metal nanoparticle formation in the preparation of organic/inorganic hybrid
materials has also been reported [75]. Zhu and Zhu described the convenient and
efficient preparation of PAM-metal (silver, platinum, and copper) nanocomposites
with metal nanoparticles homogeneously dispersed in the polymer matrix from the
corresponding metal salt and AM in ethylene glycol under microwave irradiation [75].
This method was based on the single-step simultaneous formation of metal
nanoparticles and polymerization of AM, leading to a homogeneous distribution
of metal nanoparticles in the PAM matrix. In this study, ethylene glycol acted
as a solvent, a reducing agent, and a microwave absorber at the same time,
and there was no need for any additional initiator for the AM polymerization or
surfactant for stabilizing metal nanoparticles in the whole process.

2.2 Heterogeneous Free Radical Polymerizations

2.2.1 Suspension Polymerization

Suspension polymerization is performed by suspending the monomer droplets
(discontinuous phase) (50-500 pm in diameter) in the continuous solvent phase
through agitation and use of stabilizers. The initiators used in suspension polymer-
ization are soluble in the monomer droplets, which makes each monomer droplet a
miniature bulk polymerization system. The monomer droplets become dispersed
solid polymer particles during the polymerization.

Some microwave-assisted suspension polymerization systems have been
reported (entries 1-5 in Table 2) [78-82]. Liu et al. performed the free radical
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Fig. 6 Scanning electron microscopy images of magnetic polymer beads prepared by microwave-
assisted suspension polymerization. Magnification: (a) 200x and (b) 5,000x. Reprinted with
permission of Elsevier from [80]

suspension polymerization of butyl acrylate (BA) in water with both micro-
wave heating and conventional heating [78]. Monodispersed droplets of several
hundred microns in diameter were produced by a coaxial capillary microreactor.
The experimental results showed that microwave heating provided poly(BA)
(i.e., PBA) with larger average molecular weights and higher dispersities due to
the gradual temperature increase. In addition, significantly improved monomer
conversions were obtained with microwave heating in comparison with conven-
tional heating, although the reaction temperature with microwave heating was
lower than that with conventional heating. This remarkable polymerization rate
enhancement was ascribed by the authors to the nonthermal microwave effect.

Recently, microwave irradiation has also been applied in the preparation
of magnetic molecularly imprinted polymer (MIP) particles via suspension poly-
merization [79-82]. Li and coworkers prepared a series of magnetic MIP particles
for trace analysis or selective enrichment of the template molecules (atrazine,
24-epibrassinolide, and ractopamine) via microwave-assisted suspension polymer-
ization [79-81]. The polymerization rates were dramatically enhanced with micro-
wave heating in comparison with those obtained with conventional heating. The
resultant MIP particles had narrow size distribution, spherical shape, and porous
morphologies (Fig. 6) and exhibited good abilities of molecular recognition and
magnetic separation. In addition, the imprinting efficiency of the magnetic MIP
beads obtained under microwave irradiation was higher than those prepared by
conventional heating [79]. Wang et al. reported the preparation of magnetic MIP
particles for selective enrichment of 2-amino-4-nitrophenol (4-NAP) from aqueous
solution via microwave-assisted suspension polymerization [82]. The microwave
heating significantly shortened the polymerization time and the resultant particles
had uniform morphology. These imprinted particles not only displayed excellent
affinity and selectivity towards 4-NAP in aqueous solution, but also showed good
superparamagnetic response to an external magnetic field.
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2.2.2 Emulsion Polymerization

Emulsion polymerization is a unique polymerization process utilized for some
radical polymerizations and involves the polymerization of monomers in the form
of emulsions (including both oil-in-water emulsion and water-in-oil emulsion). A
typical emulsion polymerization system consists of monomer(s), solvent, initiator,
and surfactant (or emulsifier). The main difference between emulsion polymerization
and suspension polymerization lies in the type and smaller size of the particles
where polymerization occurs and the initiators used (whereas the initiators are soluble
in monomer droplets in suspension polymerization, they are soluble in solvents
instead of monomers in emulsion polymerization). Some different kinds of emulsion
polymerization have been developed and can be classified in various ways: into
normal emulsion and inverse emulsion polymerizations depending on the use of
water or organic solvents; into classical emulsion, miniemulsion, and microemulsion
polymerizations depending on the sizes of the monomer droplets formed in the
beginning of emulsion polymerizations; or into surfactant-containing and surfactant-
free emulsion polymerizations depending on the presence or absence of surfactants.
So far, microwave irradiation has been widely utilized in the emulsion polymerization
systems, as summarized in Table 2 (entries 6-28) [83—105].

Many microwave-assisted surfactant-containing emulsion polymerizations
have been reported (Table 2, entries 6-16) [83-93]. Wu et al. described the
preparation of PS nanoparticles with diameters down to 60 nm in the presence
of an anionic surfactant (sodium dodecylsulfate; SDS) via microwave-assisted
emulsion polymerization [83]. The experimental results showed that the microwave-
assisted polymerization proceeded faster than the polymerization with water bath
heating and provided narrowly distributed PS and PMMA nanoparticles. Correa
et al. reported the preparation of PS via microwave-assisted surfactant-containing
emulsion polymerization. A significant saving of energy and time was observed in
the studied condition compared with conventional heating [84]. Jung et al. inves-
tigated the surfactant-containing emulsion copolymerization of BA and St under
microwave irradiation with sodium lauryl sulfate as the surfactant [85]. The per-
centages of BA unit in the resulting copolymers increased compared with conven-
tional heating polymerization at high feeding contents of BA. This was ascribed
to the higher dipole moments of BA than St and the direct heating in the monomer
droplets. More uniform spherical particles and higher monomer conversions
were also obtained with microwave heating than with conventional heating. Costa
et al. described the surfactant-containing emulsion polymerization of BA or MMA
in the presence of anionic and nonionic emulsifiers under microwave irradiation in a
commercial microwave reactor with well-controlled temperature and power [86].
The results showed that the microwave-assisted emulsion polymerizations of MMA
were faster than the corresponding polymerizations with conventional heating,
whereas the rates of microwave-assisted emulsion polymerizations of BA remained
almost unchanged, which was attributed to the different aqueous phase solubility
and dielectric parameters of the monomers. Meanwhile, smaller PMMA particles
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were prepared under microwave irradiation than conventional heating. The authors
ascribed this phenomenon to an increased decomposition rate of the initiator due
to microwave irradiation. In addition, a pulsed irradiation strategy was also applied
to the studied emulsion polymerization and the reaction showed a twofold increase
in polymerization rate over continuous microwave irradiation at 80°C.

Zhu et al. reported the microwave-assisted surfactant-containing emulsion
homopolymerizations of MMA [87] and St [88] under pulsed microwave irradia-
tion (PMI) by using a self-designed pulsed microwave reaction apparatus. They
investigated the effects of various parameters of PMI on the emulsion polymeriza-
tions in detail. Compared with conventional heating, microwave-assisted MMA
emulsion polymerization rates increased by 131% and 163% when the initiator
concentrations were 0.15 and 0.2 wt%, respectively. The molecular weights of
the polymers obtained under microwave irradiation were 1.1-2.0 times larger
than those obtained with conventional heating. Nevertheless, the glass transition
temperatures (T;), molecular weight dispersities, and the regularity of the polymers
obtained by using PMI and conventional heating were almost the same. Similar
experimental results were also observed for the microwave-assisted polymerization
of St. Based on the above results, the authors concluded that PMI had a significant
nonthermal effect on the emulsion polymerization.

Holtze et al. described a new polymerization strategy combining the advantages
of the confinement of the polymerization inside nanoreactors during miniemulsion
polymerization (with SDS as the surfactant) with very rapid and efficient micro-
wave heating [89]. Alternating short pulses of microwave heating (about 10 s)
and longer intervals of cooling (at least 15 min) were applied for the studied
polymerization system, which led to polymers with very high molecular weights
on the order of 10" g/mol and high monomer conversion of up to 40% conver-
sion after the first cycle. The above results were explained by the model of
“surviving radicals”. In addition, microwave-specific effects such as coupling to
dipolar moieties of the initiator could be excluded, and all experimental facts
could be explained with common radical heterophase polymerization kinetics.
Subsequently, the same group summarized the concept of “surviving radical poly-
merization” and presented their new results on the effects of radical-active additives
and the development of a tube reactor for continuous microwave-assisted
processing [90]. Later, Xiong et al. reported the preparation of fluorinated acrylate
copolymer latexes by miniemulsion polymerization under microwave irradiation
with SDS and polyoxyethylene alkylphenol ether (OP-10) as the mixed emulsifiers
[91]. The particle sizes of the resulting latexes hardly changed during microwave-
assisted polymerization, but they were smaller and more uniform than those
prepared by conventional heating and had good centrifugal stability. Moreover,
microwave-assisted miniemulsion polymerization had a higher reaction rate and
higher conversion than that with conventional heating.

Wu and coworkers investigated both the microemulsion and emulsion polymer-
izations of St at 70°C with SDS as the surfactant and potassium persulfate as the
initiator under microwave irradiation [92]. The influence of the initial emulsion
composition (including the concentrations of SDS, potassium persulfate, and St) on
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Fig. 7 Variation in V50 concentration as a function of heating time. Conventional heating
at 60 (open squares), 70 (open circles), and 80°C (open triangles). Microwave heating at
60 (filled squares), 70, (filled circles), and 80°C ( filled triangles). Reprinted with permission
of Wiley Blackwell from [93]

the final particle sizes led the authors to a simple modified structural model in
which they considered the stabilization effects of both the surfactant and the ionic
end groups generated from the initiator. The newly proposed model extended
the application of the previous Wu plot from microemulsion polymerization to
emulsion polymerization. Using this modified model, the authors were not only
able to control the particle size but also to predict the monomer concentration
dependence of the number of resultant latex particles and the effect of diluting
the reaction mixture on the resultant particle size.

Many studies revealed that the acceleration of polymerization rates under micro-
wave irradiation could be attributed to the higher decomposition rates of the used
initiators. Costa et al. systematically investigated the decomposition of 2,2'-azobis
(2-methylpropionamidine) dihydrochloride (V50) under microwave irradiation and
the microwave-assisted surfactant-containing emulsion polymerization of MMA
(with V50 as the initiator) [93]. The decomposition rate of the initiator V50 proved
to be improved under microwave irradiation in comparison with conventional heating
(Fig. 7). The decomposition rate constants determined for the microwave-assisted
reactions were about three to five times higher than those obtained from the conven-
tional heating systems, just as observed for potassium persulfate previously [130].
These phenomena were ascribed to the generation of ionic radicals during the
decomposition of these initiators, which provided specific heating by an ionic
conduction mechanism under microwave irradiation. The rates of the studied
microwave-assisted emulsion polymerization of MMA were faster than those with
conventional heating, mainly due to the above-mentioned enhancements in initiator
decomposition.
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Fig. 8 Left: Comparison of the typical hydrodynamic radius distributions, f(Ry,), of PS nanospheres
prepared by microwave radiation and by conventional heating. Right: Electron microscopy image of
surfactant-free PS nanoparticles prepared under microwave irradiation. Magnification, 50,000x.
Reprinted with permission from [94]. Copyright 1997 American Chemical Society

In addition to the above-described surfactant-containing emulsion polymeriza-
tions performed under microwave irradiation, many microwave-assisted surfactant-
free systems have also been reported (Table 2, entries 17-28) [94-105]. Wu and
coworkers described the microwave-assisted preparation of narrowly dispersed
surfactant-free stable PS nanospheres in water by using a Whirlpool-VIP20 micro-
wave reactor (Fig. 8) [94]. More than 98% of St was polymerized at 70°C within
40 min under microwave irradiation (80 W) whereas a polymerization time longer
than 10 h was needed to reach the same monomer conversion with conventional
heating. In addition, more uniform and smaller particles were generated with micro-
wave heating than with conventional heating. The same research group also prepared
narrowly dispersed stable PS nanoparticles with an averaged hydrodynamic radius
<Rp> down to 35 nm with good stability and reproducibility via surfactant-free
emulsion polymerization in a water/acetone mixture (50/50 wt/wt) under microwave
irradiation [95]. The microwave-assisted polymerization also proved to be faster than
conventional heating polymerization because of the much faster decomposition rate
of the initiator potassium persulfate. By considering both the roles of stabilization and
destabilization of the initiator, they reformulated the Wu plot of <R,> & Wonomer/
Wstabilizer into <Rh>/ [kl(1 + kZWiniliator)] o8 Wmonomer initiators which could be used
to explain the effect of the Fleet ratio (W onomer/Winitiator) ON the size of the resultant
particles. You et al. described the preparation of stable PS nanospheres via the
surfactant-free emulsion copolymerization of St with MMA, n-butyl methacrylate
(BMA), ethyl acrylate (EA) and MAH as comonomers under microwave irradiation
by using acetone-water as the solvent and potassium persulfate as the initiator [96].
The influences of the ratio of acetone to water in the solvent and comonomer
concentration on the hydrodynamic radius of the copolymer nanoparticles were
studied. Although nanoparticle latex could also be obtained by using conventional
heating methods, the reaction proceeded more slowly and the particle size distribu-
tion was wider. In addition, the repeatability of the conventional heating method was
found to be limited.
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Recently, Biswal et al. reported the preparation of PAN latex by surfactant-free
emulsion polymerization in the presence of Co(Ill) complex and ammonium
persulfate with both microwave heating and conventional heating [97]. The poly-
merization under microwave irradiation took place much faster and the resulting
polymer particle sizes (220-250 nm in diameter) were smaller and more uniform
than with conventional heating (120-530 nm in diameter). Monodisperse thermore-
sponsive poly(St-co-NIPAAm) particles were prepared by Yi et al. via microwave-
assisted surfactant-free emulsion polymerization [98]. The diameters of the resulting
poly(St-co-NIPAAm) particles ranged from 100 to 130 nm and were smaller
and more uniform than those prepared by using conventional heating. In addition,
the diameters of the particles could be conveniently adjusted by varying the ratio
of NIPAAm to St, temperature, and the concentration of potassium persulfate.
Later, the same research group further investigated the self-assembly of these
particles on clean glassware wafer substrates induced by capillary [99]. The results
showed that these monodisperse particles could form ordered two-dimensional
films arraying in hexagonal fashion and square fashion. With an increase in the
NIPAAm contents in the copolymer particles, surface undulations or surface
defective regions on the two-dimensional films gradually appeared.

Bao and Zhang prepared monodispersed PMMA spherical particles using
microwave-assisted surfactant-free emulsion polymerization in a microwave
reactor reconstructed from a Whirlpool T120 microwave oven, which could
provide controlled temperature and power [100]. Microwave irradiation notably
promoted the polymerization rate due to the acceleration of the initiator (potassium
persulfate) decomposition by microwave irradiation, which was confirmed by a
decrease in the activation energy of initiator decomposition from 128.3 kJ/mol
for conventional heating to 106.0 kJ/mol for microwave heating. The average
particle size of the prepared PMMA latex proved to be mainly controlled by the
MMA concentration, which increased linearly from 103 to 215 nm when the MMA
concentration increased from 0 to 0.3 mol/L and then remained almost constant
at MMA concentrations of 0.3—1.0 mol/L. The potassium persulfate concentration
had no effect on the average particle size, but the particle size dispersity was
significantly reduced by a high potassium persulfate concentration. In addition,
smaller PMMA nanoparticles with an average size of 45 and 67 nm could be
obtained by using a mixed polymerization phase (water/acetone) and a redox
initiation system, respectively.

An et al. reported the facile one-pot preparation of narrowly dispersed and
crosslinked polymer nanoparticles with hydroxyl functional groups in the critical
sub-50 nm range using microwave-assisted surfactant-free emulsion polymerization,
which overcame several major challenges associated with the traditional surfactant-
free emulsion polymerization [101]. This method could provide stable 20 nm
nanoparticles with solids content up to 10%, which was in direct contrast to the
>100 nm nanoparticles that could be prepared at only 5% solids content using
traditional techniques (Fig. 9). In addition, the diameters of the nanoparticles could
be readily adjusted by varying the solvent polarity (ratio of acetone to water),
reaction temperature, and microwave power. In sharp contrast, polymer nanoparticles
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Fig. 9 Left: Particle size as a function of solids content. Right: Dynamic light scattering results
for size of nanoparticles prepared at different solids content in 40 wt% acetone/water under
microwave power of 50 + 3 W at 80°C (N,N'-methylenebisacrylamide (MBA)/HEMA/MMA/
potassium persulfate ratios were 1:1.6:30.7:1.6). Reprinted with permission from [101]. Copyright
2006 American Chemical Society

prepared under thermal heating conditions displayed no control for crosslinked
nanoparticles, resulting in poorly defined systems.

As shown above, microwave-assisted surfactant-free emulsion polymerization can
normally provide more uniform and smaller particles than surfactant-free emulsion
polymerization with conventional heating. In this context, it is worth mentioning that
a few microwave-assisted surfactant-free emulsion polymerizations provided poly-
mer particles with similar sizes or slightly broader size distributions compared with
the conventional heating system. Hu et al. synthesized rare earth-containing submi-
cron-sized PMMA particles in water by microwave-assisted surfactant-
free emulsion polymerization [102]. The polymerization rate under microwave
irradiation was faster than that under conventional heating condition, whereas
the final particle sizes obtained from these two methods were nearly the same.
Meanwhile, surface enrichment of rare earth ions was found during the polymeri-
zation. He et al. investigated the surfactant-free emulsion polymerization of BMA
in water at 73 £ 2°C with potassium persulfate as the initiator under microwave
irradiation [103]. The microwave-assisted polymerization was found to have a
much higher reaction rate and produce smaller particles with a slightly broader
size distribution compared with the polymerization under conventional heating
conditions. The addition of ethanol into the polymerization system provided larger
particles with a broad size distribution due to the improved compatibility of poly
(BMA) (PBMA) with the reaction media.

Microwave-assisted core—shell emulsion polymerization was utilized for the
rapid synthesis of temperature-sensitive PMMA-coated poly(NIPAAm) (PNIPAAm)
particles by Zhao et al., which involved the first synthesis of PNIPAAm-g-PEO
by surfactant-free emulsion polymerization with conventional heating and the
subsequent preparation of PMMA-coated PNIPAAm using PNIPAAm-g-PEO as
the seed emulsion under microwave irradiation [104]. In the second step, MMA
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was added into an emulsion of PNIPAAm-g-PEO copolymer in several shots to
keep the polymerization under the starvation condition and avoid the formation of
PMMA particles by homogeneous nucleation. This, together with the very high rate
of microwave-assisted polymerization of MMA, allowed MMA to polymerize and
turn into PMMA very quickly, before its penetrating into PNIPAAm core, thus
leading to the formation of PMMA coating on the PNIPAAm particles.

Wu et al. described the preparation of polymer-wrapped multiwalled carbon
nanotubes (MWCNTSs) via microwave-assisted in situ emulsion polymerization and
studies on their optical limiting properties [105]. MWCNT/PS or PMMA compos-
ites were prepared by microwave-assisted emulsion polymerization with potassium
persulfate as the initiator. In comparison with polymerization under conventional
heating, microwave-assisted in situ emulsion polymerization showed obvious
advantages in terms of the significant decrease in the reaction time and considerable
improvement in yield under the same reaction conditions as that of conventional
heating. The surface-modified MWCNTs could be dissolved in common organic
solvents and exhibited much better optical limiting responses than pristine MWCNTs.

2.2.3 Dispersion Polymerization

Dispersion polymerization has been widely used for preparing uniform micron and
submicron spherical particles. The process starts from a homogeneous mixture of
monomer(s), solvent, initiator, and stabilizer, and becomes heterogeneous upon
polymerization because the resulting polymers are insoluble in the solvent. The
formed polymer particles are stabilized by the added steric stabilizers and dispersed
homogeneously in the polymerization medium. The polymerization mainly occurs
in the monomer-swollen droplet and a stable polymer latex is eventually produced.

Microwave-assisted dispersion polymerization has attracted much attention in
recent years (entries 29-32 in Table 2) [106—-109]. Albert et al. studied the thermal
and microwave-assisted non-aqueous free radical dispersion polymerization of
MMA with PS-b-poly(ethane-alt-propene) (SEP) as the dispersing agent, AIBN
as the initiator, and n-heptane as the solvent [106]. A new microwave reactor
was built to provide uniform heating and to control the reaction temperature. At
identical MMA concentration and polymerization temperature (70°C), no special
microwave effect on the monomer conversions, molecular weights, and particle
sizes of PMMA was observed in comparison with conventional thermal free radical
dispersion polymerization. Xu et al. reported the preparation of monodisperse PS
microspheres with diameters of 200-500 nm via microwave-assisted dispersion
polymerization with poly(N-vinylpyrrolidone) (PVP) as the stabilizer, AIBN as the
radical initiator, and ethanol/water as the solvent [107]. Polymerization under
microwave irradiation was found to take shorter time (1 h) to obtain stable disper-
sion than polymerization with conventional heating (24 h). In addition, the polymer
microspheres prepared with microwave irradiation were more uniform and smaller
than those prepared with conventional heating (Fig. 10), and the stability of the
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Fig. 10 Transmission electron microscopy images of PS microspheres prepared by dispersion
polymerization: (a) with microwave irradiation and (b) with conventional heating at 75°C.
Reprinted with permission of Wiley Blackwell from [107]

polymer microspheres prepared with microwave irradiation was better than that of
the microspheres prepared with conventional dispersion polymerization.

Karnati and Ford described the preparation of crosslinked copolymer micro-
spheres by the copolymerization of 2-ethylhexyl methacrylate (EHMA), vinylbenzyl
chloride, and divinylbenzene with nonafluorobutyl ethyl ether as the solvent via
both microwave-assisted and conventional dispersion polymerizations. The subse-
quent modification of the copolymer particles by trimethylamine was also performed
with both microwave heating and conventional heating to produce quaternary ammo-
nium chloride-functionalized particles [108]. Microwave heating led to considerably
faster polymerization and modification reactions in comparison with conventional
heating; this was ascribed to the more rapid heating of the reaction mixtures in the
former case. In addition, microwave heating provided stable dispersions of discrete
polymer particles during both dispersion polymerization and modification processes,
whereas only coagulated polymer particles were obtained during the above two
processes under conventional heating conditions. Very recently, one-pot template-
free synthesis of uniform monoporous PS microspheres via microwave-mediated
dispersion polymerization was reported by Zhu et al. [109]. The morphologies
and sizes of the polymer microspheres and the pores in their surfaces could
be tuned by adjusting the polymerization parameters. Microwave irradiation was
considered to play an indispensable role by accelerating the consumption of St,
which resulted in the formation of such kinetically controlled monoporous polymer
microspheres. In contrast, conventional polymerization favored the formation of
thermodynamically controlled solid polymer microspheres.

2.2.4 Precipitation Polymerization

Precipitation polymerization is a highly versatile approach for the preparation of
uniform micron or submicron polymer beads. It has received particular attention
because of its easy operation and lack of need for any surfactant or stabilizer,
which is the main difference between precipitation polymerization and dispersion
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polymerization. The process starts from a homogeneous mixture of monomer(s),
initiator, and optional solvents. During the polymerization, the growing polymer
chains phase-separate from the continuous medium either by enthalpic precipitation
or entropic precipitation (in cases where crosslinking prevents the polymer and
solvent from freely mixing).

Microwave irradiation has also been applied in precipitation polymerization by
some researchers (entries 33 and 34 in Table 2) [110, 111]. Erdmenger et al.
investigated the microwave-assisted high temperature autoprecipitation polymeri-
zation of St in order to develop a fast and environmentally friendly approach for
the production of PS [110]. The reaction systems containing different water/St or
ethanol/St ratios were heated far beyond their boiling points at relatively high
pressures under microwave irradiation. The molecular weights of the resulting PS
could be adjusted by changing the ethanol-to-St ratio in cases where ethanol was
used as the solvent, although the monomer conversions were rather low under
the applied conditions. Moreover, the effect of a commercially available stable
free nitroxide on the control of polymerization was also studied. The most attractive
advantage of this polymerization process was the simple and straightforward
purification steps required due to the precipitation of PS from the reaction solvent.
Yuan et al. reported the preparation of molecularly imprinted polymer (MIP)
microspheres for selective enrichment of podophyllotoxin (PPT) from traditional
Chinese medicines via both microwave heating- and conventional heating-initiated
precipitation polymerizations [111]. The microwave-assisted precipitation poly-
merization showed the obvious advantages of reducing the preparation time,
increasing the imprinting efficiency, and improving the particle morphology of
the MIPs compared with the precipitation polymerization under conventional
heating. In addition, the obtained MIPs were successfully applied to the selective
enrichment of PPT from three herb samples with satisfactory recovery.

2.2.5 Other Heterogeneous Polymerizations

In addition to the above typical microwave-assisted heterogeneous polymeriza-
tions, some other kinds of heterogeneous polymerizations have also been performed
under microwave irradiation for the preparation of advanced functional polymers
such as polymer hydrogels [112, 113], synthetic polymer-modified natural polymers
[114-124], and other organic—inorganic hybrid materials [125—129] (entries 35-52 in
Table 2).

Temperature-sensitive PNIPAAm hydrogels were prepared via microwave-
assisted copolymerizations of NIPAAm and N,N'-methylenebisacrylamide (MBA)
[112, 113]. Shi and Liu described the microwave-assisted preparation of a series
of temperature-sensitive PNIPAAm hydrogels by the copolymerization of NIPAAm
and MBA with poly(ethylene oxide-600) (PEO-600) as the reaction solvent,
microwave-absorbing agent, and pore-forming agent [112]. PNIPAAm hydrogels
were obtained in a yield of 98% within 1 min in a domestic microwave
oven. The properties of the hydrogel (such as pore size, equilibrium swelling
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Fig. 11 Scanning electron microscopy images of PNIPAAm hydrogels prepared by a conventional
thermal method (fop) and microwave-assisted heating (bottom) with PEO-600 as the pore-forming
agent (magnification is 300x for the left images and 2,000x for the right images). Reprinted with
permission of Elsevier from [113]

ratio, and swelling/deswelling rates) could be controlled to meet the different
requirements for their potential applications by easily changing the feed weight
ratios of monomer NIPAAm to PEO-600. Shortly after, Zhao et al. also prepared
temperature-sensitive PNIPAAm hydrogels by the copolymerization of NIPAAm
and MBA in acetone in a multimode microwave reactor [113]. The use of micro-
wave irradiation greatly reduced the reaction time from several hours (required
for synthesizing PNIPAAm hydrogels with conventional water-bath heating) to
several minutes and obviously improved the yields of the PNIPAAm hydrogels
up to 99%. In addition, the authors found that the hydrogels obtained under
microwave irradiation had more porous structure and that their average pore
sizes and specific surface areas were larger than those of the hydrogels obtained
by using conventional water-bath heating methods (Fig. 11).

Microwave-assisted heterogeneous grafting polymerization was utilized to
modify natural polymers with synthetic polymers [114—122]. The first such inves-
tigation was carried out by Xu et al., where poly(HEMA) (PHEMA) was grafted
onto woolen fabrics in aqueous solution with ammonium persulfate as the catalyst
under microwave irradiation [114]. Some grafting polymerization parameters were
optimized, such as the reaction time, microwave intensity, and catalyst and monomer
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concentrations. Microwave irradiation improved the grafted amounts of the polymer
compared with conventional heating under the same reaction conditions, which was
attributed to the microwave energy-absorbing ability of the monomer and catalyst
as well as the more uniform temperature distribution and more rapidly increased
temperature under microwave irradiation. In addition, the authors also suggested that
some non-heating effect might be present for the grafting copolymerization by
microwave.

Singh et al. reported the successful grafting of poly(AN) (i.e., PAN) and PAM
onto guar gum in water with both conventional and microwave heating [115, 116].
The polymers could be efficiently grafted onto guar gum without using any initiator
or catalyst in a very short reaction time (<2 min) under microwave irradiation,
whereas a polymerization time of 80-90 min was required with conventional
heating in the presence of the initiating system and no grafting was achieved in
the absence of the initiating system with conventional heating. The authors also
reported the grafting of PAN, PAM, and PMMA onto chitosan using both micro-
wave and conventional heating methods [117-119]. Similar to the above works, the
efficient grafting of polymers could be achieved in a very short time in the absence
of any radical initiator or catalyst when applying microwave irradiation. Later on,
Singh and Tripathi reported the grafting of PAN onto Cassia siamea seed gum
under microwave irradiation without adding any radical initiator or catalyst [120].

Prasad et al. also used microwave irradiation as a heating source for the grafting
of PMMA onto k-carrageenan in the presence of a water-soluble initiator potassium
persulfate in the aqueous medium [121]. The microwave irradiation conditions
for obtaining maximum yields were optimized and successful grafting could be
achieved in 2 min. Optical micrographs of the copolymer were studied to confirm
the successful grafting. It is worth mentioning that the microwave-assisted grafting
procedure could efficiently prevent thermal degradation of k-carrageenan because
of a good control over the copolymerization conditions. In a recent study, Vijan
et al. performed the grafting of PAM onto gellan gum by microwave irradiation
using cerric ammonium nitrate as the redox initiator (Fig. 12) [122]. The acute
oral toxicity study of grafted gum was evaluated and tablets were prepared by
incorporating the antidiabetic drug metformin hydrochloride into the grafted gum
along with some excipients. The prepared tablet formulations showed release up to
8 h through in vitro studies.

Superabsorbents were also fabricated by microwave-assisted heterogeneous
grafting polymerizations. Zheng et al. reported the grafting polymerization of
sodium acrylate onto cornstarch with PEG diacrylate as the crosslinker in the
presence of the initiator potassium persulfate under microwave irradiation [123].
Microwave irradiation was found to substantially accelerate the polymerization
processes without the need to remove inhibitor or oxygen. Under the optimized
experimental condition, microwave-assisted polymerization could produce a cornstarch-
based superabsorbent with a swelling ratio of 520-620 g/g in distilled water and
a solubility of 8.5-9.5 wt%. Another superabsorbent was prepared by Xu et al. by
grafting copolymerization of sodium acrylate and 2-acrylamido-2-methylpropano-
sulfonic acid (AMPS) onto starch [124]. The optimal mass fraction of the three
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Fig. 12 Structure of gellan gum (a) and PAM-grafted gellan gum (b). Reprinted with permission
of Elsevier from [122]

components was determined (starch/acrylic acid/AMPS = 2:5:3) by studying the
effect of AMPS on the performance of the copolymer. The swelling rate of
the copolymer obtained under microwave irradiation proved to be faster than that
of the copolymer prepared by using conventional heating. The maximum absorbing
capacities of the resulting product in distilled water and a 0.9% sodium chloride
solution were 450 and 53 g/g, respectively. Moreover, scanning electron micros-
copy (SEM) characterization of the surface morphology of the product obtained
under microwave irradiation showed that they had many evenly distributed pores,
whereas the corresponding product obtained with conventional heating contained
limited and irregular pores, which was ascribed to the different drying modes
of water on the surface and inside the products. The microwave heating caused
quick evaporation of water, leading to pores in the product because of the resulting
steam bubbles, whereas the temperature of the reaction was too low to create
bubbles by the traditional method, thus resulting in fewer pores in the product
obtained by conventional heating.
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Fig. 13 Comparison of brush thickness synthesized by microwave-assisted surface-initiated radical
polymerization (SIP) and conventional SIP for different monomer types at the same effective
solution temperature, reaction time, and concentration. Reprinted with permission of Wiley-VCH
from [127]

Surface functionalization of carbon nanotubes (CNTs), graphene sheets (GS),
and silicon or glass substrates was realized by using microwave-assisted hetero-
geneous grafting polymerization [125—-127]. Hsin et al. successfully functionalized
iron-filled multiwalled CNTs (Fe@MWCNTs) with various polymers in a
rapid single-step process involving ultrasonication-assisted and microwave-
induced radical polymerizations [125]. Both hydrophobic (PS and PMMA) and
hydrophilic (PAM, polyacrylic acid, and polyallyl alcohol) polymer chains could be
chemically grafted onto the surfaces of MWCNTs by the same process within
~10 min. This facile process is generally applicable for the functionalization of
CNTs because the aggregation problem of CNTs encountered in most traditional
functionalization processes can be overcome. Recently, Long et al. developed a
facile and highly efficient approach for the synthesis of water-soluble graphene
from graphene oxide involving pre-reduction, grafting, and post-reduction steps
[126]. PAM chains were rapidly grafted onto the GS via free radical polymerization
under sequential microwave irradiation, leading to substantially increased thickness
of the sheets and improved water solubility of the GS. Guo et al. demonstrated
the rapid synthesis of polymer brush surfaces on two-dimensional silicon or
glass substrates via microwave-assisted surface-initiated radical polymerization
(MW-SIP) [127]. MW-SIP enabled significant enhancements (up to 39-fold
increase) in brush thickness at reduced reaction times compared with conventional
thermal heating for a range of monomer types (i.e. AM, acrylates, methacrylates,
and St) (Fig. 13). This “grafting from” strategy is expected to be applicable for
a wide range of substrates, including membranes and nanoparticles.
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Microwave-assisted simultaneous free radical polymerization and sol-gel
condensation was reported for the preparation of organic/inorganic hybrid
materials. Kajiwara et al. prepared polymer/silica hybrids with high lumine-
scence by a facile and fast one-pot process through the combined use of sol-gel
condensation and free radical copolymerization [128]. The sol-gel reaction of
methyltrimethoxysilane (MeTMOS) was performed simultaneously with radical
copolymerization of HEMA and methacrylate-tethering boron dipyrromethene
(BODIPY) dye under microwave irradiation or conventional heating conditions.
Transparent and homogeneous luminescent hybrids with high emission properties
were obtained in a shorter time under microwave irradiation compared with
conventional heating. When the molar ratio of BODIPY dye to HEMA was
high, crystallization occurred in the hybrid obtained under conventional heating.
However, a homogeneous polymer hybrid was obtained under microwave irradia-
tion even at high concentrations of BODIPY dye, mainly because of the rapid
occurrence of the polymerization of HEMA with the dye monomer and the sol-gel
reaction under microwave irradiation before the crystallization of BODIPY dye.
Liu and Su prepared a series of PS/silica nanocomposites with different contents
of inorganic nanofillers by the in situ bulk free radical copolymerization of
St with a macromonomer (i.e., methacryloxypropyl silica nanoparticles) under
microwave irradiation [129]. The effects of the microwave power and initiator
concentration on the St conversion and grafting efficiency were investigated.
Compared with the previously reported methods, microwave-assisted polymeriza-
tion was the fastest procedure and led to a relatively high grafting efficiency.

3 Conclusions and Outlook

This chapter presents a detailed summary of the research activity in the field
of microwave-assisted conventional free radical polymerizations. The advantages
of microwave irradiation such as non-contact heating, energy transfer instead of
heat transfer, material-selective heating, rapid start-up and stopping of the heating,
and reverse thermal effects (heating starts from the interior of the material body)
make microwave irradiation a more efficient energy source than conventional
heating. So far, very marked progress has been achieved in this field and many
different microwave-assisted conventional free radical polymerizations have been
realized for a wide range of monomers, including both homogeneous polymeriza-
tions (i.e., bulk polymerization and solution polymerization) and heterogeneous
polymerizations (including suspension polymerization, emulsion polymerization,
dispersion polymerization, precipitation polymerization, and some other heteroge-
neous polymerizations). In most cases, the polymerization rates were accelerated
and the polymer yields were enhanced with the aid of microwave heating. In
addition, many advanced functional polymer materials with improved properties
were also efficiently prepared under microwave irradiation.
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Despite tremendous progress made in this rapidly growing field, some issues
still remain to be addressed. One such issues is the controversy on the effect of
microwave irradiation as the acceleration source for polymerizations. Much of the
debate has focused on whether the observed acceleration of the polymerization
rates can be attributed to the thermal microwave effects arising from the rapid
heating and high reaction temperatures attained with microwave dielectric heating
or the so-called specific or nonthermal microwave effects. Although many recent
carefully designed experiments have demonstrated that the effects reported for
most microwave-irradiated polymerizations can be ascribed to the thermal micro-
wave effects [35, 64, 65], the nonthermal and specific microwave effects are still
being reported in the literature. More experiments are thus needed to definitely
classify this issue. Another issue is how to scale up the microwave-assisted free
radical polymerizations in order to make them suitable for industrial use. So far,
microwave-assisted free radical polymerizations have been mainly performed at
the small laboratory scale. However, some recent progress in the large-scale
microwave-assisted polycondensation of lactic acid in batch mode has definitely
confirmed the feasibility for scale-up of microwave-assisted polymerizations [131].
In addition, a continuous flow process might be a useful solution to this issue [132].

Based on the above overview, it can be concluded that the introduction of
microwave heating into free radical polymerizations has definitely opened up a
new field for the fast and efficient synthesis of various polymer materials under
“green” conditions. The considerable advantages of microwave heating and the
versatile characteristics of free radical polymerizations make microwave-assisted
free radical polymerization a powerful synthetic tool for the polymer chemist.
With the advent of many well-controlled and modestly priced commercial micro-
wave synthesizers specially designed for polymerization purposes and the fast
developments in this research field, we believe that microwave-assisted free
radical polymerizations will definitely find broad application in addressing
many of the challenges currently remaining in various research areas and
may eventually become a popular tool for many polymer chemists and materials
scientists, facilitating the effective design of their favorite products in the laboratory.
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Microwave-Assisted Controlled Radical
Polymerization

Stéphanie Reynaud and Bruno Grassl

Abstract Use of microwave energy to heat and drive chemical reactions has been
an increasingly popular theme in the scientific community. Historically, since the
1950s microwave energy has become an essential part of many technical applica-
tions in chemical and related industries, particularly in organic chemistry. How-
ever, microwave heating was not introduced to polymer chemistry until the
mid-1980s. Regardless of the exact nature of the still-debated microwave effects,
microwave synthesis has now truly matured and has moved from a laboratory
curiosity to an established technique in both academia and industry. Among the
polymerization techniques, controlled radical polymerizations (CRPs) are known to
produce high-value products with controlled architecture and low dispersity. Orig-
inal physicochemical properties and promising applications are reachable. This
chapter provides, in a concise form, a current picture of three types of
microwave-assisted controlled radical polymerization (RAFT, NMP, ATRP) with
regard to the irradiation mode and the activation energy values.

Keywords Controlled radical polymerization e Irradiation mode « Microwave-
assisted synthesis ¢ Molecular weight control and distribution ¢ Temperature
control
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1 Introduction

Conductive heating in a round-bottom flask or Schlenk flask has long been the
method of choice for performing syntheses on the milligram to gram scale. Con-
ventional heating through conduction and convection can only occur within an
object or material or between two objects that are in direct or indirect contact with
each other. Therefore, these direct heating methods expend energy to heat the target
material itself. In 1986, Gedye [1] and Guidere [2] were among the first to describe
the use of a microwave oven as an efficient tool for chemical synthesis. Microwaves
couple directly with the molecules present within the reactive medium, leading to a
rapid rise in temperature. The heating is only affected by the polarity and ionic
conduction of the target chemicals. Thus, microwave irradiation can be used as an
alternative method for organic synthesis, and it has been used successfully for
polymerization. The first experiments on the microwave-assisted radical polymer-
ization of styrene were conducted in 1993 [3]. Since then, a number of studies have
been published on similar microwave-assisted syntheses.

Until the late 1990s, microwave-assisted chemistry was limited by the lack of
temperature control in consumer microwave ovens. Reactions were difficult to
control, and experiments were not reproducible. To improve safety and control,
researchers developed more reliable equipment with the ability to control temper-
ature [4] and pressure. In this study of microwave-assisted synthesis, we must
include a discussion of the microwave effect. In the scientific world, the microwave
effect is defined to include all positive contributions that enhance the properties of a
reaction (by, for example, increasing the reaction rate and selectivity or reducing
degradation). To evaluate the microwave effect, we must conduct a fair comparison
between the reaction by microwave irradiation and by conventional heating. How-
ever, the heating rate achieved with microwaves cannot always be matched by
conventional heating. Moreover, overheating is also observed in certain
microwave-assisted reactions. For these reasons, the existence of the microwave
effect is still a subject of debate, and the field appears to be divided into those who
advocate the existence of nonthermal effects and those who claim that purely
thermal effects provide sufficient explanation. This chapter focuses on
microwave-assisted controlled radical polymerization (CRP). We describe the
different modes of irradiation and, rather than debate the existence of a microwave
effect, we describe the effects and consequences of microwave irradiation on
polymerization processes.
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2 Apparatus and General Conditions

Microwave heating is part of a family of electroheating techniques that utilize
specific parts of the electromagnetic spectrum. “Microwave-assisted polymeriza-
tion” can be considered an umbrella term for all polymerization reactions
conducted within microwave devices. The high-performance microwave reactors
specially designed for synthesis applications in research and development labora-
tories have unique properties that allow them to achieve conditions unattainable in
conventional reaction vessels. In particular, they enable extremely rapid heat
transfer, volumetric and selective heating, the use of compact equipment, rapid
switching on and off, and a pollution-free environment because there are no
products of combustion. Two types of microwave reactor are currently available
for chemists: multimode and mono-mode (or single mode). In mono-mode reactors,
the electromagnetic beam is focused on and situated in the center of the reaction
vessel; therefore, the reactor cavity is designed for a dedicated vessel. This enables
the reactive medium to be placed in the position of maximum electric field strength
for optimum transfer of the electromagnetic energy. The cavity sizing takes into
account the limitations of penetration depth (6,), which can limit the range to
centimeters depending on the composition and physical properties of the reaction
mixture; for example, 6, = 5.7 cm in water at 95°C when operating at 2.45 GHz. In
addition, the machines provide adjustable magnetic stirring and temperature control
via an internal fiber-optic (FO) device (in situ reaction temperature) or external
infrared (IR) sensor (ex situ reaction temperature). The reaction may also be
performed at pressures up to dozens of bars. With efficient thermal management,
side reactions and reaction hot spots can be minimized or suppressed, and the
control of highly exothermic reactions can be improved.

Limiting the size of the reactor helps to improve the overall safety for the
operator, particularly when handling potentially exothermic, toxic, or explosive
reaction mixtures that would not be suitable for hazard assessment in conventional
reactors. Additionally, it is advantageous that slow reactions can be intensified by
increasing the temperature and pressure in the reactor cavity. Controlled radical
polymerization has been readily achieved at 160°C [5] for acrylamide in the
aqueous phase and for methylmethacrylate in toluene [6]. Styrene polymerization
has even been conducted at temperatures above 200°C [7]. These advantages of
microwave reactors have led to their use in a variety of applications in different
areas of polymer chemistry [8—13].

3 Controlled Radical Polymerization

Controlled radical polymerization (CRP) is a well-known method for preparing (co)
polymers with controlled functionalities, controlled topologies, and low molecular
weights [14]. The CRP process requires conditions that allow for or create a
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Fig. 1 Reactions representing the dynamic equilibria required to control the three major types of
CRP processes: reversible deactivation by coupling, reversible deactivation by atom transfer, and
degenerative transfer

dynamic equilibrium between a low concentration of active propagating chains and
a large number of dormant chains, which are unable to propagate or self-terminate.
There are several CRP processes based on this fundamental understanding, and the
techniques that have received the most attention include atom transfer radical
polymerization (ATRP) [15]; stable free radical polymerization (SFRP), such as
nitroxide-mediated  polymerization (NMP) [16]; degenerative transfer
(DT) processes, e.g., reversible addition fragmentation transfer (RAFT) [10, 17,
18] and macromolecular design via the interchange of xanthates (MADIX) [19,
20]. The dynamic equilibria required to control each of the three major CRP
processes are summarized in Fig. 1. Unlike NMP and ATRP, RAFT polymerization
allows utilization of a larger variety of monomers and different chain transfer
agents without using transition metal catalysts [21].

Within the last few years, microwave-assisted synthesis has provided various
examples of reaction acceleration, improved selectivity, and increased yield [30,
31]. Reviews of microwave-assisted polymerization have been provided since the
early 2000s by such authors as Ritter and coworkers [8, 32], Schubert and
coworkers [11-13, 33, 34], and others [9, 10, 35, 36].

Several of the reviews discuss results obtained by microwave-assisted CRP
[8-13]. Although many studies report a rate enhancement by microwave CRP,
the existence and nature of the microwave effect is still under debate. Of the
available CRP methods, microwave-assisted RAFT is certainly the most
documented. Nevertheless, the reported results cannot be easily compared because
of differences in experimental conditions, including the reactive nature, the type of
apparatus (modified domestic oven or multi-/mono-mode microwave synthesizer),
and (for mono-modal reactors) the irradiation mode (fixed, pulsed, or dynamic
power, with or without cooling). The temperature can also be controlled and
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monitored by IR or FO probes that have access to the external or internal
temperature.

In addition to an exhaustive review of microwave-assisted CRP, this chapter
provides a comparison of studies conducted with microwave-assisted RAFT, NMP,
and ATRP. These different types of studies can be compared if the parameters are
restricted. We applied strict criteria to select bibliographic references according to
their experimental processes. For example, we selected experiments conducted in
mono-mode microwave synthesizers using both the conventional and enhanced
microwave synthesis modes (CMS and EMS, respectively) if they used a CEM
(Matthews, NC, USA) apparatus.

3.1 CMS and EMS

There are several discrepancies in the literature concerning the influence of micro-
wave irradiation on CRP rates. Most of these differences are probably the result of
differences in the application of the microwave equipment. For polymerizations in
mono- or single-mode microwave synthesizers, significant rate enhancements are
typically observed when there is simultaneous air cooling. By externally cooling the
reaction vessel with compressed air while administering microwave irradiation,
more of the energy can be directly applied to the reaction mixture. This method for
performing microwave-assisted CRP reactions, referred to as “enhanced micro-
wave synthesis” (EMS), has been examined by several authors who used the CEM
Discover instrument. An alternative method without air cooling, referred to as
“conventional microwave synthesis” CMS, has been used and compared with
other methods in various studies. In CMS, the initial microwave power is high,
which rapidly increases the bulk temperature to the targeted set point. However,
upon reaching this temperature, the microwave power decreases or shuts off
completely to maintain the targeted bulk temperature (TB) without exceeding
it. When microwave irradiation is off, classical thermal chemistry dominates and
the full advantages of microwave-accelerated synthesis are lost. With CMS, micro-
wave irradiation is predominantly used to reach the desired TB more rapidly.
Microwave enhancement of chemical reactions should only occur during the
application of microwave energy. This source of energy directly activates the
molecules in a chemical reaction; therefore, it is not desirable to suppress its
application. EMS ensures that a high and constant level of microwave energy is
applied with the help of simultaneous air cooling provided by compressed air
throughout the reaction. As soon as the temperature reaches the set point, the
power shuts off. The temperature drops rapidly as a result of the cooling, the
power turns on again, and irradiation starts so that the temperature again reaches
the set point.

To truly elucidate the power and potential effects of microwave-assisted
heating in the field of CRP, microwave-assisted CRP studies carried out using the
same instrument should be compared. In the following sections, we compare
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microwave-assisted RAFT, NMP, and ATRP procedures performed using the same
instrument with one of the two modes of irradiation described above (CMS or
EMS). The activation energy (E,) of monomers and solvents (polar and apolar)
obtained under conventional or microwave heating modes have been discussed. In
most of the cases considered here, the components were placed in a 10 mL pressure-
rated reaction tube that was specially designed for the mono-mode microwave
CEM Discover instrument. The vial was capped under nitrogen and the reaction
mixture magnetically stirred and heated within the microwave reactor at the desired
temperature for a certain amount of time. After that, the mixture was allowed to
cool down to room temperature with the help of air cooling or an ice bath. The
microwave instrument was equipped with an IR temperature feedback system for
ex situ temperature monitoring and/or an FO probe for in situ temperature control or
monitoring. The instrument was operated at a maximum power of 300 W and
maximum pressure of 17 bar.

3.2 RAFT in CMS and EMS

Assem et al. [37] studied the RAFT polymerization of a cyclopolymerizing mono-
mer, diallyldimethylammonium chloride (DADMAC), in the presence of a
trithiocarbonate agent in aqueous solution at 60°C under microwave irradiation
(EMS, average power 20 W). The cyclization reactions occurring during
DADMAC polymerization under microwave irradiation achieved higher conver-
sions for each time interval compared with conventional heating. Rate enhance-
ments as high as 520% were observed for some reactions. High molecular weight
poly(DADMAC) chains with narrow polydispersities (approaching 1.05) have been
obtained using microwave irradiation.

Brown et al. [38] demonstrated an enhanced rate of RAFT polymerization for the
polar monomers vinyl acetate (VA) and methylacrylate (MA) and the nonpolar
monomer styrene in bulk solution (EMS; VA, 70°C, average power 10 W; MA,
50°C, average power 40 W; styrene, 60°C, average power 150-300 W). As men-
tioned above, the differences in average power are related to the intrinsic properties
of the monomers in terms of polarity. Rate enhancements as high as 500-1,300%
were observed for some reactions.

The same authors [39] studied RAFT microwave-mediated polymerization of
MA, methyl methacrylate (MMA), and styrene using CMS. In this mode, at
comparable temperatures (50-70°C) and uniform power output (1-3 W), the
microwave outperformed the oil bath in terms of polymerization rate for both
MA and MMA, displaying rate enhancements of up to 152% and 254%, respec-
tively, relative to conventional heating. Interestingly, the polymerization rate of
styrene, a nonpolar monomer, does not appear to be enhanced by the use of
microwave heating.

Roy et al. [40] studied the synthesis of well-defined homo- and block copoly-
mers of acrylamido and acrylate monomers via RAFT polymerization in EMS and
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Fig. 2 Pseudo-first-order kinetic plot (a, ¢) and number-average molecular weight versus con-
version (b, d) for the RAFT polymerization of N,N-dimethylacrylamide (DMA) in benzene at
different molar ratios of monomer to chain transfer agent (CTA) and initiator (I): [DMA]/[CTA]/
[I]=100/1/0.05 (a, b) and [DMA]/[CTA]/[I] =200/1/0.05 (¢, d). MW CMS, EMWEMS, CH
conventional heating (see [40])

CMS devices and compared the results with those obtained using conventional
heating, as illustrated in Fig. 2. The rates of polymerization were significantly
higher than those observed under conventional heating conditions, with no negative
effects on molecular weight control during homopolymerization. In all cases,
narrow molecular weight distributions were observed, and the agreement between
theoretical and experimental molecular weight values was excellent. Rates for the
polymerization of N,N-dimethylacrylamide and N-isopropylacrylamide were
increased by up to 1,650% and 1,300%, respectively, for EMS heating relative to
conventional heating.

In a second study [41], well-defined homo- and block copolymers of vinyl esters
were synthesized under microwave irradiation by RAFT/MADIX transfer polymer-
ization via the interchange of xanthates, without the significant inhibition or
retardation that is often observed with conventional heating. Poly(vinyl acetate)
(PVAc) with number-average molecular weight (M,)) of 1,000-10,000 g/mol was
prepared in less than 15 min using microwave irradiation at an apparent tempera-
ture of 70°C in the presence of the commercially available chain transfer agent
ethylxanthogenacetic acid. This result represents a 1,400% rate enhancement in
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EMS mode. The polymerizations were well controlled, producing polymers with
narrow molecular weight distributions and excellent agreement between the theo-
retical and observed molecular weights. Despite the high rates of polymerization,
the resulting PVAc homopolymers retained a high number of thiocarbonylthio end
group functionalities, which allowed the synthesis of block copolymers by chain
extension with vinyl benzoate and vinyl pivalate. The rates of polymerization
during addition of the second blocks were also high, and the resulting block
copolymers were obtained in good yield with excellent control of molecular weight
and distribution.

Although Sugihara et al. [7] did not strictly use EMS or CMS, their work is of
interest because of the high temperature of their procedure. The authors used a fixed
power mode set at 200 W for the RAFT polymerization of styrene without air
cooling. The temperature profile was not controlled in this mode and increased to
200-250°C, a temperature not attained by conventional heating. The polymeriza-
tion was not conducted at this temperature; nevertheless, RAFT polymerizations
were conducted in an oil bath at 140°C. The polymerization rate was lower than for
polymerization under microwave irradiation, although direct and objective com-
parisons cannot be made because of the broad range of temperatures observed in the
case of the microwave.

3.3 NMP in CMS and EMS

Li et al. [42] studied the nitroxide-mediated radical bulk polymerization of styrene
in EMS. When benzoyl peroxide (BPO) was used as an initiator in conjunction with
OH-TEMPO, the polymerizations were well controlled in terms of kinetics. There
was also a linear increase in the molecular weights with increasing conversion, and
a narrow molecular weight distribution of 1.16—1.38. The polymerization temper-
ature (125°C) and microwave output power (100 or 200 W) were accurately
monitored during the polymerization. The irradiation power (100 or 200 W) had
a considerable effect on the rate of polymerization, even though the temperature,
monitored by an IR probe, remained constant (125°C). The polymerization rates of
microwave-assisted reactions at an appropriate power value were faster than those
obtained with conventional heating at the same polymerization temperature, with or
without BPO.

Rigolini et al. [5] demonstrated that the combined use of microwave irradiation
as a heating source and water as a solvent provides reasonably controlled (living)
polymerization of acrylamide by NMP. For the reaction, a combination of a
conventional hydrosoluble radical initiator (Vazo56) and a -phosphonylated
nitroxide (SG1) was employed. Microwave enhancement of the polymerization
was dependent on the mode of irradiation (Fig. 3). No specific microwave effect
was observed using CMS, yet there was a strong acceleration of the polymerization
process (5,000%) without any loss of the controlled polymerization characteristics
when using EMS with a fixed power value. In the EMS procedure, polyacrylamide
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Fig. 3 Left: Arrhenius plot of NMP of acrylamide under conventional heating (closed symbols)
and CMS (open symbols). Right: Logarithmic monomer conversion (closed symbols) and conver-
sion (open symbols) versus reaction time in EMS mode at 90°C and power of 150 W (circles) or
190 W (squares) (see [5])

(PAM) macroinitiator has been shown to reinitiate efficiently, even after 100%
conversion of the first block.

3.4 ATRP in CMS and EMS

A few ATRP studies have been conducted using a CEM microwave. Such studies
can be compared with the studies mentioned above or to each other. In one study,
Buruiana et al. [43] described the microwave-assisted synthesis of modified
L-phenylalanine-based copolyacrylates. The authors reported an increase in molec-
ular weights and polymerization rate when using microwaves. However, no details
on the microwave irradiation mode or reaction kinetics were provided, and thus,
their study does not allow for a better understanding of the causes of microwave-
assisted process efficiency.

Delfosse et al. [6] performed comparisons of ATRP under conventional heating
and microwave irradiation. They studied the ATRP of MMA under microwave
irradiation using both the temperature and irradiation mode (CMS and EMS) as
parameters and compared their results with those obtained under conventional
heating. A significant increase in the rate of living polymerization was obtained
at temperatures above 100°C using CMS. At 120°C and 135°C, the slopes of the
lines defined by In([M]y/[M]) =f(?) revealed that the apparent rate constant (Kupp)
for the microwave-assisted polymerization was 3.1- and 3.3-fold greater than k,p,
for a conventional heating process, respectively. As shown in Fig. 4, the kinetics
obtained using simultaneous cooling (EMS) display an even more pronounced
acceleration of the polymerization rate (by a factor of 2.5 relative to CMS poly-
merization at 120°C, or an increase by a factor of 7 compared with conventional
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Fig. 4 Comparison of the EMS (closed symbols) and CMS (open symbols) methods for the
polymerization of MMA at 85°C (triangles), 110°C (circles), and 120°C (squares). Monomer
conversion is obtained by the gravimetric method after purification of the polymer (see [6])

heating). However, the polymerization was no longer controlled, and termination
reactions occurred, as evidenced by the failure to resume polymerization. The
authors noted that temperature control and time needed to reach the target temper-
ature are key factors that determine this behavior, especially when air cooling is
used. These authors also suggested that the striking difference in reactivity could be
due to the irradiation power needed to maintain the temperature of the reaction
mixture (at 120°C, 25-35 W is necessary with CMS, whereas the EMS protocol
requires 135-150 W).

Microwave-assisted ATRP has been used by other authors to synthesize block
copolymers [44]. Those authors first describe the kinetics of the synthesis of the first
polymer block. The kinetics for EMS with fixed power exhibited a surprising
increase in the polymerization rate after 30-40% conversion. The polymerization
rate at that point had increased by approximately 1,000% relative to conventional
heating. As described previously [6], the polymerization remained under control
even though the irradiation power was kept as high as 100 W during the reaction.

Similar results were previously observed for the microwave-assisted NMP of
acrylamide [5]. The lack of temperature control with the IR probe and the increase
in medium viscosity were suspected to be the causes of this interesting behavior.

4 Discussion

The EMS and CMS methods can provide rate enhancement compared with the
same reactions performed using conventional heating. The increase in polymeriza-
tion rate is often more pronounced with EMS than with CMS (Table 1).
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The results summarized in Table 1, which were obtained with the same appara-
tus and irradiation mode, illustrate that rate enhancement can be obtained for any
type of controlled radical polymerization process (RAFT, NMP, or ATRP) regard-
less of the monomer or solvent. The rate can be increased by more than 1,000%
compared with conventional heating, without any loss of control of the polymeri-
zation (a linear increase in molecular weight is obtained with a narrow molecular
weight distribution) and with a linear increase in the logarithmic conversion over
time. Nevertheless, none of the reports describing these results mention or describe
the existence of a microwave effect.

As mentioned earlier, the temperature can be monitored and/or controlled by an
external IR probe or an internal FO probe. External IR sensors measure the outer
surface temperature of the reaction vessel and do not necessarily reflect the actual
reaction temperature inside a reaction mixture that is heated by dielectric heating
inside a reaction vessel. When simultaneous cooling is used, the internal reaction
temperature could be significantly higher than that recorded by an IR sensor on the
outside of the vessel. The resulting errors in temperature measurement during
microwave dielectric heating (which occur as a result of the viscosity and micro-
wave absorptivity of organic solvents and polymers) can cause the stirring rate to be
underestimated by up to 20%, according to published results [4, 45, 46] (Fig. 5).

We will next consider the activation energy values for CRP reported in the
literature to determine whether kinetic effects are simply caused by poor control of
the temperature during the microwave process. The results are summarized in
Table 2.

Typical values for the overall activation energy, E,, for CRP with conventional
heating are within the range of 60-140 kJ/mol (see Table 2). If the measured
temperature is only 80% of its true value, the E, is underestimated. A 20%
temperature increase in the 60-120°C range corresponds to a two- to threefold
rate increase for £, =60 kJ/mol and a 5- to 12-fold rate increase for £, = 140 kJ/
mol. The activation energies for the ATRP of MMA and styrene were found to be
58 and 67-74 kJ/mol, respectively (see [52], Table 2). Delfosse et al. [6] and
Marcasuzaa et al. [44] found acceleration rates of up to 700% and more than
1,000%, respectively (see Table 1), which would correspond to a real temperature
of up to 170°C instead of the reported 80-120°C, according to the E, (and
considering that no microwave effect is observed). Similar behavior has been
observed for the polymerization of acrylamide; an increase in the polymerization
rate of up to 5,000% was found for NMP using EMS ([5] in Table 1). Considering
the E, of 140 kJ/mol, we find that the real reaction temperature should be at least
140°C rather than 105°C, as reported by Rigolini et al. [5]. This difference exceeds
the 20% deviation previously defined. The same conclusion could easily be reached
on the basis of results obtained for RAFT with an intermediate average E, of
approximately 100 kJ/mol.

A comparison of the results listed above clearly demonstrates that an underes-
timation of the temperature might not be solely sufficient to explain the kinetic



Microwave-Assisted Controlled Radical Polymerization 143

a 200 b 200
150 150
5]
< 100 £ 100
= — TR} L — T(IR)
— T(FO) — T(FO)
50 50
0 L]
1] 5 10 15 20 25 30 ] 5 10 15 20 25 0
t/min t/min
a o b 20
200 200
150 150
9 g
100 " 100 — IR —FO
— IR —FO
50 50
0 0
0 10 20 30 40 0 10 20 30 40

t/ min t! min

Fig. 5 Overlay of fiber-optic (FO) and infrared (IR) temperature profiles recorded during
microwave-assisted polymerization of monoglycerylcetyldimethylammonium chloride (above)
and e-caprolactone (below) at set temperatures of 130°C and 180°C, respectively. The left panels
display temperatures recorded with an FO sensor, and the right panels display results recorded
with an IR sensor (see [45])

Table 2 Activation energy CRP Monomer Solvent E, (kJ/mol) | Refs.
(E,) values for CRP
RAFT MMA DMF 100 [47]
RAFT Styrene Bulk 106.4 [48]
NMP Styrene Bulk 120 [49]
Butylacrylate 130
NMP Styrene Bulk 107 [50]
Benzene 116
NMP AM Water 140 [51
ATRP MA Toluene 61.3 [51]
ATRP MA Bulk 114 [52]
Styrene 67-74
MMA 58

acceleration observed with microwave irradiation. However, such a conclusion can
only be reached if comparing polymerization reactions conducted using the same
irradiation mode. In other words, results can be meaningfully compared only if the
irradiation procedure is controlled and clearly described. To date, most of the
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relevant experiments were performed using a CEM apparatus, and a sufficient
number of studies are available for comparison. Anton Paar (St. Albans, UK)
now offers additional options for irradiation modes in their new microwave syn-
thesizers. We are certain that there will be exciting developments in this field in the
coming years; however, at present, the existence of the microwave effect is still a
subject for debate.

S Conclusion and Perspectives

Based on the aforementioned works, it appears that most of the published results for
microwave-assisted CRP should be treated with caution because they lack a
detailed protocol description. Nevertheless, for some polymerizations, EMS
appears to enhance polymerization rates beyond the range that can be explained
by the temperature effect, as demonstrated above for the experimental microwave-
assisted polymerization rate and the E, values reported in the literature. Accurate
comparisons and conclusions can be drawn only if new articles are careful to
provide detailed temperature profiles along with comparisons of the kinetics asso-
ciated with microwave-assisted heating and conventional heating. Viscosity mon-
itoring and/or stirring cam-recording would also be useful measurements to
improve our understanding of this topic and could be useful for anticipating gel
effects.

Currently, one of the major weaknesses of microwave-assisted chemistry is the
inability to scale up. As mentioned earlier, the penetration depth of microwaves is
limited; the most promising option for increasing yields lies in small-scale contin-
uous processes. Such processes could be achieved by connecting several reactors or
subunits with identical conditions in parallel (the ‘“numbering-up” principle)
[53]. In addition, a continuous flow system implemented in the microwave cavities
allows production to proceed for extended periods of time, thereby generating large
quantities of material (the “scale-out” principle). Strauss et al. pioneered the
combination of microwave-assisted heating and flow chemistry [54]. In such a
system, residence time is the key parameter and is related to the reaction rate.
Parameters such as the mixing efficiency [55] should also be optimized to achieve
complete conversion. In microwave-assisted CRP, fluidic systems were shown to be
advantageous because they allow faster polymerization as a result of their excellent
heat transfer; furthermore, they allow control over the polymer parameters to be
maintained. One RAFT example illustrates that such a system can be used for the
synthesis of block copolymers in a continuous fashion [56]. Other authors devel-
oped a way to combine high flow rate with complete conversion by using a batch-
loop reactor that combines batch and tubular reactors. In contrast, for decades
droplet-based technology has been a powerful tool for performing reactions and
conducting chemical and biological analyses, and microwave-assisted free radical
polymerization has been recently reported, with interesting results [57]. The latter
process could represent an innovative and efficient way to produce droplets that
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allow control of polymer particle shapes. For conventional microwave-assisted
polymerization, one challenge lies in developing microfluidic or nanofluidic
methods based on continuous flow or droplet technology with good temperature
control and, thus, the ability to discriminate microwave effects from thermal
effects.
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Microwave-Assisted Synthesis of Polyesters
and Polyamides by Ring-Opening
Polymerization

Martin Fimberger and Frank Wiesbrock

Abstract Microwave-assisted heating has been described as an efficient heating
technique that can enhance the reaction rate for many reactions. Consequently, it is
a key strategy for ring-opening polymerizations, which are often limited by
low polymerization rates. This review summarizes recent efforts in the field of
microwave-assisted polyester and polyamide syntheses from cyclic monomers and
dimers, with a broad focus on poly(lactic acid)s and poly(e-caprolactone)s. Homo-
and copolymerizations as well as graft polymerizations are discussed. Both the
polymerizations themselves as well as the preparation of composites/materials are
addressed. Special attention is directed towards the discussion of non-thermal
microwave effects.

Keywords Microwave-assisted polymerization - Non-thermal microwave effects -
Polyamide - Polyester - Ring-opening polymerization
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Abbreviations

(o/L)-LA  (p/L)-lactic acid

CH Conventional heating

CL e-Caprolactone

Pm Molar mass dispersity

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

DO Dioxanone

DSC Differential scanning calorimetry
GA Glycolic acid

IR Infrared (spectroscopy)

LCCC Liquid chromatography under critical conditions
MALDI  Matrix-assisted laser desorption ionization
M., Mass-average molecular weight

M, Number-average molecular weight
mPEG Methoxylated poly(ethylene glycol)
M, Viscosity-average molecular weight
MW Microwave

NCA N-Carboxyanhydride

P(p/L)LA  Poly((p)-lactic acid)

PAA Poly(acrylic acid)

PCL Poly(e-caprolactone)

PDO Polydioxanone

PEG Poly(ethylene glycol)

PET Poly(ethylene terephthalate)

PGA Poly(glycolic acid)

PHA Poly(hydroxy alkanoate)

PLGA Poly(lactic-co-glycolic) acid

PSt Polystyrene

PTMC Poly(trimethylene carbonate)

PVA Poly(vinyl alcohol)

ROP Ring-opening polymerization

SBF Simulated body fluid

SEC Size exclusion chromatography
SEM Scanning electron microscopy

stat Statistical
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TEM Transmission electron microscopy
T, Glass-transition temperature

TGA Thermogravimetric analysis

THF Tetrahydrofuran

T Melting temperature

TMC Trimethylene carbonate

TOF Time of flight (spectroscopy)

wt Weight

XRD X-ray diffraction

B-TCP B-Tricalcium phosphate

1 Introduction

Ring-opening polymerization (ROP) is a polymerization technique in which a cyclic
monomer is converted into a polymer composed of repetition units that are com-
monly acyclic (or contain at least one cycle less than the monomer). The mechanism
of ROPs consists of the initiation, the propagation, and the termination, sometimes
accompanied by chain-transfer reactions. Due to the versatile applicability of ROP,
various cyclic monomers have been successfully polymerized by this technique,
including the cyclic derivatives of ethers, acetals, amides, esters, and siloxanes.

As a “rule of thumb”, it is important to bear in mind that ROPs such as those of
the 2-oxazolines have low polymerization rates (see “Microwave-assisted cationic
ring-opening polymerization of 2-oxazolines” of this special issue [1]), which
renders them favorable candidates for performing under microwave (MW) irradi-
ation: Although the broad majority of polymerizations have been shown not to
benefit from any non-thermal MW effects [2], the facilitated access to autoclave
conditions provided by MW laboratory reactors eliminates the bottle-neck of
temperature limitations by (solvents’) boiling points and, hence, paves the way
for enhancing the polymerization rates (while of course the activation energy of the
reaction itself remains unaffected) [3, 4].

In addition to the ROP of 2-oxazolines that yields side-chain polyamides
(which is currently the type of ROP best investigated under MW irradiation and
described in a dedicated chapter in this special issue [1]), the MW-assisted synthesis
of polyesters and polyamides from the ROP of monomers such as lactones, lactams,
and N-carboxyanhydrides has also been under investigation. The focus on that
type of polymer largely originates from their wide field of application, including
biomedical applications, and reciprocally provides an explanation for the thorough
investigation of poly(e-caprolactone)s (PCLs) and poly(lactic acid)s (PLAs) in the
field.

Preceded by a critical review of MW-assisted ROPs in 2007 [5] and a mini-
review of MW-assisted polyester and polyamide synthesis (broadly focusing on
acyclic monomers) [6], this review aims to summarize the MW-assisted synthesis
of polyesters and polyamides by ROPs with a focus on (1) advancements reported
within the last 10 years and (2) the discussion of the existence or absence of
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non-thermal MW effects. The sections are arranged such that the polyesters are
discussed first, in ascending order with respect to the molecular weight of the
repetition unit, from poly(glycolic acid) (PGA) to PCL. This is followed by
discussion of poly(dioxanone)s, polycarbonates, and various other polyesters.
The polyamides are discussed in the final section of this chapter; copolymers of
polyesters and polyamides have also been included in that final section.

In order not to distract the reader’s attention from the advantages of
MW-assisted heating for the ROP technique, the nomenclature for lactic acid
(s) (LAs) and lactides has been standardized throughout this review (and,
correspondingly, might differ from the nomenclature used in the original literature).
The term “lactic acid” has been used only for the linear monomers and repetition
units (the “monomeric” units); the configuration of the chiral carbon atom has been
referred to as L or p. The cyclic dimers of lactic acid are called lactides, and the
combinations of configurations of the chiral carbon atoms have been referred to as
R.R,S,S, and R,S. The pure (R,S)-lactide may be called meso-lactide (melting point
of 52.8°C, in contrast to approximately 95°C for R,R- and S,S-lactide) [7], whereas
the mixture of (R,R)-lactide, (S,S)-lactide, and (R,S)-lactide may be called
rac-lactide (Scheme 1). A polyester composed of repetition units of Dp-LA
(derived from the ROP of (R,R)-lactide) is consistently called PDLA, whereas,

(0]
O%%OH
HHn

glycolide PGA

H H
H3C:.O O (0] O;CH:;
T L, —* X
=~CH
(o] OH 3

HCH 0™ 0
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0y 0O 'ff\CHs CHs
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Hsc'j,o o} o} o,bc,_,3 {o\"ﬁ%
n I I + M I — H{ Y~ TO
070" CHs HC= 0" 0 CHs In
(R,R)-lactide (S,S)-lactide PDLA-stat-PLLA

racemic mixture

Scheme 1 Structural formulae of glycolide, lactides, and the corresponding polyesters
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e.g., a polyester derived from the ROP of meso-lactide (rac-lactide) is called PLA
(PDLA-stat-PLLA). If the configuration of the lactide could not be retraced from
the original literature, the corresponding polymer is also referred to as PLA. All
other cyclic monomers described in this review, such as glycolides, caprolactones,
and caprolactams, have a standardized nomenclature throughout the literature.

2 Poly(glycolic acid)

Recent reports of the MW-assisted polymerization of glycolic acid (GA) have
focused on the preparation of copolymers of PGA, unlike the current research
trends in the area of, e.g., PLAs and PCLs, in which the syntheses of homopolymers
have been well investigated.

2.1 Copolymers of PGA

The MW-assisted copolymerization of S,S-lactide (referred to as L-lactide in the
publication) and glycolide using stannous octanoate and octadecanol as initiating
system was reported by Xiong and coworkers [8], who performed the reactions in a
MAS-IT MW oven at the 10 g scale. Mixtures of the dimers were molten under
conventional heating (CH), and the preheated mixtures were subsequently
irradiated by microwaves at 120°C for 3—9 min. The PGA-stat-PLLA copolymers
that were recovered after 5 min of irradiation time had an inherent viscosity of
0.88 dL g~ ', which was the highest within that series, indicating that longer reaction
times induced degradation and/or transesterification. A variation in the relative
monomer feed [ratio n(glycolide):n(S,S-lactide)] revealed that the molar
component ratio of glycolide in the copolymers was higher than that in the initial
feed ratio, which is indicative of higher reaction rates for the polymerization of
glycolide under the conditions applied. Concomitant with the increase in glycolide
content, the glass transition temperature () of the copolymers decreased and the
melting temperature (T},) of the copolymers increased.

The MW-assisted preparation of composites composed of PGA-star-PLLA
copolymers and p-tricalcium phosphate (B-TCP) was described by Yoon
et al. [9]. The composites were prepared by adding variable amounts (0-30%) of
B-TCP to mixtures (75:25 wt%) of glycolide and S,S-lactide (referred to as L-lactide
in the publication). Stannous octanoate was used as catalyst; the reactions were
performed in a Hankuk MW reactor employing a two-step procedure of heating at
3 kW and subsequent stirring at 0.1 kW (150°C). It was reported that the ceramic
powder disturbed or interrupted the polymerization of the dimers, and analyses of
the composites revealed a decrease in the average molecular weights of
the PGA-stat-PLLA copolymers for increased contents of B-TCP in the range
0-10 wt% in the corresponding materials. Remarkably, a further increase in the
B-TCP content induced an increase in the average molecular weight of the
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copolymers. This trend, namely the decrease in average molecular weight for
B-TCP contents of 0—10 wt% (but increase at >10 wt%) , was reproduced for
the flexural strength as well as the Young’s modulus of the composites. This
observation was ascribed to non-thermal MW effects due to prime absorption
of microwaves by the inorganic salt. Control experiments and temperature
measurements, however, were not reported by the authors.

The degradation time of the composites was reported in other studies [10, 11], in
which the authors correlated the degradation rates of the composites in simulated
body fluid (SBF) with the p-TCP content and the initial molecular weight of
the copolymers. Degradation of the -TCP phase was observed after a certain
incubation time, which was needed to detach -TCP from the polymer (Fig. 1).

The release properties from microcomposites composed of PLA-stat-PGA
copolymers and magnetic iron core nanoparticles (Scheme 2) under irradiation-
free conditions and upon MW irradiation were described by Naik and Carpenter
[12]. Using localized MW-assisted heating, the quantitative release of a fluorescent
dye was found to be accomplished within three pulses of 2 s each of 2.4 GHz of
MW irradiation. This could have application as a drug delivery platform for the
controlled release of substances using MW irradiation.

The synthesis of drug delivery systems of the composition (PGA-stat-PLA)-
block-PEG-block-(PGA-stat-PLA) from the reaction of telechelic hydroxy-
functionalized poly(ethylene glycol) (PEG) as initiator with mixtures of glycolide
and R,S-lactide (referred to as p.L-lactide in the manuscript) was reported by
Hadizadeh and coworkers [13]. Stannous 2-ethyl hexanoate was used as catalyst.

Fig. 1 (a-i) States of degradation of PGA-stat-PLLA/B-TCP composites in simulated body fluid
over 8 weeks. Reprinted from Jin et al. [11], with permission from Elsevier
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Scheme 2 Formation of PLA-star-PGA capsules containing iron core nanoparticles and a
fluorescent dye

Notably, the copolymerizations were performed in control experiments under CH
(150°C, stainless steel reactor) and MW-assisted heating (800 W, Milestone
MicroSYNTH); temperatures of the MW-heated experiments, however, were not
reported. The copolymers could be synthesized within 5 min under MW irradiation,
whereas prolonged MW irradiation was not found to significantly (further) enhance
the average molecular weights of the copolymers.

3 Poly(lactic acid)

The ROP of lactic acid (LA) is an excellent strategy for the synthesis of stereo-
chemically defined polymers with narrow molecular weight distributions. The
general demand for short reaction times and high yields has triggered an extensive
discussion about the existence of non-thermal effects of MW-assisted heating. For
the thoroughly investigated cationic ROP of 2-oxazolines, it has been shown that
the acceleration can be traced back exclusively to thermal effects [14]; subsequent
references have provided similar evidence for numerous other syntheses under MW
irradiation [2]. Nonetheless, for the ROP of LA, there has been major debate
about the (non-)existence of non-thermal MW effects, as will be addressed in the
next section.

3.1 Homopolymers of LA

In their work based on the polymerization of R,S-lactide (referred to as p,L-lactide),
Grande and colleagues demonstrated that neither temperature-controlled MW



156 M. Fimberger and F. Wiesbrock

14 4 14000
12 x z 12000 vl
- X
= 18 P o~ 10000 - -
= , B -
= o8 . 140 o 00 -
- - o = g
= os o v o 000 a
S oa 3 - = I
02 2000
00 - - . .
0 5000 10000 15000 20000 . » - - - -
t(s) Conversion (%)

Fig. 2 ROP of R,S-lactide: Kinetic evaluation and comparison of conventional heating (CH) with
temperature-controlled (T7C) and power-controlled (PC) MW-assisted heating. Reprinted from
Ramier et al. [15], with permission from John Wiley and Sons

heating nor power-controlled MW heating exhibited significant differences
compared with CH in terms of conversion rates or molar mass dispersity
[15]. The slightly lower monomer conversion rate after 30 min reaction time during
CH was attributed to the longer induction period needed to reach the reaction
temperature of 140°C, compared with MW-assisted heating. A kinetic investigation
at 120, 130, and 140°C was used to compare conversion rates versus time and to
prove the living character of the ROP as well as first-order kinetics of the chain
growth (Fig. 2). The kinetic constants were almost identical for all heating methods.
All these results indicated that there were no specific MW effects involved in the
polymerization of R,S-lactide.

The most common synthetic pathway for preparing PLA is the ROP of
the dimeric cyclic esters, the lactides. A MW-supported two-step synthesis of
R,S-lactide (referred to as p,L-lactide in the manuscript) was reported by Yang
and Liu [16]. The initial polycondensation of a mixture of R-lactic acid and S-lactic
acid to form oligomers of PLA was performed in a modified domestic MW
equipment (Whirlpool T1202) with continuously tuneable power control. Reaction
temperatures were reported to be around 170°C; the type of temperature detection,
however, was not commented on. After oligomerization, the product was
depolymerized in order to form the targeted R,S-lactide. Both reactions were
accelerated dramatically by MW-assisted heating and the reaction times required
to prepare R,S-lactide using zinc powder as catalyst were reported to be reduced by
50% as compared with CH. Overall yields of 40% were reported.

A similar synthesis was performed by Ohara and coworkers in their study of the
preparation of PLLA without catalyst [17]. The polymerization was performed
in two steps because the immediate heating of L-lactic acid under vacuum by
microwave causes pressure surges. In order to overcome this issue, Ohara and
colleagues prepared oligomers of PLLA by CH, and subsequently continued the
polymerization using MW irradiation of a dedicated laboratory-scale MW reactor
(CEM Discover). Temperature monitoring was provided by an internal IR sensor,
allowing for accurate control. Compared to CH, a higher molecular weight of the
polymer was reported, which was ascribed to the high dielectric constant of water
and efficient heating. Notably, under MW irradiation, racemization was observed,
which was attributed to transesterification. The mass-average molecular weight
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(M) of the polymers reached a maximum of 5.3 kDa, and prolonged irradiation did
not yield higher molecular weight polymers. Nevertheless, for prolonged reaction
times, a higher DLA:LLA ratio in the polymers and discoloration of the product
were observed. In addition, Ohara and coworkers reported the MW-supported
depolymerization of oligomers of PLLA, aiming at obtaining diastereomerically
pure S,S-lactide (referred to as L,L-lactide in the manuscript) [18]. Oligomers of
PLA were irradiated at 120—180°C in a CEM Discover MW reactor. An increase in
the yield of the lactide was observed, accompanied by a higher rate of racemization,
yielding the meso-product. The racemization was found to depend on the pressure
applied. Pressures below 15 mbar provided decreased ratios of the meso-product.
This observation was ascribed to the rapid removal of the S,S-lactide from the
reaction vessel under lower pressure.

As early as 2001, Liu et al. reported the MW-assisted ROP of rac-lactide with
yields between 31 and 57% (in the manuscript, the melting point of 126°C was
indicated, which is typical for a 50:50 mixture of R,R- and S,S-lactide [7])
[19]. Stannous octanoate was used as catalyst. A significant acceleration of the
MW-assisted reaction was observed, resulting in reaction times as short as 1 h. In
comparison, 24 h were required under CH. However, no comments on the applied
MW equipment or temperature measurement were made; the MW-assisted heating
was power-controlled. A further decrease in the reaction times required to obtain
certain yields with increasing irradiation power was also reported. Prolonged
irradiation times at high power levels (170 W) resulted in lower molecular weights
and yields. The molar mass dispersity (Py;) values of the obtained PDLA-staz-
PLLA ranged from 1.3 to 1.7, and the M, values were found to range between
39 and 67 kDa. In a subsequent study, Liu and coworkers reported the synthesis of
PDLA-stat-PLLA with M, higher than 100 kDa [20]. The study investigated the
influence of the irradiation power on the molecular weights (Fig. 3). Maximum M,,
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Fig. 3 Molar mass of PDLA-stat-PLLA synthesized under MW irradiation and its correlation
with irradiation time at different power levels. Reprinted from Zhang et al. [20], with permission
from John Wiley and Sons
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Fig. 4 SEM image of
PDLA-stat-PLLA
microspheres obtained by
spraying a THF solution of
the polymer into a mixture
of poly(vinyl alcohol) and
water. Reprinted from
Nikolic et al. [21], with
permission from MDPI AG

values of 431 kDa were observed at 255 W after 10 min. Prolonged irradiation
times at even high power levels, however, induced polymer degradation.

The homopolymerization of R,S-lactide (referred to as bp,L-lactide in the
manuscript) using stannous 2-ethylhexanoate as catalyst under MW-assisted
heating was reported by Nikolic et al. for monomer to catalyst ratios in the range
of 1,000:1 to 10,000:1 [21]. The ROP was reported to proceed very fast in a CEM
Discover MW reactor, namely within 30 min at 100°C. The reaction temperature
was monitored by the built-in infrared pyrometer. The recovered polymers
exhibited number-average molecular weight (M) values of 26.7-112.5 kDa, and
Dy values of 2.4-3.4. Notably, residual monomer was found in all reaction
mixtures during work-up; the formation of cyclic by-products was not commented
on. The microspheres of the PDLA-star-PLLA polymer that were obtained from
spraying tetrahydrofuran (THF) solutions of the polymer into a water/poly(vinyl
alcohol) (PVA) mixture (Fig. 4) were found to exhibit diameters of 50 pm, which is
appropriate for phagocytosis by macrophages, and, consequently, were considered
potential candidates for controlled-release devices.

The polymerization of R,S-lactide (referred to as p,L-lactide in the manuscript)
with stannous octanoate under atmospheric conditions in a domestic MW oven was
reported by Peng and coworkers [22]. High monomer purity was crucial in order to
obtain polymers with high molecular weights, as residual hydroxyl groups were
held responsible for chain-transfer reactions. The applied power of 450 W resulted
in reaction times as short as 30 min. The measurement of temperatures was not
reported; heat was generated using a dedicated MW-absorbing SiC-based heating
medium in close contact with the open reaction vessel. Employment of monomers
with a high purity of 99.99% and a heating media resulted in polymers with intrinsic
viscosity mean values of 2.46 10~*, which were the highest within the series of
experiments. The influence of low pressure on the monomer conversion and
molecular weight of the polymers was found to be marginal.

Given the toxicity of the commonly applied tin-based catalysts, alternative
catalytic systems for the ROP of acid dimers (glycolide, lactide) are under constant
investigation, in particular for medic(in)al applications of PLA. Frediani
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et al. reported a calix[4]arene-based catalyst for the ROP of §,S-lactide (referred to
as LLA in the manuscript) [23]. The cone-shaped macrocyclic titanium
(IV) complex was stable up to 230°C. The catalytic activity was investigated
under MW irradiation as well as under CH. Control experiments at 130°C under
CH revealed enhanced polymerization rates for the MW protocol (temperature
monitoring by an IR sensor placed below the vial). Further investigations revealed
that the usage of this catalyst in the polymerization of rac-lactide enabled
preparation of PLA polymers with isotactic stereoblock microstructure [24].

An alternative strategy for the in-situ inclusion of nanoparticles of calcium
phosphate (see Sect. 2) into a matrix of PLLA according to MW-assisted protocols
was described by Pandey and Aswath, who irradiated mixtures of calcium L-lactate,
L-lactic acid, and ammonium hydrogen phosphate in a domestic MW oven
[25]. PLLA polymers with M, of 19 kDa were synthesized within 2 h under MW
irradiation; the particles had sizes in the range of 10-20 nm. As the particles were
synthesized in parallel to the polymerization, it was argued that the adhesion of the
particles to the polymer matrix was enhanced.

Nanocomposites prepared from R,S-lactide (referred to as p,L-lactide in the
manuscript) and organo-montmorillonite were reported by Wang and coworkers
[26]. A domestic MW oven was modified such that it included a voltage regulator
to adjust the power from 20 to 600 W. The temperature measurements were not
commented on. Nanocomposites were synthesized by in-situ ROP in the bulk phase
using stannous octanoate as catalyst, with reaction times as short as 10 min at power
outputs of 90 W. The influence of the irradiation time on the mechanical properties
of the obtained materials was ascribed to side reactions. It was argued that these
reactions influence the chain propagation after prolonged irradiation times and lead
to overheated reaction systems.

3.2 Copolymers of LA

Grande and coworkers reported the ROP of R,S-lactide (referred to as p,L-lactide in
the manuscript) using poly(3-hydroxy alkanoate)s (PHAs) as macroinitiator, yield-
ing PHA-block-(PDLA-stat-PLLLA) copolymers under MW-assisted heating
(Scheme 3) [27]. The equipment used was an Anton Paar Monomode 300 MW
reactor, providing a power output of up to 900 W. Temperatures were monitored by
calibrated IR sensors at the bottom of the reaction vials. In order to synthesize
PHA-block-(PDLA-stat-PLLA) copolymers of the targeted composition, the

0]
0 MW lIrradiation o @ H
ool Oy AR moA L T e Y O
O R 2 O R o
O

Scheme 3 Synthesis of PHA-block-(PDLA-stat-PLLA) diblock copolymers after initiation of the
R ,S-lactide polymerization by a poly(hydroxy alkanoate) macroinitiator
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corresponding amounts of oligomeric PHA macroinitiators were used for initiation
of the ROP of R,S-lactide. Macroinitiators with various molecular weights were
prepared by methanolysis of PHA. Interestingly, the efficiency of the initiation was
reported to be close to 100%. A reaction temperature of at least 115°C was needed
for melting the macroinitiators, whereas higher temperatures had an adverse effect
on the monomer conversion and the initiation efficiency. These findings were
attributed to transesterification reactions. The polymerization of R,S-lactide was
found to follow first-order kinetics, and the M,, of the polymers increased linearly
with the monomer conversion. Monomer consumptions of 50-85% were obtained
within 5 min. Size exclusion chromatography (SEC) analysis of the macroinitiator
as well as the diblock copolymers revealed monomodal molecular weight
distributions. The Dy, values were determined to be between 1.5 and 1.9.

The preparation of hybrid core—shell particles consisting of magnetite cores with
a shell of PLA, PCL or PCL-block-PLA (Scheme 4) was reported by Nan
et al. [28]. They used a grafting-from strategy using inorganic magnetite particles
that were modified with serine or glycolic acid as initiator, and used stannous
octanoate as catalyst. The syntheses were performed under CH as well as in a
MW reactor that enabled temperature and pressure measurement (no details of the
type of reactor were given; see also reference [29]). A significant acceleration of the
chain growth and the possibility of performing solvent-free syntheses were reported
as the main benefits of MW-assisted heating. Transmission electron microscopy
(TEM) characterization of the particles obtained after the homopolymerization of
PCL revealed the successful synthesis of spherical hybrid nanoparticles with
diameters of 22-27 nm.

Koroskenyi and McCarthy [30] described the MW -assisted homopolymerization
of S,S-lactide (referred to as L-lactide) and e-caprolactone as well as grafting-from
polymerizations of these monomers from various polymers such as acetylated
starch or carboxymethylated konjac. Their work was performed in domestic MW
ovens (Sharp Carousel II and Panasonic The Genius). Temperature acquisition was
not reported. The authors reported grafting degrees of up to 25% and stated that
higher degrees might be obtainable from reactions with optimized parameters.

The preparation of a chitosan-graft-(PDLA-stat-PLLA) copolymer by a
grafting-from polymerization of R,S-lactide (referred to as p,L-lactide in the
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manuscript) using chitosan (degree of deacetylation 90%) or hydroxyethyl-
functionalized chitosan was described by Zhou and coworkers [31]. For the
syntheses, a CEM Discover MW reactor was used. Optimized reaction parameters
were found to be 130°C and 15 min of heating time. The polymerizations were
catalyzed with stannous octanoate. Grafting degrees (derived from the weight gain)
of more than 300% could be realized. In another study, Luo et al. described an
increase in the grafting percentage from 320 to 632% when the monomer to initiator
ratio was increased from 20:1 to 40:1 [32]. The lower crystallinity and thermal
stability with higher monomer grafting percentages could be confirmed by X-ray
diffraction (XRD) and thermogravimetric analysis (TGA).

A similar approach was followed by Yang and coworkers [33]. Instead of
chitosan, they grafted an unspecified lactide from cellulose, using stannous
octanoate as catalyst. The reaction mixture was heated at 130°C for 10 min using
a Shanghai Yi-Yao MW reactor. The XRD and differential scanning calorimetry
(DSC) analyses revealed lower crystallinity of the grafted cellulose; the thermal
properties, however, remained unchanged due to the rigidity of cellulose.

Zhou and coworkers reported the application of a CEM Discover single-mode
MW reactor for the grafting-from ROP of §,S-lactide (referred to as L-lactide)
catalyzed with stannous octanoate; nano-hydroxyapatite was used as co-initiator
[34]. Optimized reaction parameters in terms of maximum grafting degrees were
found to be 140°C, 45 min reaction time, and 50 W MW power. Increasing the
monomer to initiator ratio from 50:1 to 400:1 increased the grafting percentage
from 15 to 36%. Notably, the core—shell particles were smaller in size than
the pristine hydroxyapatite particles. This observation was referred to a lower
agglomeration due to the organic shell.

The preparation of surface-grafted halloysite nanotubes was reported by Luo
and coworkers [35]. Their work was aimed at the preparation of nanocomposite
materials with enhanced mechanical properties from the interaction of the
halloysite nanotubes with the PLLA matrix. For the graft polymerization, mixtures
of §,S-lactide (referred to as L-lactide) and nanotubes in several ratios, together with
various amounts of stannous octanoate, were heated in a CEM Discover laboratory
scale MW reactor (Scheme 5). Residual solvents were removed by evacuation of
the samples prior to the reaction. Optimized reaction conditions were found to be
130°C for 30 min and 30 W of irradiation power, resulting in grafting degrees of up
to 42%.

The MW-assisted synthesis of PLLA-block-PEG-block-PLLA triblock
copolymers (Scheme 6) was reported by Gong and coworkers [36]. Polymerizations
were performed in a CEM Discover single-mode MW reactor using PEG with M, of
1 or 2 kDa as initiator. S,S-Lactide (referred to as L-lactide in the manuscript)
conversions of up to 92.4% were obtained within 3 min of irradiation using
stannous 2-ethylhexanoate as catalyst. The M, of the triblock copolymers
determined by SEC ranged from 12.8 to 49.1 kDa, depending on the S,S-lactide
to PEG ratio (ratios varied from 50:1 to 500:1). Reaction temperatures of 100°C
were found to suppress polymer degradation, which was reported for prolonged
irradiation times. Investigation of the polymers revealed the increase in Ty, and T,
with higher PLA content.
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A similar synthesis was reported by Gong and colleagues for a PLLA-mPEG
diblock copolymer using methoxylated PEG (mPEG) as macroinitiator [37].
S,S-Lactide (referred to as L-lactide in the manuscript) was again used as monomer,
and the MW-assisted polymerization was performed in a CEM Discover MW
reactor, catalyzed by stannous octanoate. Block copolymers were obtained with
M,, values of between 7.3 and 117.6 kDa. Notably, reaction times of 20 min at
100°C were found to be sufficient. For comparison, the syntheses were also
performed using CH, revealing a pronounced acceleration under MW-assisted
conditions. The authors also reported degradation of the block polymer at
prolonged irradiation times, especially for polymers containing longer blocks
of PEG.

The preparation of diblock copolymers such as PCL-block-PEG and PLA-block-
PEG was reported by Karag6z and Dinger [38]. Both polymerizations were initiated
by methoxylated PEG of various weights (2 and 5 kDa) and catalyzed by stannous
octanoate. The reactions were performed in a Milestone MicroSYNTH MW reactor
under nitrogen atmosphere at 100°C for 5-60 min. In CH control experiments, the
polymerizations needed at least 24 h for completion. Block copolymers with M, of
5-13 kDa and Dy, values of 1.12—1.19 were obtained in the case of PCL-block-PEG
copolymers. The synthesis of PLA-block-PEG yielded copolymers with M,, values
between 4.3 and 10.7 kDa and D), values ranging from 1.10 to 1.16.

Ren and colleagues reported the MW-assisted synthesis of hexa-armed star-
shaped PCL-block-PLLA copolymers using dipentaerythritol as initiator and
stannous octanoate as catalyst (Scheme 7) [39]. The reactions were performed in
a CEM Discover MW reactor. Using this initiator, first CL was polymerized
and, subsequently, the polymerization was continued using S,S-lactide (referred
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to as L-lactide in the manuscript) as monomer. Hydroxyl-terminated PCL was
synthesized at 120°C for 40 min with an initiator to monomer ratio of 1:5.5.
After recovery and cleaning steps, the product was used to initiate the polymeriza-
tion of S,S-lactide. The polymerization was performed at 120°C for 20 min. The M,
values of the block copolymers ranged from 28.4 to 54.0 kDa, and the Dy, values
ranged from 1.16 to 1.25. The crystalline morphologies of the polymers were
investigated by polarized optical microscopy.

4 Poly(e-caprolactone)

4.1 Homopolymers of CL

Albert et al. investigated the ROP of CL using titanium tetrabutylate as catalyst
[40] in a MW reactor (including temperature control by a fluoroptic temperature
sensor) that provided monomodal irradiation of up to 850 W. The viscosity of the
reaction mixture was measured in situ by a viscometer situated in the reaction
vessel. The transmitted power decreased with rising temperature of the reaction
mixture, indicative of increased absorption levels. Notably, the intensity of the
transmitted radiation increased after some minutes, indicating a dramatic change in
the absorption level of the reaction mixture. The changes in the viscosity of the
reaction mixture were monitored for CH and MW-assisted heating; it increased
earlier in the case of CH. Concomitant with monomer consumptions of 89—99%, the
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M, values of the PCL ranged from 69 to 120 kDa, with Dy values of 1.8 to 2.1.
Within reaction times of 4-68 min, no significant differences between CH and
dielectric heating could be observed.

Barbier-Baudry and coworkers investigated the (hydrated) lanthanide halide-
catalyzed synthesis of PCL oligomers [41]. The oligomerizations were performed
in either a single-mode reactor by Prolabo (Synthewave S402 with temperature
control by an IR detector) or in a GMP 12T reactor (Sairem, France, providing up to
1.2 kW of MW power). The group reported the successful synthesis of PCL with M|,
values of 3.0-20.4 kDa and D), values of 1.30-3.44. The molecular weights
strongly depended on water in the monomer feed, which may act as co-initiator.
Lower water contents enabled higher molecular weights. Correspondingly,
coordinated water of the catalyst seemed to have an influence.

Liu and coworkers compared the MW-assisted, solvent-free polymerization of
CL catalyzed by stannous octanoate or zinc powder with the CH polymerization
under otherwise identical conditions [42]. An unspecified MW oven was used for
dielectric heating at different power levels and a maximum heating time of 4.5 h.
Using stannous octanoate as catalyst, M., values of the polymers of 31.6—124 kDa
were determined by SEC, concomitant with Dy, values of 1.34—1.82. Zinc powder
as catalyst yielded polymers with M, values of 72.7-92.3 kDa and Py, values of
1.61-1.67. The polymers synthesized under CH were obtained with M, values of
60 kDa after 24 h using stannous octanoate as catalyst or M, values of 27 kDa after
48 h using zinc as catalyst.

Based on the aforementioned work, Liu and colleagues additionally surveyed the
heating characteristics of the stannous octanoate-catalyzed ROP of CL [43]. The
work was performed in a Whirlpool JA203 domestic MW reactor with a thermo-
couple inserted into the reaction vessel. For comparison, the polymerization was
also performed using a salt bath for heating. Maximum temperatures in the range of
300—420°C were typically reached within 15 min of MW-assisted heating, while
the temperature levels were reported to depend on irradiation power and the amount
of CL in the reaction vessel. Exothermic heat generation was observed for reaction
temperatures above 170°C. PCL with M, values of 150 kDa was obtained within
1 h. In another study, the researchers used the National S570 domestic multimode
MW oven for comparison experiments with flash CH [44]. The kinetic investigation
of the polymerization revealed higher propagation for the flash-heated reaction than
for the MW-assisted reaction. Furthermore, the average molecular weights were
significantly higher at shorter reaction times. This finding was explained by a lower
concentration of active species during flash heating. Liu and coworkers also
reported the existence of non-thermal MW effects during the stannous octanoate-
catalyzed polymerization of CL [45]. The National S570 domestic multimode MW
oven was operated at power levels of 400, 500, 600, 700, and 800 W, yielding
equilibrium temperatures of the polymerization mixtures of 165, 180, 197, 213,
and 228°C. The rate constant did not increase with the observed increase in
temperature, but abruptly increased at input powers of 500 W. By contrast, the
polymerization under flash CH conditions followed the Arrhenius law, with an
increase in the equilibrium temperature from 108 to 135, 151, 189, and 213°C. In
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addition, the initiation time in the case of MW-assisted heating varied
unsystematically with the temperature and was independent of the rate constant.
Yet again by contrast, in the case of flash CH, initiation time was reduced
exponentially from 127.5 to 36.40, 8.63, 1.22, and 0.579 min with the increase in
polymerization temperature and rate constant. Due to these divergences between
MW-assisted heating and CH, it was argued that the acceleration of the
polymerization of CL by microwaves originated from non-thermal MW effects. It
should be noted that the use of a domestic MW oven may have also led to a larger
deviation of the results obtained under MW-assisted heating.

Liu and coworkers also investigated the ROP of CL initiated by carboxylic acids
without the use of additional catalysts [46]; the ratio between benzoic acid and CL
was 1:25. The MW equipment used as well as the kind of temperature measurement
were not specified. Significant acceleration of the polymerization was observed,
and PCLs with M, values of up to 44.8 kDa and D), values of 1.6 were reported.
CH of an identically composed reaction mixture at 210°C for the same time yielded
polymers with M, values of 12.1 kDa and P\, values of 4.2.

A mechanistic investigation of the CL polymerization catalyzed by hydrogen
phosphonates was reported by Liu and coworkers in 2009 [47]. In their work, a
domestic MW oven (Whirlpool VIP 273F) was used. The mechanism of the
polymerization was explained by an oligomerization of CL, initiated by traces of
water in the reaction mixture. Subsequently, phosphorylated oligomers of PCL
were formed by transesterification reactions until the hydrogen phosphonate species
were completely consumed. Those oligomers were argued to act as catalyst for the
MW-assisted ROP of the remaining CLL monomers. In a more thorough report by
the same group [48], the mechanism of the ROP of (water-free) CL catalyzed
by hydrogen phosphonates was described as a two-step coordination—insertion
reaction (Scheme 8).

Chang, Huang and colleagues prepared a nanocomposite material based on
PCL-coated starch nanocrystals embedded in a PLA matrix [49] (see also reference
[35]). For the preparation of the nanoparticles, CL and starch powder were mixed
with stannous octanoate and subjected to 255 W of MW irradiation for 5 min. The
MW equipment used was not specified. The recovered starch-graft-PCL was
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Scheme 8 Coordination—insertion catalysis of the ROP of e-caprolactone in the presence of
hydrogen phosphonates
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Fig. 5 SEM images of fracture morphologies of pristine PLA (leff) and starch-graft-PCL
nanoparticles embedded in PLA at 15 wt% (right). Reprinted from Yu et al. [49], with permission
from John Wiley and Sons

blended with commercially available PLA (81 kDA, Dy, 1.80) in different ratios.
From these blends, films were fabricated. Figure 5 shows the morphologies of pure
PLA and blends containing 15 wt% of the starch-graft-PCL nanoparticles
(at fracture sites). The mechanical properties of the nanocomposites with 5 wt%
nanoparticle content were reportedly better than those of pure PLA.

Gong and colleagues reported the preparation of clay/PCL nanocomposites by
the ROP of CL with unmodified montmorillonite clay as well as with clay modified
with quaternary ammonium cations bearing hydroxyl functions [50]. In their study,
they found significant differences for MW-assisted heating in a CEM Discover
single-mode MW reactor compared with CH in an oil bath: In reactions mixtures
containing clay, monomer conversions of 98% under MW irradiation were found,
as compared with conversions of 1% under CH (120°C for 1 h). The specific
absorption of microwaves by the solid clay particles is a likely reason for the
observed phenomena. Under MW irradiation, the amount of loading with
unmodified Cloisite Na* had no direct effect on the M,, values (55.3-60.4 kDa),
whereas the modified clay (Cloisite 30B) caused a decrease in the M|, values of the
PCL with increasing clay loading as a consequence of the higher concentration of
hydroxyl groups, which acted as initiators of the ROP (16.3-66.1 kDa).

In another study, Gong and coworkers investigated the thermodynamics of the
preparation of montmorillonite/PCL-based nanocomposites in more detail [51],
focusing on the Cloisite 30B clay. Pure CL, a polymerization mixture of CL
and stannous octanoate, as well as a similar mixture additionally containing
hydroxy-functionalized montmorillonite, were subjected to MW-assisted heating
in a CEM Discover single-mode MW reactor. Power levels from 10 to 30 W in steps
of 10 W were applied for 60 min while the temperature was monitored. As
expected, for the pure CL, a temperature equilibrium was reached correlating
with the irradiation power. For the polymerization mixtures, peaks and
plateaus in the time—temperature curve revealed the exothermic character of the
polymerization. For the montmorillonite-initiated polymerization, prolonged
irradiation was found to have a degradative effect on the polymer.
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The MW-assisted ROP of CL in the ionic liquid 1-n-butyl-3-methylimidazolium
tetrafluoroborate was described by Liao, Gong, and colleagues [52]. In the Whirlpool
JA203 MW reactor, the effect of up to 30 wt% of ionic liquid on the zinc oxide-
catalyzed ROP of CL was investigated at power levels of up to 225 W. As observed
before, the temperatures reached an equilibrium-state, with temperature levels
depending on irradiation power and amount of the ionic liquid. The polymerization
of pure CL was observed only at power levels of 170 and 225 W. The M,, values
ranged from 2.2 to 11 kDa, with Dy values from 1.30 to 2.50. Addition of zinc oxide
to the reaction mixture reduced the required power level for polymerization down to
85 W. The heating rate showed a strong dependency on the ionic liquid content.
Without the presence of ionic liquid, however, no polymerization was observed even
with catalyst. Depending on the ionic liquid content, average molecular weights of
2.4-15.8 kDa and Py, values of 1.5-2.4 were obtained.

Kerep and Ritter investigated the influence of MW radiation on enzyme-
catalyzed ROPs [53]. CL was polymerized using the lipase Novozyme 435 as
catalyst. A CEM Discover MW reactor with a fiber optic-based IR temperature
sensor was used for MW-assisted heating. All polymerizations were performed
in boiling solvents in open reaction vessels. Controversial findings were reported
regarding the type of heating and the polarity of the solvent (THF, dioxane, toluene,
benzene, and diethyl ether), which was conclusively argued by the authors to open a
new field for further investigations. The enzymatically supported ROP of CL using
mercaptoethanol as initiator was investigated by Kerep and Ritter in another study
[54]. The MW-supported polymerizations were performed in CEM Discover
reactor using the lipase Novozyme 435 as catalyst. Thiol-terminated PCLs with
M, values of 3.6 kDa were obtained, which compared well with the CH syntheses.
The Py, values of the polymers were around 1.5 for both heating methods, while the
yields nonetheless were significantly higher under dielectric heating. Additionally,
the selectivity towards thiol-terminated PCLs was slightly increased under MW
irradiation, despite their transesterification tendencies. Due to the thiol functions,
the correspondingly thiyl-functionalized PCL could be used as transfer-agent for
the polymerization of styrene, yielding PCL-block-PSt copolymers.

A systematic and thorough investigation of the above-mentioned enzyme-
catalyzed polymerization under solvent-free conditions was performed by Shah,
Mahapatro and coworkers [55], comprising theoretical calculations and experimental
validation. MW-assisted heating was performed on a CEM Discover reactor with
integrated temperature monitor and compressed air cooling. Experimental results
revealed that among the parameters tested, the reaction temperature had the highest
positive influence on the properties of PCL such as the molecular weight, whereas
high MW irradiation was found not to be desirable. Performance of the polymer-
ization under optimized conditions (90°C, 4 h, and 50 W), yielded polymers with M,
values of 21 kDa and Dy, values of 1.2. A cubic regression model was developed, and
optimal process parameters were obtained using this model.

A MW-supported synthesis of PCL without metal catalysts was described by
Liu and coworkers. [56]. Carboxylic acids and acid derivatives such as maleic
anhydride, succinic acid, and adipic acid were used for initiation. The polymer-
izations were performed in an unspecified domestic MW oven at different power levels
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from 270 to 720 W. PCL with M, values of 4-12 kDa and Py, values of 1.1-1.8 was
obtained for monomer consumptions of 30-85%. A linear relationship between MW
power and the molecular mass of the polymer was found if the irradiation time and
initiator to monomer ratio were kept constant. However, prolonged heating times were
reported to cause degradation of the polymers. If the polymerizations of CL were
performed from reaction mixtures containing ibuprofen, polymer/drug systems were
obtained from which ibuprofen was released in a diffusion-controlled manner; polymer
degradation was not observed during the release tests. In a consecutive study, Liu and
coworkers tested the preparation of a drug release system based on PCL and its release
characteristics [57]. PCL was prepared according to the above-mentioned method in
the presence of 5 wt% ibuprofen. A 70% release of the encased drug within 12 h was
reported by the authors.

Yu and Liu presented the polymerization of CL, initiated by benzoic acid
without the use of additional catalyst, in a domestic MW device by Whirlpool
(VIP275) [58]. SEC analysis revealed that the M., values of the polymers were 2.2—
44.8 kDa, compared with 2.0-7.8 kDa obtained from CH methods. The initiating
activity of benzoic acid was proven by reference experiments: No polymer was
obtained by heating the neat monomer alone. Three power levels of 340, 510, and
680 W were used to investigate the influence of MW power on chain propagation
(Fig. 6). At high MW powers, significant degradation of the polymer was observed
for prolonged reaction times.

The scale-up of the stannous octanoate-catalyzed MW-assisted ROP of CL was
described by Zhu and coworkers [59]. The experiments were performed in a
Nanjing WLD6S-01 multimode MW oven with a maximum power output of
6 kW. The reaction vessels had a volume of 1.8 L. The reaction temperature was
measured by internal infrared sensors. Up to five reaction vessels could be loaded
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Fig. 6 Correlation of M, (referred to as M,,) with reaction time at different irradiation powers for
the polymerization of e-caprolactone with benzoic acid as initiator (monomer to initiator
ratio=5:1). Reprinted from Yu et al. [58], with permission from Elsevier
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into the MW reactor, representing a total mass of 2.5 kg of CL. The recovered PCL
exhibited M, values of 100-1,000 kDa with Py, values of 1.72-2.75. The monomer
conversion rates reached 94%. Five consecutive experiments with 1.5 kg of CL
performed at 850 W revealed M, values of 95 kDa and conversion rates of over
90%, indicative of the good reproducibility of the large-scale reactions.

4.2 Copolymers of CL

The MW-supported stannous octanoate-catalyzed synthesis of PCL-block-PEG-
block-PCL triblock-copolymers, either in bulk or solution, was thoroughly
investigated by Sosnik and coworkers [60]. PEG oligomers with M, values of
400 Da were used as initiator. The reactions were performed in a Whirlpool
domestic MW oven. The spatial distribution of the MW intensity was determined
prior to the polymerizations by using a CoCl,-soaked filter paper, which changed
color upon irradiation, indicating the areas of highest intensity. The bulk polymer-
izations were performed in open vessels. The highest monomer conversions were
obtained for medium monomer to initiator ratios of less than 315:1 and reaction
times of 10 min. The observation also made by other groups that prolonged
irradiation time leads to polymer degradation could be confirmed. The triblock
copolymers exhibited M, values of up to 40 kDa. As the triblock copolymers
contained a very low fraction of PEG only, they exhibited a hydrophobic character.
The polymerization of CL in solution was studied using dimethyl sulfoxide
(DMSO) and dimethyl formamide (DMF) as solvents. Reactions carried out in
DMF showed results similar to the bulk polymerization. Upon usage of DMSO,
solvent decomposition under the harsh conditions occurred.

The application of PCL-block-PEG-block-PCL triblock copolymers for
controlled release of rifampicin, an effective drug against tuberculosis, was
surveyed by Sosnik and coworkers in another study [61]. The work aimed at the
preparation of micelles for controlled drug release and the subsequent correlation of
the molecular properties of the triblock copolymers and drug release. The synthesis
of the polymers was performed in an Itedo domestic MW device using stannous
octanoate as catalyst, starting from commercially available PEG of different
molecular weights as macroinitiators. A high-low-high power profile was applied
in order to avoid overheating of the reaction mixture. For PEG blocks with a
molecular weight of 20 kDa, DMF was added in order to overcome unfavorably
high viscosity. In total, ten copolymers of different molecular weight and
hydrophobic/hydrophilic character according to the PCL to PEG ratio were
synthesized. The aggregation behavior of the copolymers was thoroughly
investigated, and the encapsulation of rifampicin in the different copolymer
families was evaluated. Micellar size appeared to be the determining property,
being primarily controlled by the molecular weight of the PEG central block.

A similar study was performed by Yu and Liu [62]. Comments on the applied
MW reactor were not provided. The ROPs of CL were performed using PEG with
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Scheme 9 Synthesis of
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M, values from 800 to 4,000 Da as macroinitiator. It is noteworthy that no
additional catalyst was used. A correlation of monomer conversion and irradiation
time was observed: Conversion rates of 95% were obtained after 50 min at 680 W
of irradiation power. At 340 W with otherwise similar conditions, no polymer-
izations were observed for the same reaction time. At constant reaction times of
120 min, monomer conversions of 42, 86, and 93% were reported for irradiation
levels of 340, 510, and 680 W, respectively.

Yu and Liu reported the MW-assisted ROP of CL using PVA as initiator. The
polymerizations were performed in a domestic MW oven (Whirlpool VIP275)
[63]. Several PV A-graft-PCL comb-shaped copolymers (Scheme 9) were prepared
with varying polymerization degrees of the grafted-from PCL segments. By
increasing the MW power, higher polymerization degrees of between 3 and
24 were observed, concomitant with an increase in the substitution degree from
0.35 to 0.89. The monomer conversion correlated positively with irradiation time.

The preparation of starch-graft-PCL composites was described by Chang
et al. [64]. No comment on the MW equipment applied was made. The synthesis
was described as a one-pot reaction for the hydrophobic modification of commer-
cially available starch (35% amylose and 65% amylopectin). Using stannous
octanoate as catalyst, grafted PCL contents were in the range of 70%. Similar
work was published by Huang and coworkers on the modification of cellulose by
graft polymerization of CL from the surface [65]. Again, no specific information on
the MW equipment was provided. The polymerization was catalyzed by stannous
octanoate, and the weight ratio of cellulose to CL was set to 1:40. The obtained
material, a cellulose whisker-graft-PCL dispersed in a matrix of PLA, showed
enhanced mechanical strength and elongation properties compared with pristine
PLA. In a similar study, thermoformable composite materials were reported by
Feng and coworkers [66]. PCL was grafted-from chitin whiskers in order to obtain
materials with enhanced strength and elongation. A positive correlation of these
properties was reported with increasing amount of PCL.

A special pathway for the grafting polymerization of CL from chitosan was
reported by Fang and coworkers, who used phthalic anhydride to temporarily
protect the amino groups of the chitosan [67]. For the MW-heated synthesis, a
Sanyo EV350S domestic MW oven was applied; the temperature measurement,
however, was not described. The graft polymerization of CL was catalyzed by
stannous octanoate, using the hydroxy groups of chitosan as initiators. The authors
described an increased grafting percentage compared with CH. Additionally, an
intense acceleration of the graft polymerization was reportedly observed, especially
for irradiation powers of 450 W or more.
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Tiwari and Prabaharan investigated the application of amphiphilic guar
gum-graft-PCL as a drug delivery system [68]. The graft polymerization of CL
was catalyzed by stannous octanoate and performed in domestic MW equipment
(GE WES1130) operated at 55 W. The reaction mixtures were irradiated for up to
15 min and grafting percentages reached a maximum of 285% after 9 min. Guar
gum with a molecular weight of 26 kDa was used as initiator. A significant
acceleration of the graft polymerization was observed under MW irradiation. The
obtained copolymers formed spherical micelles in aqueous solution, which were
loaded after synthesis with ketoprofen and subjected to in-vitro tests, during which
rapid release (4 days) of the model drug was observed at 37°C and pH 7.4.

Sinnwell and Ritter reported the application of a CEM Discover MW reactor
for the amidation of PE-stat-PAA with 2-(2-aminoethoxy)ethanol [69]. The
reaction yielded a hydroxy-functionalized PE-star-PAA(OH) derivative, which
was subsequently used as macroinitiator for the ROP of CL. This polymerization
was performed under CH.

Nan et al. reported the polymerization of CL using D,L-serine-functionalized
magnetite as initiator [29]. The polymerizations were performed using a CEM
Discover laboratory-scale MW reactor with an internal IR device for temperature
measurements, using stannous 2-ethylhexanoate as catalyst. The polymerizations
were conducted at 200°C for 7 min at a power level of 200 W under solvent-free
conditions. The authors reported accelerated chain propagation paired with a
decreased rate of formation of growing centers.

Ritter and coworkers described the MW-supported synthesis of polyester
macromolecules derived from the ROP of CL initiated by acrylic or methacrylic
acid [70]. The polymerizations were performed in a CEM Discover MW reactor at
the gram scale using stannous octanoate as catalyst. The power of MW irradiation
was limited to 50 W, resulting in reaction temperatures of 180°C and favorable
reaction times of 90 min. Despite the high temperature, spontaneous formation of
radicals by the acrylic moiety was not observed. Samples with ratios of acrylic/
methacrylic acid to CL ranging from 1:5 to 1:25 were prepared. SEC analyses
revealed M,, values ranging from 1.3 to 2.9 kDa for the polymers initiated with
methacrylic acid. The Dy values ranged from 1.8 to 2.1 and the conversion rates
of the acid were between 39 and 71%. For the acrylic acid-initiated polymers,
molecular weights of 1.2-2.3 kDa were obtained with Dy values of 1.7-2.1 (acid
conversion of 61-100%).

The synthesis and characterization of PEG-block-PCL diblock copolymers was
reported by Trathnigg and coworkers [71-73]. Several catalysts, namely stannous
octanoate, sodium hydride, and boron trifluoride were applied. The polymerizations
were performed in the Biotage Emrys Optimizer MW reactor under argon
atmosphere. PEG methylesters with M, values of 2.0 or 5.0 kDa were used as
monofunctional initiators. The obtained polymers were analyzed by MALDI-TOF,
SEC, and liquid chromatography under critical conditions (LCCC) revealing that
stannous octanoate was the catalyst that yielded the lowest amount of by-products
such as cyclic PCL and free acids. Trathnigg and coworkers expanded these
investigations and analyzed the MW-assisted synthesis of PCL and its copolymers
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with PEG by liquid chromatography and MALDI-TOF-MS. The polymerizations
were catalyzed by stannous octanoate and initiated by PEGs with different degrees
of polymerization. The polymerizations were performed utilizing an Emrys Opti-
mizer EXP MW reactor by Biotage, operated at 140°C for 30 min. The analysis of
the polymers by MALDI-TOF and SEC revealed a remarkably high content of the
targeted triblock copolymers, indicative of effective initiation by both telechelic
hydroxy groups of the polymers and oligomers of EG. The above-mentioned
polymers were additionally subjected to two-dimensional chromatographic
analyses by Trathnigg and coworkers in order to prove the applicability of these
methods for analysis of the obtained polymers.

5 Polydioxanone

The ROP of dioxanone (DO) (Scheme 10) supported by MW irradiation was
performed by Wang and coworkers in a domestic multimode MW oven
(Whirlpool-J220), equipped with a thermocouple device for temperature measure-
ment [74]. The device was capable of continuously controlling the irradiation
power rather than pulse-wise applying the MW energy. Power levels of 90, 180,
270, and 360 W were applied for 25 min. The equilibrium temperature within the
reaction mixtures (composed of the monomer DO and the initiator stannous
octanoate) was reached after several minutes. The heating rates and temperature
levels correlated with the irradiation power. For power levels of up to 270 W, a
time-dependent increase in the viscosity-average molecular weight (M,) values of
the polymers from 95 to 175 kDa was reported. Higher power levels led to
degradation of the polymer. Compared to the CH reaction, intense acceleration
was reported.

This study was expanded to other catalysts by Wang and coworkers, namely to
triethyl aluminum, zinc, and tin powder [75]. A MAS-I MW reactor by Sineo was
applied with a maximum power of 1,000 W and internal IR temperature acquisition.
At areaction temperature of 80°C and a reaction time of 30 min, AlEt; exhibited the
highest activity and yielded PDO with M,, weights of 197 kDa at a yield of 97%. In
comparison, stannous octanoate yielded polymers with molecular weights of
102 kDa in 62% yield. As metallic catalysts, zinc and tin ware compared. The
metal powder catalysts were tested at 100°C for 60 min. At similar yields of 45%,
tin powder yielded polymers with M, masses of 40.5 kDa. Additionally, the
influence of several parameters on the polymerization degrees and yields were
investigated using AlEt; as catalyst. At 100°C, 94% yield and M, of 176 kDa
were reached after 3 min; polymer degradation was observed for prolonged
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Fig. 7 Viscosity-average molecular weight (M, ) and yield of polydioxanone in correlation with
MW power and irradiation time. The polymerization of dioxanone was catalyzed by triethyl
aluminum. Reprinted from Chen et al. [75], with permission from John Wiley and Sons

irradiation times. This effect was not reported for lower temperatures (Fig. 7). The
comparison of CH and MW-supported polymerizations of DO revealed an increase
in yields and molecular weights under dielectric heating.

Wang et al. also used zinc L-lactate as catalyst for the MW-assisted ROP of DO
in a MAS-I MW reactor by Sineo [76]. Initial investigations were performed with
constant monomer to catalyst ratios of 400 and temperatures between 80 and
130°C. A temperature of 100°C applied for 6.5 h was found to be optimum, and
PDOs with M, values of 25.8 kDa were obtained. Monomer to catalyst ratios of
1,000:1 yielded polymers with higher molecular weights of 53.2 kDa. Dielectric
heating accelerated the polymerization compared with CH; stannous octanoate,
however, seemed to be more active than zinc L-lactate.

The dielectrically heated synthesis of biodegradable PCL-star-PDO copolymers
was investigated by Hao and coworkers [77]. Stannous octanoate was used as
catalyst. No comments on the type of the MW equipment applied were made, but
a reaction temperature of 140°C was reported. A series of experiments with a
constant CL to DO monomer ratio of 60:40 and variation of irradiation time in
steps of 5 min revealed almost complete CL consumption after 20 min. The DO
consumption revealed a maximum of 74% after 20 min and decreased to 69% after
30 min. Variation of the CL to DO ratio between 90:10 and 60:40 had no significant
influence on the monomer conversion.

6 Polycarbonates

Gong and colleagues reported the application of a CEM Discover MW reactor for
the ROP of trimethylene carbonate (TMC) without the use of any metal catalysts
[78]. The reactions were initiated by ethylene glycol; no additional solvent was
added to the reaction mixtures. An integrated IR device enabled temperature
measurements. Polymerizations were performed at remarkably low power levels
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of 5, 10, 20, and 30 W. The temperature profile was designed such that it contained
a two-step heating. After slow initial heating and a second more rapid temperature
rise, followed by an exothermic peak, equilibrium temperatures in the range of 80—
170°C were reached. Correlation of the power level with the equilibrium temper-
ature was observed. Increased catalyst concentrations led to earlier exothermic
reactions (not exceeding the equilibrium temperatures) and lower times required
to reach the equilibrium temperature. An increase in molecular weight and mono-
mer conversion, compared with the CH synthesis, was additionally reported.

Related to this work, Gong and coworkers also investigated the above-
mentioned polymerization in the presence of the ionic liquid 1-n-butyl-3-
methylimidazolium tetrafluoroborate [79]. Unlike the previous sets of experiments,
this polymerization was catalyzed by stannous octanoate. The polymerization was
significantly accelerated in the presence of 5 wt% of the ionic liquid, which was
explained by the higher heating rates due to the increased absorbance. Higher
amounts of ionic liquid, however, induced polymer degradation (after polymer-
ization with high reaction rates). In summary, molar mass and monomer conversion
rate were both significantly increased as compared with CH polymerizations.

As an alternative to the stannous octanoate-catalyzed polymerization of TMC,
Gong and coworkers also investigated the application of zinc L-lactate and racemic
zinc L-lactate/zinc p-lactate (as well as both types of zinc lactates in their hydrated
form) as catalyst [80]. The syntheses were performed in a CEM Discover laboratory
bench reactor on the gram scale. A temperature of 120°C was applied for 30 min.
The four different zinc lactates were tested for catalytic activity and PTMC with M,
values between 2.9 to 75.4 kDa were obtained. The monomer consumption ranged
from 85 to 98%. Both types of anhydrous zinc lactates yielded the highest
molecular weights of PTMC within the test series. Although an acceleration of
the polymerization under MW irradiation was reported, prolonged MW irradiation
induced polymer degradation.

Gong and coworkers also reported the metal-free synthesis of triblock
copolymers of the composition PTMC-block-PEG-block-PTMC [81], which were
synthesized in a CEM Discover reactor. Telechelic PEG of different molar masses
was used as macroinitiator. After dielectric heating at 120°C for 1 h, triblock
polymers with M, values of 16 kDa were obtained, and monomer consumptions
of up to 97% for TMC were observed. Both values compared well with those
obtained by CH syntheses. Increasing the ratios of TMC relative to PEG apparently
had no effect on the monomer conversion rate and, hence, yielded triblock copoly-
mers with higher molecular weights.

7 Various ROPs for the Synthesis of Polyesters

A different strategy for the MW-assisted synthesis of biodegradable polyesters was
presented by Wang and coworkers, who investigated the step-growth polymer-
ization of diglycidyl compounds and dicarboxylic acids in anhydrous DMF [82].
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Scheme 11 Synthesis of poly(ethylene terephthalate-co-isophthalate)

The synthesis was catalyzed by bis(tetrabutylammonium)sebacate. This catalyst
was found to offer good biocompatibility, simple synthesis, and long storage
stability. The polymerization was performed in a Biotage Initiator 2.5 MW reactor
at 100°C for 10 min. Polymers exhibiting M,, values of up to 13 kDa were obtained
with Dy values of 1.3-2.5. At very long irradiation times, the D, values increased
dramatically, with no effect on the yields of 76-88%.

Nagahata et al. presented the ROP of the cyclic dimer of ethylene isophthalate
and bis(2-hydroxyethyl)terephthalate in the presence of catalytic amounts of
1,3-dichloro-1,1,3,3-tetrabutyldistannoxan (Scheme 11) [83]. The polymerization
was performed in a Toshiba ER-VS1 domestic MW oven operated at 500 W and at
temperatures of approximately 200°C. Homopolymerizations of the dimer ethylene
isophthalate failed under both conventional and MW-assisted heating. The
copolymerization yielded polymers with M ,, values of 5.9 kDa and high P\, values
of 3 after 1 h under CH conditions. With MW support, polymers with M, values of
8.4 kDa and a Py, of 2.4 were obtained after 30 min. Control experiments without
catalyst failed to yield polymers with high molecular weights.

The MW-supported depolymerization of poly(ethylene terephthalate) (PET) was
reported by Pingale and Shukla [84]. A domestic MW oven was heavily modified
to enable the application of reflux conditions. Zinc acetate was, among other
chemicals, used to catalyze the depolymerization. With yields comparable to
those obtained by CH methods, the reaction time could be reduced dramatically.
Achilias and coworkers reported a method for the depolymerization of poly
(bisphenol-A carbonate) as an environmentally friendly strategy [85]. In their
study, the alkaline hydrolysis of the material was performed in a CEM Discover
MW reactor. An 80% degradation of the polymer was obtained after 40 min at
160°C using a 5% NaOH solution. Using 10% NaOH, the reaction time was
reduced to 10 min.

8 Polyamides

Zhang and coworkers used a semi-telechelic NH,-terminated PCL as macroinitiator
for the stannous octanoate-catalyzed ROP of N-carboxy-y-benzyl L-glutamate
anhydride [86]. The macroinitiator was prepared by the MW-supported ROP of
CL initiated by aminoethanol, which was protected by a fert-butylcarbonyl group.
After deprotection, NH,-terminated PCL was obtained. The polymerization was
performed on a Nanjing Jiequan industrial MW reactor at 500 W for 30 min. The
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Scheme 13 Reaction scheme for the ROP of e-caprolactam using amine initiators

ROP of the N-carboxyanhydride (NCA) monomer was performed under conven-
tional conditions (Scheme 12).

Preceded by a report of the anionic copolymerization of e-caprolactam and
e-caprolactone (initiated by lithium tri-fert-butoxyaluminohydride) [87], the
MW-supported syntheses of poly(e-caprolactam) as well as PCL were investigated
by Scola and colleagues (Scheme 13) [88]. The syntheses were performed in a
Teflon vessel that could be purged with nitrogen, using a LT 502Xb MW device.
The MW furnace was operated at a variable frequency (4.69 GHz, frequency
bandwidth of 1 GHz). Temperature measurement was available via a thermocouple,
which was calibrated using an optical fiber thermometer prior to use. Unlike the
standard industrial process for polymerization of e-caprolactam, w-aminocaproic
acid was used as initiator (instead of water) at atmospheric pressure. The polymer-
izations were performed at 220, 250, and 280°C with reaction times ranging from
1 to 3 h. Poly(e-caprolactam)s with molecular weights between 19.3 and 26.8 kDa
were obtained with yields ranging from 79 to 89%. The polymerization of CL was
initiated either by 1,4-butane-diol or trace amounts of water brought into the system
by the stannous octanoate catalyst. Reaction times were set to 2 h and a range of
temperatures between 120 and 200°C were applied. No polymerization was
reported for the lowest temperature. For higher temperatures, yields of 90-95%
were reported. M, values of 10-12 kDa for the diol-initiated polymerization
and 50.7-6.3 kDa for the water-initiated polymers were obtained. Py, values
were 1.7-1.9 and 2.3-2.5 for the diol- and water-initiated polymerizations,
respectively.
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The application of MW-assisted heating during the hydrolysis of polyamide-6
as an efficient recycling method was investigated by Klun and Krzan
A Milestone MEGA 1200 industrial MW device was applied, operated at
500 W for 8 min. The hydrolysis was performed at the gram scale using zinc
acetate, zinc chloride, zinc triflate, or phosphoric acid as catalysts. Zinc chloride
seemed to be the only salt exhibiting the potential to catalyze the depolymerization

[89].

of polyamide-6.

Summary, Conclusions, and Outlook

The thorough review of recent advances in the research area of microwave-
assisted synthesis of polyesters and polyamides by ring-opening polymerization
presented here reveals five key messages:

1.

2.

The research area is still in its infancy, despite a continuously growing
number of publications in the field.

By far the most interest and efforts are directed towards the polymerization
of lactides and e-caprolactone; this exceptional interest assumingly
originates from possible applications of the polymers and derived
materials in the biomedical field. For the area of polyamides,
pronouncedly little data is available.

. With the exception of some studies (that, notably, are among the most

cited and most recognized), the MW-assisted syntheses have been
performed in domestic MW ovens. In addition to insufficient or
completely absent safety devices, the measurement of temperature
probably lacks accuracy. This fact paves the way for the next key message.

. The discussion on the absence or existence of non-thermal MW effects

currently lacks sufficient experimental data collected in a reproducible
manner. MW effects might induce the ring closure of oligoesters (and to a
lesser extent of oligoamides) because the water molecule eliminated is a
medium MW absorber, in contrast to the rather low-absorbing cyclic
monomers and polyesters. In a similar context, composites of polymers
and metals or salts may be of a different micro- and nanocomposition if
they are synthesized under MW irradiation instead of CH.

Regardless of possible non-thermal effects, MW irradiation causes
significant enhancement of the rate of numerous polymerizations,
rendering MW assistance the strategy-of-choice for the ROP of lactides,
e-caprolactones, and e-caprolactames, polymerizations that are commonly
associated with low reaction rates. Of special note are the utilization of
ionic liquids as reaction media, use of enzymes as catalysts, and highly
reproducible scale-up syntheses.

Predictions for the development of this research area must rely on the

experiments performed to date. These have already shown the potential of

(continued)
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this technique and have verified one major benefit of MW reactors: the fast
heating of the reaction mixture to high temperatures. Given the comparatively
small reaction scales accessible with MW reactors, a focus on PLAs and
PCLs is a clever strategy because MW-assisted polymerizations currently
seem to be favorable only for specialty and fine chemical syntheses. Further
experimental data will be collected in the coming years, stimulating the
discussion on non-thermal MW effects.
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Abstract More than any other polymer class, the synthesis of (co-)poly
(2-oxazoline)s has benefited tremendously from the introduction of microwave
reactors into chemical laboratories. This review focuses on research activities in
the area of (co-)poly(2-oxazoline)s prepared by microwave-assisted syntheses and
summarizes the current state-of-the-art for microwave-assisted syntheses of
2-oxazoline monomers, microwave-assisted ring-opening (co-)polymerizations of
2-oxazolines, and prominent examples of post-polymerization modifications of
(co-)poly(2-oxazoline)s. Special attention is paid to kinetic analyses of the
microwave-assisted polymerization of 2-oxazolines and to the discussion of
non-thermal microwave effects.
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AFM Atomic force microscopy

Bu™Ox 2-But-3'-enyl-2-oxazoline

CH Conventional heating

CROP Cationic ring-opening polymerization
Dc~Ox 2-Dec-9'-enyl-2-oxazoline

DLS Dynamic light scattering

DP Degree of polymerization

EtOx 2-Ethyl-2-oxazoline

IL Tonic liquid

MALDI-TOF Matrix-assisted laser desorption ionization — time-of-flight
MeOx 2-Methyl-2-oxazoline

MW Microwave

NonOx 2-Nonyl-2-oxazoline

pBu~Ox Poly(2-but-3'-enyl-2-oxazoline)
pDc~Ox Poly(2-dec-9'-enyl-2-oxazoline)

PEG Poly(ethylene glycol)

PEI Poly(ethylene imine)

PET Poly(ethylene terephthalate)

pEtOx Poly(2-ethyl-2-oxazoline)

PhOx 2-Phenyl-2-oxazoline

pMeOx Poly(2-methyl-2-oxazoline)

pNonOx

Poly(2-nonyl-2-oxazoline)
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pPBO Poly(1,3-phenylene-bis-2-oxazoline)
pPhOx Poly(2-phenyl-2-oxazoline)

ROP Ring-opening polymerization

SEC Size-exclusion chromatography
wt% Weight percent

1 Introduction

Of all polymerizations and polymer classes investigated under microwave
(MW) irradiation, the cationic ring-opening polymerization (CROP) of poly
(2-oxazoline)s is at the top of the list in terms of the number of research findings
published. This type of ROP, which was reported by four research groups indepen-
dently more than half a century ago [1-4], has been hibernating for decades because
of the comparably low polymerization rates inherent to this type of polymerization.
Performing these polymerizations in dedicated MW reactors provides access to
autoclave conditions and, correspondingly, overrules limitations to the reaction
temperature caused by the boiling points of the reactants and/or solvents. Concom-
itant with acceleration of the polymerization of 2-oxazolines at elevated tempera-
tures, a vivid discussion has arisen concerning whether these accelerations can be
traced to common laws of physical chemistry (in particular the Arrhenius law) or
whether potential non-thermal MW effects should also be considered [5] (see
Sect. 3.1).

Benefiting from “revived” research activities in the area of poly(2-oxazoline)s, a
plethora of review articles has been published recently focusing on this polymer
class and materials derived therefrom (particularly for medical and medicinal
applications) [6—16]. This review addresses the benefits of MW irradiation for the
CROP of poly(2-oxazoline)s. Following a description of the MW-assisted synthesis
of 2-oxazoline monomers (Sect. 2), this review summarizes the current state-of-
knowledge of reactions kinetics for the synthesis of homopoly(2-oxazoline)s
(Sect. 3), addresses the synthesis of copoly(2-oxazoline)s (Sect. 4), and highlights
examples of MW-assisted post-polymerization modifications (Sect. 5).

2 Synthesis of 2-Oxazoline Monomers

2-Oxazoline monomers are synthesized according to one of three well-known
standardized synthetic protocols: from nitriles [17], carboxylic acids [18, 19], or
the corresponding acid chlorides/activated esters [18] (Scheme 1). These syntheses
are commonly performed under conventional heating (CH) or at room temperature.
So far, MW-assisted synthesis protocols have been reported only for selected
2-oxazoline monomers. A clear focus on carboxylic acids and derived compounds
as reactants can also be observed for MW-assisted protocols.
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Synthesis of 2-oxazolines from nitriles (solvent-free)
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Scheme 1 Common synthetic routes for the preparation of 2-oxazoline monomers involving
amino alcohols

2.1 MW-Assisted Syntheses of 2-Oxazolines from
the Reaction of Carboxylic Acids and Derived
Compounds with Amino Alcohols

2.1.1 Carboxylic Acids

Marrero-Terrero and colleagues performed a detailed study of the MW-assisted
solvent-free syntheses of 2.4,4-trisubstituted 2-oxazolines from the reaction of
carboxylic acids and adequately substituted ethanol amines [20]. The experiments
were performed in a multimode domestic MW oven as well as in a single-mode
MW reactor dedicated to chemical synthesis (modified reactor S402 from Prolabo).
Zinc oxide was used as a catalyst; yields of more than 90% could be achieved in
syntheses at temperatures in the range of 200°C. Arsalani et al. reported solvent-
free MW-assisted preparations of 2,4-disubstituted bis-2-oxazolines, which were



Microwave-Assisted Cationic Ring-Opening Polymerization of 2-Oxazolines 187

linked by a poly(ethylene glycol) (PEG)-based chain in their 2-positions
[21]. Telechelic PEG diacid was reacted with primary tris(hydroxylmethyl)methyl-
amine. By applying MW irradiation of 600 W in a domestic microwave oven for
approximately 0.5 h, yields of 79% could be obtained. Huang and colleagues
described the solvent-free MW-assisted syntheses of 2-oxazolines carrying a
hydroxyalkyl substituent in 2-position from the reaction of a-hydroxy-substituted
carboxylic acids and B-amino alcohols [22].

2.1.2 Acid Chlorides

The MW-assisted synthesis of chiral 2-oxazolines was reported by Mamaghani and
coworkers [23]. Seven different benzoic acid chloride derivatives, which differed in
the substitution pattern of the aromatic ring, were reacted with 2-amino-3-phenyl
propanol at 0°C to produce the corresponding amides in high yield. These amides
were subsequently converted in situ into tosylates, and ring-closed to obtain the
corresponding 2,4-disubstituted 2-oxazolines under MW irradiation of 800 W (the
type of MW reactor was not specified), notably in solvent-free syntheses.

2.1.3 Amides

The synthesis of 2-oxazolines from N-acylbenzotriazoles and 2-amino-2-methyl-1-
propanol was reported by Katritzky et al. [24]. The experiments were performed
from solutions of the reactants in chloroform in the single-mode MW reactor
Discover (from CEM) as a two-step process with intermediate addition of thionyl
chloride to the reaction mixture. The products were obtained in high yields
(e.g. 95% in the case of 1,4-phenylene-bis-2-oxazoline). Notably, this product
can also be derived from poly(ethylene terephthalate) (PET) bottle waste, the
procedure of which was described by Shukla and colleagues [25]. Bis-
(2-hydroxyethyl) terephthalamide, which was obtained in moderate to high yield
from the aminolysis of PET waste according to CH or MW-assisted protocols, was
subsequently chlorinated, brominated, or nitrated. All of the corresponding prod-
ucts were heated conventionally or in MW reactors in N,N-dimethylformamide/
potassium carbonate suspension, yielding the bis-2-oxazoline. The MW reactor
used was a domestic oven.

2.1.4 Nitriles

Wood and colleagues described a high-yielding MW-assisted synthesis of
2-oxazolines from the reaction of alkyl and aryl nitriles and 2,2-dimethylethanol
amine [26]. A Lewis acid catalyst was required to enhance the yield of the
2-oxazolines. The MW-assisted reaction of amino alcohols with the so-called
Pinner salts (imino ether hydrochlorides that can be obtained from the reaction of
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nitriles with hydrochloric acid and alcohols) as well as with imino ethers (which can
be derived from Pinner salts by removal of the hydrochloric acid) was reported by
Garrigues and coworkers [27].

2.2 Other MW-Assisted Syntheses of 2-Oxazoline Monomers

Bazureau and coworkers reported the solvent-free MW-assisted synthesis of 4,4,5-
trisubstituted 2-methyl-2-oxazolines; the substituents at the 4-position were one
cyano and one carboxylate group, whereas the substituent at the 5-position was
varied [28]. All reactions were performed in a Synthewave 402 Prolabo MW reactor
from the reaction of 2-cyano-2-(1-ethoxyethylidene)aminoethanoate and various
aldehydes (Scheme 2). During the cycloaddition, trans:cis selectivities of up to
85:15 could be obtained.

The conversion of f-lactam-containing peroxides into 2-oxazolines by the boron
trifluoride etherate-catalyzed reaction with nitriles was performed by Cardillo and
coworkers [29] (Scheme 2). Performing the reaction at room temperature yielded
products with a yield of 30-60%, whereas the same reaction in the multimode MW
reactor Milestone Microsynth (80°C, 2.5 min) delivered the 2-oxazolines in yields
of 65-70%. Acidic hydrolysis of the 2-oxazolines was also investigated under MW
irradiation. Tatibouet and colleagues reported the MW-assisted synthesis of 2-aryl-
2-oxazolines from 1,3-oxazolidine-2-thiones under Suzuki or Stille reaction condi-
tions [30] (Scheme 2). The MW-assisted reactions were performed at 100°C for 1 h,
yielding the 2-aryl-2-oxazolines in yields of up to 86%.
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3 Homopoly(2-oxazoline)s: Detailed Investigation
of the Polymerization Kinetics

Coming a long way from MW reactors for domestic use, single- and multimode
MW reactors capable of exact control over the temperature and pressure during
reactions were introduced approximately two decades ago. These new types of
reactors rapidly found their way into chemical laboratories all over the world. The
advantage of having fully controllable reactors that can be operated under autoclave
conditions (eliminating the bottleneck of temperature limitations caused by the
boiling points) makes them an ideal tool for chemical syntheses.

3.1 CROP of 2-Oxazolines with Aliphatic and Aromatic Side
Chains

Schubert and coworkers started their work on accelerating the living polymeriza-
tion of 2-oxazolines in 2004 with the readily available monomer 2-ethyl-2-
oxazoline (EtOx) (Scheme 3) [31]. Initiated by methyl tosylate, the monomer was
polymerized in a Biotage single-mode MW reactor within a range of elevated
temperatures, which were chosen for the kinetic analysis of the CROP of EtOx.
At 190°C and 11 bar, full conversion of the monomer was achieved in less than
1 min [degree of polymerization (DP) = 60], compared with 6 h under CH in
acetonitrile (reflux at 82°C). This acceleration of the ROP by factors of up to
350 was accompanied by (minor) side reactions, indicated by a slight change in
the color of the polymer from transparent to yellowish. The optimum temperature
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Scheme 3 Mechanism of the CROP of 2-oxazolines, shown for the synthesis of the diblock
copoly(2-oxazoline) pEtOx-block-pNonOx
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Fig. 1 Kinetic analysis of the CROP of EtOx. Left: Number-average molecular weight (M)
plotted against monomer conversion. Right: Corresponding Arrhenius plot. Reprinted from
Wiesbrock et al. [31] (doi: 10.1002/marc.200400369) with permission from John Wiley and Sons

was identified as 140°C (Fig. 1), giving acceleration by a factor of 70 without any
observable side reactions. All polymers showed remarkably low (molar mass)
dispersity of around 1.1, as determined by size-exclusion chromatography (SEC).
The reaction rates (k,) were calculated and used in an Arrhenius plot, which showed
no deviation from analogous CH polymerizations, revealing that no intrinsic MW
effects were detectable (Fig. 1).

In a subsequent study, Schubert and coworkers expanded their kinetic studies of
the CROP of 2-oxazolines by investigating 2-methyl-2-oxazoline (MeOx), 2-nonyl-
2-oxazoline (NonOx), and 2-phenyl-2-oxazoline (PhOx) [32]. All monomers were
polymerized at temperatures between 100 and 180°C, and were further character-
ized in terms of monomer conversion during CROP and the (molar mass) dispersity
of the synthesized poly(2-oxazoline)s. It was found that the polymerizations could
not only be carried out in highly concentrated solutions, but also in bulk. A narrow
(molar mass) dispersity of <1.20 was maintained. All polymerizations followed the
law of Arrhenius and did not exhibit any intrinsic (non-thermal) MW effects.

These reports were contradicted by a report from Sinnwell and Ritter, who also
investigated the MW-assisted CROP of PhOx [33]. In their study, they compared
CH with MW-assisted heating for the CROP of PhOx using an open single-mode
MW system under atmospheric pressure. From the kinetic measurements, they
concluded that the reaction rates were clearly enhanced under MW-assisted heating
and claimed the existence of non-thermal MW effects. This phenomenon was
explained by specific heating of the substrates caused by the strong response of
the oxazolinium cation and its tosylate counterpart in the rapidly changing electro-
magnetic field of the microwaves. This idea was further backed up by additional
experiments with varying monomer to initiator ratios, yielding the same results. In
order to end the scientific controversy, Schubert and coworkers re-investigated the
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CROP of PhOx in more detail: The authors compared the CROP of PhOx under CH
and MW-assisted heating under the same conditions in a closed reaction vessel
(autoclave conditions), and came to the conclusion that the rates of polymerization
were identical and independent of the heating source, and argued that non-thermal
MW effects could not be observed [34].

Schubert and colleagues got into more detail with their investigation of different
poly(2-oxazoline)s. In 2005, a study correlating the length and shape of the side
chain of various poly(2-oxazoline)s and their mechanical and thermal properties
was published, enabling the desktop design of copoly(2-oxazoline)s with targeted
properties [35]. Another study focused on the implementation of MW-assisted
polymerization in a high-throughput workflow [36]. The ASW2000 synthetic
platform was employed for the preparation of the reaction mixtures and, after
MW-assisted polymerizations, for the preparation of polymer samples for further
analysis.

More recently, a comparative study of various alkyl sulfonate initiators by
Hoogenboom and coworkers revealed that alkyl tosylates are relatively slow
initiating species, with the exception of methyl tosylate [37]. Alkyl nosylates and
triflates revealed fast initiation and, based on the higher stability of alkyl nosylates,
these species were identified as the most robust alkyl sulfonate initiating species.
Furthermore, in the search for a good polymerization solvent for MeOx,
Hoogenboom and colleagues discovered that sulfolane is a common rate-
accelerating solvent for the CROP of 2-oxazolines [38].

Recent work by Shen and coworkers detailed the optimization of the initiation of
the CROP of EtOx [39]. By employing rare-earth metal triflates such as Sc(OTf);
and using the same reaction conditions as in established protocols, a very efficient
alternative to the initiator methyl tosylate was found. Concomitant with molar mass
dispersities of 1.15 (or lower) and similar conversion rates, the rare-earth catalyst
could also be used very efficiently for the CROP of EtOx. Mechanistic details of the
regioselectivity of the initiation of the CROP of 2-oxazolines were recently
reported by Wiesbrock and coworkers [40], who showed that the n-electron delo-
calization along the N-C-O segment in 2-oxazolines is comparable to its analog
along the O—C-O segment in esters.

3.2 2-Oxazolines with Functionalized Side Chains
and Higher Homologs of 2-Oxazolines

The versatility of the class of 2-oxazolines and their higher homologs such as
2-oxazines has enabled research on the synthesis and characterization of novel
(co-)poly(2-oxazoline)s.

Schubert and coworkers reported the synthesis and polymerization of a
difluorinated 2-phenyl-2-oxazoline, which was found to be the fastest reacting
2-oxazoline monomer so far reported [41, 42]. In order to verify the hypothesis
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that the CROP of 2-phenyl-2-oxazolines can be accelerated by substitution with
electron-withdrawing substituents, which lower the electron density of the aromatic
system, a set of experiments was designed: All mono-fluorinated PhOx as well as
the ortho-difluoro-2-phenyl-2-oxazoline were synthesized. The para- and meso-
substituted monofluorinated PhOx showed a lowered polymerization rate, whereas
ortho-monofluorinated and ortho-difluorinated PhOx had significant higher rates.
In subsequent studies, Schubert, Hoogenboom and colleagues further expanded
their investigation of the MW-assisted syntheses of homopoly(2-oxazoline)s by
determination of secondary structure formation of main-chain chiral poly
(2-oxazoline)s in solution [43]: Optically active 2-oxazolines were synthesized by
the zinc acetate-catalyzed reaction of valeronitrile with chiral 2-amino-1-butanols.
The polymers were characterized by solubility tests in various solvents and circular
dichroism measurements. Polymers from diasterochemically pure monomers were
found to form secondary structures such as helices in solution, whereas polymers
and copolymers from racemic monomer mixtures formed random coils. This work
was investigated in more detail, considering the effects of the alkyl side chains of
2-oxazolines on the secondary structure formation [44]: Five different chiral
2-oxazolines with varying side-chain lengths were polymerized, and their second-
ary structure in solution was investigated. It was observed that changes in the length
of the alkyl side chain significantly influenced the optical properties. Further work
addressed the thermoresponsive properties of poly(2-oxazoline)s [45]. In
succeeding experiments, the behavior of 2-oxazolines and 2-oxazines (Scheme 4)
with short side chains was investigated in detail [46]. It was shown that the cloud-
point temperature of the poly(2-oxazine)s decreased with decreasing hydrophilic-
ity, and that the additional methyl group in the backbone of the poly(2-oxazine)s
[with respect to poly(2-oxazoline)s] made it more hydrophobic in general. Kinetic
studies revealed that the MW-assisted polymerization of 2-oxazolines was about
four times slower than that of the corresponding 2-oxazolines, which is similar to
results reported for CH. In contrast, Ritter and coworkers reported a 1.8-fold
acceleration of the CROP of 2-phenyl-2-oxazine under MW irradiation in the
open vessel mode of the CEM Discover [47].

Very recently, the MW-assisted polymerization of methyl ester-functionalized
2-oxazoline monomers was reported by Hoogenboom and coworkers, revealing an
unexpected acceleration of the polymerization of this monomer compared with that
of MeOx and EtOx [48, 49]. Detailed kinetic studies complemented by molecular
modeling revealed that the observed acceleration results from, on the one hand,
interaction of the methyl ester side chains with the cationic oxazolinium chain end
and, on the other hand, stabilization of the transition state for monomer addition by
the methyl ester.

Scheme 4 CROP of R R
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3.3 MW-Assisted Syntheses of Homopoly(2-oxazoline)s:
Special Applications

3.3.1 Renewable Resources

Motivated by the call for polymeric materials from renewable resources, a
2-oxazoline monomer from soy fatty acid with olefinic functionality in the side
chain was synthesized by Hoogenboom and Schubert and investigated in kinetic
studies [50]. The double bonds within the monomers made them an ideal target for
crosslinking by UV irradiation. Notably, the unsaturated bonds were not affected by
the CROP and were maintained in the polymer side chains. During CROP, full
monomer conversion was reached within 8 min at 140°C under bulk conditions
(DP = 60). The resulting polymers were successfully crosslinked by UV irradiation,
yielding a product insoluble in organic solvents. The work on soy-based poly
(2-oxazoline)s was continued and focused on the micellization behavior of
corresponding copolymers [51]. Combining 2-“soy alkyl”-2-oxazoline and EtOx,
novel copolymers were synthesized and characterized by SEC and 'H NMR
analyses. Via dynamic light scattering (DLS) and atomic force microscopy
(AFM) analyses, the micellization of these amphiphilic copolymers was investi-
gated and showed an increase in micellar size with increasing length of the
hydrophobic block.

3.3.2 CROP of 2-Oxazolines in Ionic Liquids

In order to meet the on-going demand for environmental awareness in the area of
volatile organic solvents used during polymerizations, Schubert and coworkers
investigated the MW-assisted CROP of 2-oxazolines in ionic liquids (ILs)
[52]. ILs are commonly considered a favorable alternative to organic solvents
because of their broad range of solubility properties and their inherent ability to
be recycled. In the area of MW-heated reactions, their efficient uptake of MW
energy is also a key asset. Five different ILs were tested as reaction media for the
CROP of EtOx. 1-Butyl-3-methyl-imidazolium hexafluorophosphate proved to be
the best-suited candidate, exhibiting faster polymerization rates than those for the
CROP of EtOx in acetonitrile. Recovery and recycling of the IL was highly efficient
(Fig. 2). This work was expanded towards different types and classes of monomers
(including PhOx and MMA) as well as for establishing a more convenient approach
for the purification of the polymer and recovery of the IL [53]. The recovery of
polymers and copolymers from the reaction mixture was facilitated in cases where
the polymer precipitated from the homogeneous reaction mixture after addition of
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Fig. 2 CROP of EtOx in ILs. Left: Easy and efficient recovery of the IL 1-butyl-3-methyl-
imidazolium hexafluorophosphate and recovery of pEtOx by extraction with water. Right: 'H-
NMR spectra of the IL as received and after one cycle of polymerization. Reproduced from
Guerrero-Sanchez et al. [52] (doi: 10.1039/B608364A) with permission of The Royal Society of
Chemistry

water. The IL could be removed from the polymer by filtration and subsequently
recycled by MW-assisted flash distillation.

3.3.3 MW-Assisted Scale-Up

Work on the MW-assisted CROP of 2-oxazolines also includes studies of the scale-
up of the polymerization. Initial investigations detailed the batch type of reaction.
Schubert and coworkers reported the scale-up of the CROP of EtOx from the
400 mg to the 100 g scale using novel MW reactors from Biotage [54]. It was
found that the synthetic protocols, which were optimized on the small scale, did not
need to be further optimized. In a subsequent study, Schubert and coworkers
reported the first homopolymerization of 2-oxazolines in continuous flow
[55]. Using EtOx as a model monomer in different multimode MW systems, they
investigated a set of experiments designed to find optimal reaction conditions in
terms of pressure, MW penetration depth, and flow speed. Under optimized condi-
tions, polymers with a molar mass dispersity of 1.33 could be synthesized.
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4 MW-Assisted Copolymerizations of 2-Oxazolines

Following the first syntheses of homopoly(2-oxazoline)s in MW reactors, research
addressed copoly(2-oxazoline)s, in particular combining different types of poly
(2-oxazoline) repetition units to form novel copolymers with improved properties.
Analogously, the combination of poly(2-oxazoline)s with entirely different poly-
mer classes has become an active field of research. The ability to fine-tune the
mechanical and thermal properties as well as the surface energies of these novel
compounds makes them ideal materials for advanced applications.

4.1 Block Copoly(2-oxazoline)s

Schubert and colleagues prepared a 16-membered library of diblock copolymers
and chain-extended homopolymers consisting of the four monomers MeOx, EtOx,
PhOx, and NonOx [56]. Thermogravimetric analysis showed that all the polymers
were stable up to temperatures of 300°C. Glass transition temperatures (T) of the
homo- and copoly(2-oxazoline)s were found to range between 57 and 107°C;
notably, no T, could be measured for the copolymers containing block(s) of
pNonOx. The E modules of these diblock copoly(2-oxazoline)s were determined
in dedicated characterization studies [57].

In a subsequent study, triblock copoly(2-oxazoline)s were reported: A
30-membered triblock copolymer library from MeOx, EtOx, NonOx, and PhOx
was synthesized and characterized (Fig. 3) [58]. Each copolymer consisted of
33 repetition units of the respective monomer. The (total) polymerization times
were remarkably short, ranging from 13 to 62 min. Special focus was given to the
micellization behavior of some amphiphilic triblock copolymers: Micelles from
copolymers with a hydrophobic middle block were smaller than those with hydro-
philic middle blocks. This work was continued in more detail by a subsequent study
of ter- and quarterpoly(2-oxazoline)s [59]. These novel copoly(2-oxazoline)s
revealed molecular weight dispersities of 1.38 or lower, strongly depending on
the presence or absence of repetition units of NonOx. The size of the micelles was

mmm —» analysis 15tblock
4 - —> — analysis diblock copolymer
—_—> I —> —> — analysis triblock copolymer
— I —> — — analysis triblock copolymer
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§ - — analysis diblock copolymer
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Fig. 3 Synthetic procedure applied for the preparation of triblock copolymers with the same first
and second blocks. Reprinted with permission from Hoogenboom et al. [58] (doi: 10.1021/
ma060952a). Copyright (2006) American Chemical Society
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found to correlate with their composition and confirmed previously established
hypotheses. Triblock copoly(2-oxazoline)s composed of EtOx, 2-(1-ethylheptyl)-2-
oxazoline, and 2-(2,6-difluorophenyl)-2-oxazoline were reported by Schubert and
coworkers [60]. The triblock copolymers showed low molar mass dispersities of
around 1.12; their composition was confirmed by fragmentation studies using
MALDI-TOF.

4.2 Statistical Copoly(2-oxazoline)s

Schubert and coworkers reported a series of copoly(2-oxazoline)s with different
molecular architectures, based on the monomers EtOx and NonOx [61]. Random
and block copolymers of both monomers were compared in terms of molar mass
dispersity, kinetics, and surface energy. Contact-angle measurements revealed the
enrichment of alkyl side chains of the NonOx repetition units at the surface of
polymer films, concomitant with a pronounced decrease in surface energy, which
had been analyzed in detailed manner for diblock copoly(2-oxazoline)s [62, 63]. In
the case of statistical copoly(2-oxazoline)s containing NonOx repetition units, this
effect was less pronounced, and the tailor-made adaption of surface energies was
enabled. Furthermore, random copoly(2-oxazoline)s had a lower degree of crystal-
linity and lower T,, resulting in higher mechanical energy dissipation, lower E
modules, and greater creep compliance, constituting viscoelastic properties.

Schubert and colleagues also prepared copolymers of EtOx and
2-(3-ethylheptyl)-2-oxazoline, the latter being a 2-oxazoline with a branched side
chain [64]. The amount of EtOx repetition units in the copoly(2-oxazoline)s was
varied in the range of 0-100%. The T, was found to depend linearly on the
percentage content (by weight) of 2-(3-ethylheptyl)-2-oxazoline in the copolymers.
This enabled the simple fine-tuning of the T, for specific applications. The signif-
icant influence of side-chain branching on chain mobility was investigated in a
subsequent study of the effects on T, and mechanical properties [65]. Random
copolymers from MW-assisted syntheses were also reported for copolymers
consisting of EtOx and “SoyOx”, a soy-based 2-oxazoline monomer with unsatu-
rated side chains [66], as well as a set of different 2-oxazoline and 2-oxazine
monomers, comprising the repetition units of MeOx, PhOx, and a substituted
4-ethyl-2-butyl-2-oxazoline. Results showed that the polymerization rate decreased
with increasing steric hindrance [67].

4.3 Gradient Copoly(2-oxazoline)s

Hoogenboom, Schubert, and colleagues copolymerized representative combina-
tions of MeOx, EtOx, NonOx, and PhOx for kinetic investigation of the terpolymer-
izations [68]. Because of (in particular) the low polymerization rates of PhOx, the
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ELINT3

one-pot synthesis of “gradient-random,” “gradient-block,” and ‘“random-block™
terpolymers could be achieved, paving the way to ‘“quasi-diblock” copoly
(2-oxazoline)s from one-pot/one-step copolymerizations [69]. Gradient copolymers
composed of NonOx and PhOx were the subject of a subsequent study [70] in which
the reactivity ratios were determined. Gradient copolymers could be prepared,
combining hydrophobic amorphous and semicrystalline poly(2-oxazoline) seg-
ments in one gradient copolymer.

Schubert’s group prepared copolymers of PhOx (or difluoronated PhOx) and
EtOx in one-pot/one-step syntheses [71]. The corresponding gradient copoly
(2-oxazoline)s showed amphiphilic behavior, resulting in self-assembly into
micelles in aqueous solution. Due to the pronounced hydrophobic character of
fluorinated PhOx, the corresponding copolymers were able to form larger micelles
than those of the copolymers with (unsubstituted) PhOx.

S Post-Polymerization Modifications

With the advent of MW reactors specifically designed for organic syntheses, the
facilitated access to various types of copoly(2-oxazoline)s (eventually) with novel
repetition units has significantly benefited research on (co-)poly(2-oxazoline)-
based materials. Consequently, this area is also briefly addressed here, despite the
fact that some of these post-polymerization modifications are not carried out under
MW irradiation. However, the copoly(2-oxazoline)s in the center of those studies
were derived from MW-assisted syntheses. The examples in this section comprise
click chemistry reactions such as the UV-induced thiol-ene reaction, the formation
of hydrogels and negative photoresists via crosslinking of the polymer side chains,
and the hydrolysis of copoly(2-oxazoline)s. It should be noted that even though this
section only includes examples that are based on polymers prepared by MW
irradiation, there is a wide variety of beautiful work on clickable and reactive
functional poly(2-oxazoline)s, for which the reader is referred to the relevant
literature [7, 14, 19, 72-77].

5.1 Click Chemistry

The concept of click chemistry is shown by the example of UV-induced thiol-ene
click reactions. This type of reaction can be conveniently performed at room
temperature, reducing polymer degradation (and the degradation of eventually
occluded organic molecules) to a minimum.

The cellular uptake of copoly(2-oxazoline)-based nanoparticles was studied
using a copoly(2-oxazoline) consisting of EtOx and 2-dec-9'-enyl-2-oxazoline
(Dc™0Ox), end-capped with the dye fluorescein [78]. The double bond of the
Dc™Ox repetition units enabled post-polymerization modification, whereas the



198 K.P. Luef et al.

Fig. 4 Nanoparticles of copoly(2-oxazoline) consisting of EtOx and Dc~Ox: (a) pEtOx-co-
pDc™0Ox-OH and (b) pEtOx-co-pDc~Ox-fluorescein. Reprinted from Kempe et al. [78] (doi: 10.
1002/marc.201000283) with permission from John Wiley and Sons
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Scheme 5 Preparation of glycopoly(2-oxazoline)s using thiol-ene click chemistry

covalently bound fluorescein enabled the study of cellular uptake (Fig. 4). Spherical
nanoparticles with diameters of 200-800 nm were obtained by nanoprecipitation of
copolymer solutions in a non-solvent. Confocal laser scanning microscopy showed
the cellular intake and the homogeneous distribution of the nanoparticles within the
cytosol.

Veronese, Schubert, Hoogenboom, and colleagues pursued a different approach
in post-polymerization modifications [79]. By quenching the CROP of EtOx with
sodium carbonate, they prepared semi-telechelic pEtOx with hydroxyl end groups.
These hydroxyl groups could be modified into a carboxylate function in post-
polymerization fashion and, after activation by an active ester, used for covalent
binding to proteins. It was concluded that the modified pEtOx could be used as an
alternative to PEG.

Glycopoly(2-oxazoline)s derived from a copoly(2-oxazoline) of EtOx and
Dc™Ox were reported by Schubert and colleagues (Scheme 5) [80]. The olefinic
functions of the Dc™Ox repetition units were used as “ene” component in
UV-induced thiol-ene click reactions with the thiol 2,3,4,6-tetra-O-acetyl-1-
thio-B-p-glycopyranose. In the final step, the acetyl protection groups of the sugar
were cleaved in alkaline media, yielding the targeted glycopoly(2-oxazoline)s. The
cloud points of these (unprotected) glycopoly(2-oxazoline)s were found to decrease
with increasing number of sugar moieties, which was a result of hydrogen bonding
between the hydroxyl sugar groups and the polymer backbone.
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Surface modification of silicon substrates by MW-assisted click reactions with
dedicatedly functionalized copoly(2-oxaoline)s was also shown by Schubert and
colleagues [81]. The motivation for this work was the investigation of a novel
heating process for the surface functionalization of self-assembled monolayers.
Hence, an azide-functionalized silicon surface was reacted in a Huisgen
1,3-dipolar cycloaddition with a semi-telechelic acetylene-functionalized pEtOx.

Schubert and coworkers also reported a green approach for the synthesis and
modification of olefinic poly(2-oxazoline)s. Dc~Ox, which can be derived from
renewable resources, was polymerized in bulk under MW irradiation. For the post-
polymerization thiol-ene click functionalization, a green solvent, namely 2-methyl-
tetrahydrofuran, was chosen [82].

5.2 Crosslinking

If the thiol-ene click reaction of “ene”-functionalized copoly(2-oxazoline)s is
performed with multifunctional thiols, crosslinked copolymers can be obtained.
Furthermore, if UV irradiation is applied through a mask, crosslinking only occurs
at the transparent areas of the mask; hence, only the areas preset by transparent
segments of the mask become insoluble, yielding a so-called negative photoresist.
Wiesbrock and colleagues developed water-developable negative photoresists
(Fig. 5) based on, for example, pEtOx-stat-pBu~Ox and pPhOx-stat-pDc~Ox
[83, 84], choosing a copoly(2-oxazoline) with short side chains on one hand, and
one with longer (hydrophobic) side chains on the other hand. The photoresist

200 um

Fig. 5 Phase contrast image of pEtOxgo-stat-pBu~Ox,¢ after UV-induced crosslinking with a
tetrathiol for 60 s through a mask aligner and subsequent development in 1-methoxy-2-propanol
for 30 s. Reprinted from Schenk et al. [83] (doi: 10.1002/marc.201100717) with permission from
John Wiley and Sons
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showed resolutions higher than 2 pm. These findings were expanded in the context
of MW-assisted green polymer chemistry [85]: The copoly(2-oxazoline)s consti-
tuting the base polymer of the photoresist were derived from NonOx and Dc™Ox,
both from renewable resources, in energy-efficient MW-assisted copolymerizations
in recyclable ILs. Preceded by crosslinking via UV-induced thiol-ene click reac-
tions, the photoresist could be developed in ethyl lactate. With a resolution of
higher than 1 pm, this photoresist is an alternative to conventional products.
Schubert, Gohy, and coworkers reported the solvent-induced morphological
transition in core-crosslinked block copolymer micelles based on a diblock copol-
ymer consisting of EtOx and 2-“soy alkyl”-2-oxazoline [86]. The cores of the
micelles were crosslinked under UV irradiation, yielding spherical micelles capable
of swelling in acetone. Morphological changes within the micelles were observed.
Dargaville, Hoogenboom, and coworkers investigated cell attachment onto poly
(2-oxazoline)-based hydrogels [87]. Hydrogels of poly(2-oxazoline)s, namely
copoly(2-oxazoline)s of MeOx and Dc~Ox, were prepared and functionalized
with the peptide CRGDSG and crosslinked with a dithiol by thiol-ene click
chemistry. The interaction of the hydrogel and human fibroblast was investigated.
The swelling degrees of copoly(2-oxazoline)-based hydrogels were correlated
with the gel composition by Wiesbrock and coworkers [88]. From a 32-membered
library of poly(2-oxazoline)-based hydrogels of the composition pEtOx-pPhOx-
pPBO, which were prepared in situ during the polymerization, they determined the
swelling degrees in water, dichloromethane, and ethanol as solvent. The hydrogels
were capable of incorporating (small) organic molecules either in situ during the
(co-)polymerization or according to post-synthetic routines. Li et al. described the
swelling and deswelling behavior of poly(2-isopropyl-2-oxazoline)-based
hydrogels [89]. The hydrogels were prepared in situ by copolymerization with
bis-functional 1,4-phenylene-bis-2-oxazoline. Detailed data on the swelling behav-
ior were obtained from combined Fourier-transform infrared (FTIR) and
two-dimensional correlation spectroscopy. Different dynamic transition mecha-
nisms could be observed upon heating and cooling, resulting in volume phase
transition temperatures of 35°C during heating and 41-30°C during cooling.
Hoogenboom and coworkers reported the crosslinking of poly(2-oxazoline)-
based hydrogels via UV-induced thiol-ene reactions with a dithiol component
[90]. The hydrogels were prepared by dissolving copolymers of Dc~Ox and either
MeOx or EtOx (with a molar mass dispersity between 1.22 and 1.43) in ethanol and
mixing the solution with a bis-functional thiol, either 2,2'-(ethylenedioxy)
diethanethiol or ethylene glycol bis(3-mercaptopropionate). After addition of the
photoinitiator 2,2-dimethoxy-2-phenylacetophenone to the solution and low energy
UV irradiation of 2.2 mW cm 2 for 4 min, hydrogel disks with a depth of 1 mm and
a radius of 7 mm were obtained. All gels were characterized by swelling in
phosphate-buffered saline and in HEPES buffer of pH 8. After an initial swelling
period, degradation could be observed, expanding the potential use of poly
(2-oxazoline) hydrogels in medic(in)al applications. The potential in this field
was also discussed by Hoogenboom and colleagues on another occasion [91].
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The synthesis of a novel 2-oxazoline monomer with a Boc-protected amino
group in the side chain was described by Schubert and coworkers [92], in analogy to
a synthesis previously described in the literature [93]. Homopolymerizations as
well as copolymerizations with EtOx yielded novel compounds. The obtained poly
(amino-2-oxazoline)s coordinated reversibly with DNA. The strength of these
bonds correlated directly with the amount of amino groups within the copolymer.
It was possible to crosslink the copolymers with epichlorohydrin, yielding
hydrogels with adjustable swelling degree and the ability to absorb DNA. Further
work of Schubert’s group focused on the stabilization of Factor VIII, an essential
human coagulation factor, through poly(2-oxazoline)-based hydrogels [94]. The
hydrogels were prepared in situ by copolymerization of EtOx and bis-functional
1,4-phenylene-bis-2-oxazoline.

In the field of medical applications, Wiesbrock and colleagues demonstrated the
enhanced adhesion of poly(2-oxazoline) hydrogels to cancer cells by functiona-
lization with the RGD peptide motif [95]. Networks of different compositions of
EtOx, NonOx, Dc™Ox, and bis-functional 2,2’-tetramethylene-bis-2-oxazoline
were characterized by their degree of swelling in H,0O, ethanol, and
dichloromethane. These gels, which were coupled with the RGD protein motif
(from a cyclic pentapeptide carrying a thiol function) via post-polymerization
UV-induced thiol-ene reactions, showed preferential cell adhesion towards
human pancreatic cancer BON cells. Fluorescence microscopy enabled recognition
of the hydrogels, which were clearly attached to the BON cells.

5.3 Hydrolysis

Schubert and coworkers described a strategy for the MW-assisted quantitative
hydrolysis of pEtOx, yielding poly(ethylene imine) (PEI), and optimized the
reaction times and cleanup procedure [96]. The optimum hydrolysis conditions
proved to be 1 h at 130°C at a concentration of up to 0.33 g of pEtOx in 1 mL of 6 M
HCI, leading to significantly reduced reaction times. By dissolving the crude PEI in
methanol and then precipitating it in diethyl ether, impurities could be removed
efficiently. The purity of the polymer was verified by 'H NMR spectroscopy and
MALDI-TOF analysis.

Hoogenboom and coworkers addressed their investigations to the preparation of
partially hydrolyzed pEtOx, namely the synthesis of pEtOx-star-PEI, and the
effects of temperature on the reaction [97]. The authors reported a maximum
acceleration of the hydrolysis reaction at 180°C using dilute aqueous solutions of
HCI. Further work on this topic focused on the influence of partially hydrolyzed
pEtOx on in vivo systems, with regard to mucosal irritation and cytotoxicity
[98]. No tissue damage was caused by polymers with hydrolysis degrees up to
25%, according to the slug mucosal irritation test. Additionally, the enzyme-
catalyzed hydrolysis of pEtOx by digestive enzymes was studied, revealing that
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this hydrolysis was quantitatively negligible (less than 0.2% hydrolysis after 6 h at
37°C).

Hoogenboom and coworkers published a study concerning the acidic- and
alkaline-mediated hydrolyses of gradient and diblock copolymers consisting of
MeOx and PhOx [99]. It was observed that, under acidic conditions, both side
chains were cleaved from the polymer backbone, although hydrolysis of the MeOx
repetition units was preferred. Under alkaline conditions, however, the hydrolysis
rates for both types of repetition units were significantly slower. Because of the
significantly lower rates for cleavage of PhOx repetition units, specific hydrolysis
of the MeOx repetition units could be observed. This selectivity could be further
enhanced by utilizing an ethanol-water mixture for hydrolysis [100]. With this
improvement, a 95% hydrolysis of the methyl side chains of a pMeOxgo-block-
pPhOx 5 copolymer could be achieved.

The group of Wiesbrock developed contact biocides derived from partially
hydrolyzed (co)poly(2-oxazoline)s [101]. Copoly(2-oxazoline)-stat-PEIs were pre-
pared by acid-mediated (partial) hydrolysis of pEtOx and pNonOx. The copolymers
were compounded as additives in polypropylene plates containing 5 wt% of the
copolymers. The antimicrobial activity against Escherichia coli, Pseudomonas
aeruginosa, Candida albicans, and Staphylococcus aureus was tested and showed
significant reduction in microbe activity by mere contact with the compound plates.
Notably, the hydrolysis of pEtOx could be performed at much higher rates than that
of pNonOx under otherwise identical conditions.

6 Summary, Conclusions, and Outlook

Because of the comparably low polymerization rates inherent to the CROP of
2-oxazoline monomers, this class of polymers has significantly benefited from the
introduction of MW reactors specifically designed for chemical syntheses. Con-
comitant with facilitated access to autoclave conditions and an unparalleled uni-
form heat distribution (at least for small-scale syntheses), MW reactors have
become the reactor-of-choice for the CROP of 2-oxazolines. As for numerous
syntheses in organic chemistry, there has also been discussion of the existence of
non-thermal MW effects in the polymerization of 2-oxazolines; it could be shown
by detailed kinetic analyses that intrinsic microwave effects do not exist.
Research in the areas of “poly(2-oxazoline)s” and ‘“poly(2-oxazoline)-based
materials” has benefited enormously from MW-assisted chemistry, in particular for:

» Development and (co-)polymerization of novel 2-oxazoline monomers, such as
fluorinated congeners

» Systematic synthesis and investigation of block copoly(2-oxazoline)s, including
studies of micellization behavior

¢ Introduction of aspects of “green chemistry” to the synthesis of (co-)poly
(2-oxazoline)s, prominent examples being the performance of CROP in
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(recyclable) ILs and the synthesis of 2-oxazoline monomers from renewable
resources

¢ Novel poly(2-oxazoline)-based materials such as photoresists from renewable
resources and (co-)poly(2-oxazoline-based gels for applications in the medical
sector

Almost exactly one decade after the first report of a MW-assisted CROP of a
2-oxazoline monomer [31] and concomitant with on-going intensive research at the
international level, numerous and sustainable developments in this research area are
likely to occur.
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Abstract Modern microwave synthesizers allow a detailed adjustment and control
of temperature and power, such that many polymer modification reactions are
performed nowadays using established synthesis protocols. This chapter provides
a broad overview of post-polymerization modification reactions where these advan-
tages are exploited for functionalization of synthetic and natural polymers. Selected
examples are discussed in detail to demonstrate the versatility of the technique but
also to address the challenges of screening approaches often applied to identify the
optimum reaction conditions. While microwave synthesizers are regarded as effi-
cient heating devices in the field of synthetic chemistry, selective heating of,
for example, conjugated polymers has opened non-standard opportunities for the
development of novel nanomaterials.
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1 Introduction

Nature provides a vast and cheap amount of resources for polymer science. Natu-
rally occurring polymers, i.e., biopolymers such as cellulose are readily available in
large quantities and represent raw materials for many applications, in packaging,
paper, or textile industry. However, the properties of these natural precursors often
have to be tailored to make them suitable for specialized applications. Polymer
modification reactions are ideally suited for this purpose. A major part of this
chapter covers the microwave-assisted functionalization of polysaccharides. Func-
tional moieties in synthetic polymers are often introduced by polymerization with
functional monomers, initiators, or direct end-capping reagents. For such
microwave-assisted polymerizations, the reader is referred to the respective chap-
ters in this book [1-5]. Besides, microwave-assisted approaches also have been
used for post-polymerization modification of synthetic polymers, which is the focus
in this chapter.

From the perspective of material sciences, microwave irradiation is used for two
kinds of polymer modifications. On the one hand, the morphology of solid polymers
and their blends can be affected, as has been reported for both natural [6—8] and
synthetic [9-13] polymers. Furthermore, polymer solutions and solid polymer
structures can be treated with microwave irradiation, to obtain solid carbon mate-
rials. The latter is discussed at the beginning of this chapter. Subsequently, the
chemical functionalization of natural and synthetic polymers via microwave-
assisted approaches is summarized.

2 Microwave-Assisted Formation of Carbon Materials
from Polymeric Precursors

The microwave-assisted heating of solutions containing a polymer can not only be
used to introduce functionalities but can also induce reactions that result in the
formation of carbon materials. Such processes are often accompanied by a color
change to yellowish-brown as a result of the formation of carbon nanoparticles. The
so-called carbon dots (C-dots), which often possess fluorescent properties, are
highly useful for applications, for example as optical-imaging agents for life-
science applications. Various carbonaceous precursors are reported to yield such
C-dots in straightforward and rapid one-step synthesis protocols. For example a
triblock copolymer composed of a poly(propylene oxide) central block and two
poly(ethylene oxide) blocks (PEO-PPO-PEO) was irradiated in the presence of
phosphoric acid for only 4 min, resulting in carbon particles with diameters of
5-20 nm [14]. By applying a microwave-assisted hydrothermal process (180 °C for
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Fig. 1 Synthesis scheme and TEM image of nitrogen-doped C-dots with tunable emission color
[17]. Reprinted with permission of Macmillan Publishers Ltd: Scientific Reports 2014, 4, 3564,
copyright 2014

20 min), aqueous solutions of natural resources such as flour yielded C-dots with
diameters ranging from 1 to 4 nm [15]. Although the detailed mechanism remains
unclear to date, the proposed pathway of the formation of C-dots from
carbohydrate-based materials includes the decomposition of the precursor via
hydrolysis and dehydration. The soluble compounds obtained are believed to
polymerize via polycondensation reactions to yield different soluble polymeric
products. Finally, the C-dots would be formed by subsequent aromatization and
carbonization [16].

The synthesis of C-dots doped with hetero atoms can be accomplished by
utilization of nitrogen or phosphorus-containing precursors. Therefore, precursor
polymers were synthesized from a mixture of glucose and amino acids in a
microwave-assisted synthesis via the Maillard reaction. Subsequently, an open
vessel microwave treatment for 5 min at 275 °C resulted in the formation of
nitrogen-doped C-dots with tunable multicolor luminescence (Fig. 1) [17]. The
irradiation of a tannin—-melamine—hexamine polymer in the presence of
polyphosphoric acid yielded nitrogen and phosphorus co-doped mesoporous car-
bon. Spherical structures were obtained after 10-30 min of irradiation [18].

Chains of graphitic carbon particles in the range from 340 to 620 nm were
obtained from poly(ethylene glycol) by microwave-assisted heating in a hydrother-
mal setup (mixture of ethanol, water, and sodium hydroxide) [19]. After a
prolonged irradiation (2 h at 220 °C), as well fibrous carbon structures were
obtained.

When polymer structures are heated by microwave irradiation in the solid state,
even the transformation of the polymer backbone into a more or less pure carbon
material can be achieved. Because microwave radiation provides direct heating of
the reactants and strongly interacts with specific types of materials, carbonization
can occur within a short irradiation period of just a few minutes [20]. In particular,
exceptional fast heating is observed when conductive polymer structures are irradi-
ated, which efficiently absorb the microwave irradiation. Zhang and co-workers
[21, 22] prepared nanostructured chlorine-doped polypyrrole precursors of different
shapes including fibers, tubes, and spherical particles (Fig. 2). The structures were
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Fig.2 Microwave-assisted synthesis of nanostructured carbon from doped polypyrrole structures.
SEM and TEM images before (a—c) and after (a’—c’) heating. Scale: 100 nm. Reproduced from
[22] with permission of The Royal Society of Chemistry

carbonized within 3—-5 min when subjected to microwave radiation. Thereby, a
weight loss of 50% occurred, and the carbon content of the material was increased
from 56% to more than 90%. Despite being performed under non-inert conditions,
no oxidation of the backbone took place, which is most likely prevented because of
the very rapid heating and carbonization process. The morphology of the
nanostructures was retained even though a slight shrinkage occurred.

Structures composed of non-conducting polymers can be as well carbonized by
microwave irradiation although longer heating times are required. For example,
poly(acrylonitrile) fibers were graphitized by a microwave plasma process in an
argon atmosphere [23]. Biowaste materials such as cotton, wood, or filter paper
could also be graphitized when polypyrrole was added as filler material to increase
the heating efficiency. The morphology and porosity of the biowaste precursors was
retained, but the materials exhibited a graphitic structure after the microwave-
assisted treatment [24].

Additionally, graphitic materials with high crystallinity were prepared by
microwave-supported heating and can be exfoliated into graphene in a two-step
microwave protocol [25]. First, metal phthalocyanine was synthesized, which was
carbonized at 450 °C in a second step. Direct quenching with a mixture of water and
ice or with liquid nitrogen resulted in the exfoliation to graphene with typically one
to eight layers [25].
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3 Microwave-Assisted Modification of Polysaccharides

The manifold functional biopolymer moieties that nature has been developing over
millions of years represent a rich pool of which synthetic chemists can take
advantage. Microwave irradiation has been exploited for the functionalization of
these raw materials since the 1980s. However, some of these functional moieties
and their stereochemistry are exactly the reason that make natural polymers often
difficult to dissolve in common solvents because of the presence of strong inter- or
intramolecular hydrogen bonds. Because solubility represents a prerequisite for
homogeneous functionalization reactions, the development of optimum reaction
conditions is often challenging and requires harsh conditions or very aggressive
solvents such as concentrated acids. The main advantages of the application of
microwave irradiation in this respect are the high temperatures that can be applied
(along with the opportunity to heat above the boiling point of the solvent in closed
reaction vessels) and the very efficient heating of special solvents such as ionic
liquids. However, the dissolution of barely soluble materials under rather drastic
conditions can still be accompanied by a degradation of the polymeric materials, a
fact that has been exploited for the tailored synthesis of polysaccharides with lower
degrees of polymerization.

3.1 Dissolution and Degradation

Starch consists of mainly two polysaccharide fractions. Although amylose is a
linear polymer where the a-D-glucose monomers are linked 1,4-glycosidically,
additional 1,6-glycosidic linkages result in a branched structure and higher molar
mass of the second component amylopectin (Scheme 1). Because starch is a natural
product, its composition is prone to variation depending on the resource from which
it was isolated. A large amount of different starches could be dissolved in dimethyl-
sulfoxide (DMSO) without degradation using microwave irradiation [26]. At a
constant power of 900 W, a few seconds of heating time were sufficient to dissolve
the entire starch samples without noticeable degradation in most cases (35 s,
maximum temperature 143 °C). On the other hand, microwave reactors can be
used to tailor the degradation of starch during acidic hydrolysis. In a semi-dry
process, the molar mass of granular starch was efficiently reduced in less than 2 min
[27]. In particular, the amylopectin fraction was affected, and the final degree of
polymerization (DP) could be tuned by the reaction temperature (60-85 °C) and the
amount of hydrochloric acid catalyst. Higher reaction temperatures (up to 100 °C)
resulted in the formation of dextrins, i.e., poly(a-D-glucose)s with much lower
molar masses.

Because cellulose consists of f-p-glucose repeating units linked
1,4-glycosidically, strong hydrogen bonds are present that ultimately lead to its
fibrous structure but make its dissolution extremely difficult. Applying ionic liquids
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Scheme 1 Schematic representation of the structure of selected polysaccharides. The dashed
blue lines represent the hydrogen bonds that complicate the dissolution of polymers based on
p-D-glucopyranose

in a screening approach using varying microwave settings proved suitable to
dissolve up to 10 wt% of cellulose. Thereby, the DP was decreased by roughly a
third in some cases [28]. Because the N-acetyl-#-pD-glucopyramin repeating units of
chitin are linked in a similar fashion, its solubilization is also challenging [29]. As
for cellulose, the combination of ionic liquids and microwave-assisted heating is
helpful to overcome the tight hydrogen bonds of this polysaccharide. Hence, it is
possible to prepare 20 wt% solutions [30]. Chitosan, i.e., partially deacetylated
chitin, represents one of the few cationic polymers directly available from natural
resources [31]. However, its solubility in water (which is often required for appli-
cations or further functionalization under mild conditions) is limited to polymers
with a low DP [32]. Such oligomeric chitosans are obtained via degradation of high
molar mass polymers using different methods. A mild treatment with hydrogen
peroxide under microwave irradiation is highly reproducible and prevents the
occurrence of undesired side reactions [33]. Appropriate adjustment of the reaction
conditions even enables the tailoring of the DP of the oligomers [34].

Similarly, microwave-supported treatment has been reported for the preparation
of sulfonated polysaccharides based on galactose with defined molar masses.
Factors such as pH value, adjustment of microwave power, or heating time were
varied to obtain both A- and k-carrageenan oligomers [35, 36].

3.2 Maodification of Polysaccharide Hydroxyl Groups

All polysaccharides possess multiple hydroxyl functionalities, which can be used to
modify the polymers’ nature. Scheme 2 outlines the synthetic possibilities that have
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Scheme 2 Schematic representation of microwave-assisted modifications of polysaccharides by
utilization of hydroxyl functionalities. It should be noted that the polysaccharide structure is
exemplary and varies as described in the text

been exploited using microwave-assisted synthetic approaches, which are summa-
rized in the following section.

Among these, the most well-known strategy is the esterification of the —-OH
moieties. Similar to protocols utilizing traditional heating, common microwave-
assisted approaches include enzymatically catalyzed esterification using simple
carboxylic acids, acid chlorides, and the use of anhydrides with or without addi-
tional catalyst. Table 1 provides an overview of selected microwave-assisted
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Table 1 Esterification of polysaccharides using microwave-assisted chemistry
Poly-
saccharide | Method Product Conditions DS References
Starch Carboxylic Acetate DMF/DMSO 0.03—- [[37]
acid/lipase Laurate 80/160 mW gfla 0.51
Stearate 60/120 min
Starch Carboxylic Acetate DMEF/DMSO 0.01- |[[37]
acid/lipase Laurate 25/80°C 0.43
Stearate 120/300 min
Starch Anhydride Acetate NaOH/NaOAc <0.37 | [38]
Succinate 260-1,300 W
1-5 min
Starch Anhydride Acetate Max. 650 W 0.19— |[[39]
Carboxylic 150°C, 4-7 min 0.78
acid Variable defined tempera-
ture programs
Starch Anhydride Acetate I, catalysis 0.02- | [40]
Carboxylic 100 W, 100°C 1.27
acid 2—-10 min
Konjac Anhydride Succinate 600 W 0.17- | [38]
100 s 0.24
Cellulose | Anhydride Acetate Ionic liquid 1.5- [41]
Propanoate |30 W 29
Butyrate 80°C
Pentanoate |8-12h
Hexanoate
Cellulose | Anhydride Acetate 0.01-0.15 equiv. I, 0.48— | [42]
300-800 W, 80-130°C, 2.8
5-45 min
Pectin Anhydride Linolate 0.1 equiv. K,CO3 N/A [43]
Oleate 900 W
Palmitate 3—6 min
Carboxy- | Anhydride Octenyl- DMSO, 0.1 equiv. pTosOH | 0.05— | [44]
methyl succinate 1-5 min, 140 W 0.55
starch 90-160°C
Hemi- Acid Propionate | DMF, 0.05 equiv. NBS 0.67— |[45]
cellulose chloride Octanoate 300 W, 78°C, 1.28
Laurate 5 min
Oleate
Hemi- Acid Laurate DMF, LiCl, TEA, 0.77- | [46]
cellulose chloride various catalysts 1.64
300 W, 78°C, 1-8 min

*With reference to the amount of sample

synthesis conditions and the degrees of substitution (DS) that could be achieved,
although a direct comparison is difficult because of the various types of microwave
synthesizers that were applied in different modes. Despite the versatility modern
(automatized) microwave synthesizers offer and the unique possibilities to design
experiments design of experiments [40] with respect to the optimization of reaction
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conditions, these opportunities should not replace critical thinking. It must be noted
that the applied reaction conditions sometimes impose a strong influence on the
materials obtained. Short reaction times are often reported at the expenses of high
DS. Nevertheless, the efficiency of a careful adjustment of the reaction conditions
in the microwave synthesizer was demonstrated by Possidonio et al., who could
achieve very high and tailored DS values by reacting cellulose with a range of
anhydrides in ionic liquids under microwave irradiation with negligible degradation
of the polysaccharide [41].

Because of the manifold esters that can be obtained (ranging from acetates to
fatty acid esters), this method offers access to polymers from renewable resources
featuring a variety of properties. Besides the adjustment of hydrophobicity and the
resulting variation of mechanical properties [47], the introduction of further func-
tional moieties such as double bonds derived from fatty acids [43] or carboxylic
acids has also been reported. The latter is easily possible in a one-step reaction by
conversion of the polysaccharide hydroxyl groups with a cyclic anhydride such as
succinic [38] or maleic [48] anhydride. Using appropriately designed anhydrides,
the combination of both has been reported simultaneously in a one-step synthesis
[44]. On the other hand, the selective esterification of the hydroxyl moieties of
pectin, a polysaccharide which already contains carboxylic acid functionalities, has
also been reported [43].

Carboxymethylation represents a common method to introduce carboxylic acid
functionalities to polysaccharides using chloracetic acid under alkaline conditions.
This reaction has been performed under microwave irradiation with several natural
polysaccharides, such as konjac [38], agarose [49], and hemicellulose [50]. In
comparison to conventional heating, similar DS values could be achieved, although
shorter reaction times were sufficient during microwave-assisted syntheses.

The utilization of analogous reactants (Scheme 2) makes it possible to introduce
amine functionalities to polysaccharides via the hydroxyl groups already present.
For starch, microwave irradiation proved superior to conventional heating in both
reaction time and DS [38]. However, when the fraction of amines in chitosan was
increased, conventional heating resulted in much higher DS because of the evap-
oration of the solvent in the microwave reactor [38]. This problem would probably
be avoided by application of modern synthesizers which enable the use of closed
reaction vessels nowadays.

An alternative approach towards amino-functional agarose involves the conver-
sion of the agarose hydroxyl functionalities with phthalimide and subsequent
hydrazinolysis [51]. During both steps of the Gabriel-like synthesis, optimized
microwave-assisted procedures gave rise to DS of around 0.9. Activation of inulin
using bis(4-nitrophenyl) carbonate via microwave-assisted chemistry represents
another possibility to include amine moieties to a polysaccharide the basis of
which functional groups are alcohols [52].



Microwave-Assisted Polymer Modifications 219

o o
o~/ ad OR
OH o HO NH o

NH o
HO o . ol.
. ) ol % o Ho NH

0 Ho = T b

OH - o

Chitosan

o< o

- "}w HO ~ +-

— T ;
R

l Reduction

oi,., OR
[Reductive aminationJ HO o%%\
OH 4
R

Scheme 3 Schematic representation of the main strategies for microwave-assisted modifications
of chitosan amine moieties

3.3 Modification of Chitosan Amine Moieties

The nucleophilicity of the primary amine functionalities of chitosan offers several
ways for polymer modification (Scheme 3). However, in the case of unselective
reactants, the polysaccharide hydroxyl groups are prone to reaction as well. One
example is the application of phthalic anhydride, which was well investigated in
terms of microwave-assisted as well as conventional heating [53]. Optimized
reaction conditions in the microwave synthesizer (DMF, 500 W, 3 min) resulted
in a DS value of 1.4, almost without degradation of the chitosan. To achieve a
similar DS value by conventional heating, a reaction time of 5 h was necessary,
which caused significant polymer degradation.

In contrast, the formation of Schiff’s bases is a possibility to functionalize
selectively the primary amine moieties of chitosan. If a reducing agent such as
sodium boron hydride is added in situ, the selective alkylation is possible via the
so-called reductive amination approach. This reaction has been studied by Petit
et al., who compared the alkylation yields achievable via microwave-assisted
synthesis in detail to conventional heating using octanal as an exemplary aldehyde
reactant [54]. As depicted in Fig. 3, the microwave setup proved superior in terms
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Fig. 3 Comparison of yields obtained for the synthesis of alkylchitosan using conventional
heating and microwave irradiation. Reprinted from Carbohydrate Polymers 116, C. Petit et al.,
Amphiphilic derivatives of chitosan using microwave irradiation: towards an eco-friendly process
to chitosan derivatives, 26-33, Copyright 2015, with permission from Elsevier [54]

of alkylation yield, in particular when short reaction times were used. The rheo-
logical and surface active properties of the alkylated chitosan derivatives were
similar to those of materials prepared by conventional methods.

To obtain scavenger materials for lead and mercury ions, the Schiff’s base route
was applied to prepare crosslinked chitosan using a double aldehyde functional
crown ether via microwave irradiation (800 W, 10 min) [55]. On the other hand, this
type of chemistry was reported useful to protect the amine functionalities of
chitosan prior to crosslinking with epichlorohydrin [56]. Subsequent deprotection
of the Schiff’s bases from benzaldehyde under acidic conditions yielded the amino
functionalities, which were then functionalized with EDTA via the anhydride
method. Microwave-assisted chemistry was exploited in all of these five synthetic
steps. A much simpler method to prepare crosslinked copper complexes from
chitosan involves the direct complexation of chitosan amine functions followed
by Schiff’s base formation using glutaraldehyde to include covalent junctions in the
network [57]. Both steps comprised the use of microwave synthesizers.

3.4 Modification of Carboxylic Acid Functional
Polysaccharides

Alginic acid represents a polysaccharide based on a-L-guluronic acid and
p-pD-mannuronic acid that naturally contains carboxylic acid functionalities which
have been exploited for further modification of the biopolymer. The deprotonated
alginate can be crosslinked by addition of calcium ions, a reaction which can also be
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used for co-precipitation of proteins. The selectivity of this so-called affinity
precipitation can be enhanced by pre-treatment of the native alginic acid [58]. In
addition, sodium alginate was successfully applied as a stabilizing agent during the
microwave-assisted synthesis of copper nanoparticles [59]. Besides the mere use of
the carboxylic acid moieties for the formation of salts, their existence provides the
opportunity for further chemical modification by amidation using amines. Without
further activation of the carboxylic acid groups, DS between 0.5 and 1.0 could be
achieved after reaction with an excess of varying diamines at 100 °C for 10 min
using 300 W microwave irradiation, even in aqueous media [60]. The resulting
amino-functional alginates were subsequently crosslinked using the natural fluo-
rescent dye genipin. In a similar approach, the modified biopolymer
carboxymethylated cellulose (see above) was reacted with ethylene diamine and
subsequently crosslinked with alginic acid using the same reaction conditions
[61]. Interestingly, microwave irradiation (800 W, 1 min) alone has been reported
to be sufficient to crosslink carboxymethylated starch via formation of anhydrides
because of dehydration during the heating process [62].

In an alternative approach, carboxymethylated cellulose was applied for
transesterification of methyl esters derived from rapeseed oil via microwave-
assisted heating [63]. Although the DS values achievable were moderate
(DS <0.1), the environmentally benign synthetic approach using a mixture of
water and DMF required only reaction times of a few minutes to produce efficient
emulsifiers from almost entirely natural resources.

3.5 Grafted Polysaccharides

Singh and Sanghi have reviewed the microwave-assisted grafting of polysaccha-
rides in 2012 based on a distinction between the different types of polysaccharides
[64]. Hence, this topic is only briefly discussed here from a viewpoint that distin-
guishes the type of grafting mechanism based on the functional groups present in
the polysaccharides and monomers used for the grafting (Scheme 4).

Because alcohols represent initiators for various ring-opening polymerizations
(ROP) of lactones to yield polyesters, polysaccharides with their multiple hydroxyl
groups seem to be ideal starting materials for grafting-from approaches. Microwave
irradiation is especially favorable because the standard catalyst for this type of
ROP, tin octoate, requires high reaction temperatures to promote the polymeriza-
tion of, for example, the quite robust monomer e-caprolactone (CL). However, the
large difference in hydrophilicity between unmodified polysaccharides and the
hydrophobic CL and PCL gives rise to complications because of miscibility in
bulk polymerizations. Only when unmodified starch was swollen in water
microwave-induced polymerization of the monomer could be observed [38]. The
grafting of PCL from the more hydrophobic acetylated konjac was reported to be
more successful. In any case, water can initiate the ROP of CL as well, leading to
the formation of PCL homopolymers, which requires exhaustive purification of the
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Scheme 4 Schematic representation of microwave-assisted grafting modifications of polysaccha-
rides using e-caprolactone (bottom) and FRP of vinylic monomers (fop). It should be noted that the
polysaccharide structure is exemplary and varies as described in the text
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graft copolymers [65]. In addition, the exact determination of the composition of
the isolated products by spectroscopic means is difficult, although the microwave-
assisted bulk synthesis and purification of PCL grafted cellulose [65] and chitin [66]
whiskers was achieved successfully in general. The grafting of PCL from chitosan
is further complicated by the presence of amine functionalities, which have to be
protected prior to the ROP [67]. Phthalic anhydride has been used for this purpose,
although the subsequent deprotection via hydrazine can easily induce a degradation
of the grafted PCL chains.

The grafting of polymers from vinylic monomers onto or from polysaccharides
via microwave-assisted synthesis protocols is mainly performed using various
initiator systems able to generate radicals on the polysaccharide. In particular,
redox initiators and persulfates are utilized frequently. Hence, this represents a
free radical polymerization (FRP), further complicated by the fact that the radical
initiator systems are not only capable of creating active radical species on the
polysaccharides but can also simply initiate polymerization of the vinylic mono-
mers on their own [68]. This can be compensated to some extent by an addition of
monomer subsequent to an “activation step” in which only the polysaccharide and
the initiator are heated. It should be clearly stated that the combination of both FRP
and unselective initiation results in the formation of considerable amounts of
non-grafted synthetic polymer chains, which can be difficult to remove from the
graft copolymer. However, optimization of microwave-assisted synthesis was suit-
able to reach high monomer conversions of acrylonitrile in very short reaction times
of a few minutes [69]. On the other hand, longer reaction times (2 h) were reported
to be more favorable as soon as the graft copolymers are purified and characterized
thoroughly, as shown for alginate-g-poly(vinylpyrrolidone) [70].

The homopolymer removal plays a minor role when the surfaces of polysaccha-
ride fibers [71, 72] or other solid materials based on cellulose (pine needles) [73] are
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directly modified via such methods, because the separation of ungrafted polymer
chains can easily be accomplished in this case. Bifunctional vinylic monomers are
often added as crosslinkers, which results in the formation of hydrogels, i.e.,
insoluble materials that are again easy to purify [74-77].

4 Microwave-Assisted Modification of Synthetic Polymers

Microwave-assisted approaches for the modification of synthetic polymers com-
prise a wide field, ranging from recycling of commodity polymers over the intro-
duction of functional moieties, which can be pendant or at the chain end groups, to
the functionalization of resins or surfaces. Hence, we first provide an overview
about the general possibilities and approaches that can be and have been applied.
Subsequently, selected examples are discussed in more detail, in particular those
where extensive investigations on the microwave-assisted syntheses were made and
resulted in the establishment of optimized synthesis protocols.

4.1 General Approaches for the Microwave-Assisted
Modification of Synthetic Polymers

A wide range of reaction types have been performed under microwave irradiation,
ranging from “simple” modifications of commodity polymers to the precise adjust-
ment of functionalities in speciality polymers (see Table 2). One of the first
modifications reported is the rapid surface oxidation of polyethylene (PE) with
potassium permanganate, which leads to the formation of vinyl and hydroxyl
moieties [78]. This method represents an environmentally friendly technique with-
out affecting the thermal properties of the PE and without the formation of
hydroperoxy groups.

An additional application of microwave irradiation is the conversion of
expanded polystyrene (PS) waste into polymeric flocculants by a sulfonation
reaction using sulfuric acid in the presence of the catalyst silver sulfate [79]. The
product revealed similar properties to the modified PS obtained after conventional
heating and the reaction time could be significantly reduced (from 1 h to 15 min).
The phosphonation of branched poly(ethylene imine) (PEI) via microwave-assisted
synthesis using formaldehyde and phosphorous acid also provides similar products
as conventional heating [80]. Although the DS could be well tailored in both
methods, microwave-assisted heating proved faster and easier once more.

Taking advantage of the high temperatures that can be achieved, even in
low-boiling solvents in closed reactions vessels, microwave-assisted approaches
are especially useful for hetero-Diels—Alder reactions. The deprotection of furan—
maleimide adducts pendant to PEO-based copolymers was only possible after
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subjecting the protected polymers to microwave-supported heating in a
chloroform—acetonitrile mixture, and attempts to use conventional heating failed
[81]. Within 1 h, the complete removal of the furan protecting groups was achieved,
and the copolymer itself remained intact.

4.2 Polymer Functionalization Using Nucleophilic Reagents

Nucleophiles such as amines, phenolates, or thiolates represent valuable reagents to
introduce further functionalities or to simply modify the properties of a precursor
polymer. In the following, suitable precursor polymer types are discussed, struc-
tured according to the underlying chemical reaction mechanisms. Table 3 provides
an overview of the respective microwave-assisted polymer modifications, along
with a general description of the utilized reaction conditions.

The nucleophilic ring opening of cyclic ethers represents an early example
where microwave irradiation was studied as synthetic tool for further modification
of polymers. In the easiest case, suitable polymers for this purpose can simply be
epoxidized liquid natural rubber, as reported by Huy et al., who used a-naphthyl
acetic acid as nucleophilic reagent to open the three-membered ring [82]. As for
many other reactions discussed above, microwave-assisted approaches resulted in
higher conversions at shorter reaction time compared to conventional heating. The
ring opening of oxetanes as the analogous four-membered rings with amines was
successfully employed in a similar fashion to functionalize various polymers based
on bisphenols [83]. Microwave-assisted synthesis approaches alone already gave
rise to higher conversions. The addition of zinc chloride as catalyst enhanced this
effect even further, presumably because its polarity made it an efficient microwave
absorber [84].

The microwave-assisted amidation and esterification of various carboxylic acid-
functional polymers has been thoroughly studied by Ritter and co-workers. A poly
(acrylic acid) (PAA) homopolymer could be functionalized with various adamantyl
moieties simply by mixing with the respective adamantyl-functional amine and
subsequent use of microwave irradiation [85]. Without the requirement of solvents
or coupling agents, copolymers with 5 mol% of adamantyl units were obtained,
whose sodium salts were used to form hydrogels produced by the intermolecular
association of the hydrophobic side chains. Utilizing p-toluenesulfonic acid (pTos—
OH) as catalyst, poly[ethylene-co-(acrylic acid)] (PE-co-PAA) could be modified
with phenol derivatives under solvent-free conditions [86]. In a direct comparison
with conventional oil bath heating, the microwave irradiation was shown to pro-
mote effectively the esterification of the copolymer. A reaction within a few
minutes resulted in a high level of reproducibility and conversion. An analogous
approach proved suitable for the amidation of PE-co-PAA with (2-aminoethoxy)
ethanol in a single step to obtain a polyinitiator for the ROP of CL [87]. Subse-
quently, the results were transferred to poly(ether sulfone)s as alternative polymer
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type, which could be successfully functionalized with 1-naphthol as well as
4-aminobenzoic acid, even in an apolar solvent such as xylene [88].

DMF can act as an excellent source for dimethylamine and carbon monoxide
under microwave irradiation [89]. The in situ generation of these gases is especially
advantageous for small-scale reactions where the direct use is impractical, as shown
by the modification of poly(vinylimidazolium) salts. The proposed final copolymer
structure contains mainly units of 1-vinylimidazole and some units of amines,
formamides, and alkenes.

Microwave-assisted modifications of synthetic polymers are not limited to
speciality polymers but have also proved to be useful for the functionalization of
commodity polymers such as poly(vinyl chloride) [90]. A series of copolymers was
obtained by nucleophilic substitution with 1,2,4-triazol-5-yl-sulfanyl groups. Using
microwave irradiation as heating source, the reaction could be performed with the
highest level of conversion, a significant decrease in reaction times and without the
occurrence of secondary reactions. In a similar fashion, a copolymer of styrene and
chloromethyl styrene was quaternized with tributyl amine to serve as phase transfer
catalyst [91].

When a polymeric nucleophile such as poly(vinylalcohol) is used, hydrogels can
be prepared directly from suitable precursor polymers such as PAA or poly(methyl
vinyl ether-alt-maleic anhydride), taking advantage of the excellent microwave
absorption of water [92]. Irradiation of appropriate combinations of polymers in
aqueous solutions directly resulted in sterile hydrogels with high swelling ratios,
which did not require further purification steps because the use of monomers could
be omitted during the synthetic approach.

4.3 Hydrolysis of Poly(2-Oxazoline)s

PEI represents the “gold standard” for non-viral gene transfection and, thus, is of
major importance in pharmaceutical research [93, 94]. However, the direct poly-
merization of its monomer aziridin results in the formation of branched polymers.
Thus, linear PEIs (LPEIs) with defined molar masses are usually prepared by
hydrolysis of its N-acyl derivatives, i.e., poly(2-oxazoline)s (POx). Although the
required time for acidic hydrolysis ranges from a few hours to several days under
conventional heating (depending on the substituent of the POx), the alkaline
hydrolysis is even slower. Because drastic reaction conditions are frequently
applied, intensive investigations have been carried out regarding the use of
microwave-assisted synthetic approaches under several hydrolysis conditions to
accelerate this type of reaction (Table 4).

The first reports relied on the use of the hydrophilic POx, i.e., poly(2-methyl-2-
oxazoline) (PMeOx) and poly(2-ethyl-2-oxazoline) (PEtOx) [95]. Thereby, kinetic
investigations during the microwave-assisted acidic hydrolysis revealed that 2 h
were sufficient to reach conversions above 90%, even for the slightly more hydro-
phobic PEtOx. Subsequent optimization of the hydrolysis and purification
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Table 4 Overview of microwave-assisted hydrolysis of poly(2-oxazoline)s

Starting (co-) a 0Ox,:0x5:
polymer R, R, (units) EI (%)* Hydrolysis conditions References
Homo CH; - 5-200 1:99 HCI (16 wt%), 100 °C [95]
C,Hs
Homo CHs |- 10-200 |1:99 HCI1 (16 wt%), 130 °C [96]
Homo CHs |- 30,500 |5:95 HCI1 (3 wt%), 180 °C [97]
Statistical CH; CgHs |a; =60 |0:2:98 HCI1 (16 wt%), 100 °C [98]
=40 120:21:59 | NaOH
Block 0:16:84 HCI (16 wt%), 100 °C
23:36:42 | NaOH
Homo CH; - 100 5:95 HCI1 (12 wt%), 100 °C, |[99]
C,Hs 68:22 EtOH:H,0 4:1
Cg¢Hs 87:13
Block CH; CHs [a;=50 |15:37:48
a, =50
Ce¢Hs |a; =60 |4:18:78
a,=15
Homo CHs |- 100 5:95 HCI1 (16 wt%), 160 °C [100]
n- 13:87
CoHyg

“The maximum degree of hydrolysis can be determined only within the limits of the '"H NMR
accuracy

procedure proved that even a reaction time of 1 h is sufficient if the reaction is
performed at 130 °C [96]. An effective way to accelerate further the hydrolysis of
PEtOx is to increase the reaction temperature while using comparatively low acid
concentrations [97]. Detailed kinetic investigations, along with the determination of
the Arrhenius parameters, revealed the best results at 180 °C with a
low-concentrated aqueous solution of HCI. Further increase of the temperature
resulted in main chain degradation.

The fact that the hydrolysis rate of hydrophilic POx is significantly enhanced
compared to hydrophobic POx has been exploited to prepare gradient and block
copolymers, where preferentially the hydrophilic block is transformed to PEI
[98]. The preferential cleavage of the PMeOx block in block copolymers with
poly(2-phenyl-2-oxazoline) (PPhOx) enabled the synthesis of novel PEI-PPhOx
copolymers which exhibit thermoresponsive micellization behavior, and, in some
cases, pH responsive micellization. Utilizing an ethanol-water mixture, the selec-
tivity of the hydrolysis could be further enhanced, even allowing a certain differ-
entiation of the hydrophilic PMeOx and PEtOx [99]. Similarly, the hydrolysis rate
of PEtOx is higher than that of the hydrophobic poly(2-n-nonyl-2-oxazoline) under
the same conditions, presumably because the n-nonyl chains collapse around the
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polymer backbone in aqueous HCI [100]. Nevertheless, the degree of hydrolysis of
both POx could be well controlled by adjustment of the reaction time. Hence, a
range of copolymers with antimicrobial activity was obtained.

4.4 Modification of Polymer End Groups

The fact that many polymers with defined end groups are accessible from living and
controlled polymerizations has brought these “tiny” parts of the polymer chains into
the focus of research. Although a range of polymers from microwave-assisted
polymerizations can be end-functionalized in situ [101, 102], we only discuss
end-group modifications here, where microwave-assisted synthesis approaches
have actually been applied for the end-group modification (Table 5).

As a prominent polymer for life science applications, PEO and its copolymer
with propylene oxide, PEO-b-PPO, have long been commercially available with
hydroxyl end groups and with various architectures. Hence, these precursors are
often applied to introduce further functionalities. In a two-step microwave-assisted
approach, PEO-OH was functionalized with piperazinyl and diazepanyl moieties to
serve as support for further preparation of guanidium derivatives [103].

PEO-diol and star-shaped PEO were also easily and quickly functionalized with
methacrylate moieties on both end groups. The very simple and well described
microwave-assisted procedure can also be adapted for functionalization of the N-
termini of peptides [104]. The attachment of glucose to the end groups of PEO-b-
PPO-b-PEO via microwave-assisted ring-opening of the sugar’s lactone represents
another example where microwave synthesizers were applied successfully for a
reaction that typically requires high temperatures [105].

Bromo end groups derived from atom transfer radical polymerization (ATRP) or
from the synthesis of polythiophenes represent another type of end functionality
that has been further functionalized using microwave-assisted approaches. Thus,
telechelic PS and poly(methyl methacrylate) functionalized with Cgy were prepared
with an increased degree of functionalization in comparison to conventional
heating, both polymer types remaining intact [106]. The coupling of highly
regioregular poly(thiophene)-based multiblock copolymers can also be achieved
and improved under microwave conditions taking advantage of active nickel
complexes present as end groups of the individual blocks [107].

The azide-alkyne 1,3-dipolar cycloaddition has become a valuable tool in
synthetic polymer chemistry. Microwave-assisted approaches make use of its
versatility for step-growth polymerizations [110, 111], for dendrimer synthesis
[112, 113], and for monomer preparation [114]. In terms of modification of polymer
end groups, alkyne functional PCL has been utilized to synthesize star-shaped PCL
with a f-cyclodextrin core via microwave-assisted “click” chemistry in a core-first
approach [108]. The same PCL was also coupled to 3,6-di(pyridine-2-yl)pyridazine
via a Diels—Alder reaction with inverse-electron-demand to give access to [2 X 2]
grid-like metal complexes.
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Microwave-assisted “click” chemistry on polymer end groups is not limited to
reactions in solution. Relying on the azide-alkyne 1,3-dipolar cycloaddition,
propargyl-end functional PEtOx was coupled to surfaces functionalized with
azide-carrying monolayers in a microwave setup modified to fit silicon substrates
inside the common reaction vessels [109]. Vice versa, silica surfaces with an
immobilized polymer, i.e., poly(PEO-methacrylate) tethered with both azide and
alkyne moieties obtained from surface-initiated ATRP, were subjected to this type
of reaction with small molecules as counterparts to functionalize the surfaces
further [115].

4.5 Modification of Polymeric Resins

Merrifield resins represent very common substrates for a wide range of reactions on
solid polymeric supports and are well known, for instance, in the field of solid phase
peptide synthesis. Consisting of crosslinked PS with varying fractions of incorpo-
rated chloromethyl styrene, the benzyl chloride groups provide the reactive posi-
tions prone to attack by nucleophiles.

Microwave-assisted heating proved superior in comparison to conventional
heating during the conversion of the resin’s chloride functionalities with PEO
under alkaline conditions [116]. Even in 2 min, higher DS values of the resin
were achieved than after 35 min during conventional heating, although the thermal
degradation of the PEO was significantly reduced. Amines are the more common
nucleophiles used with Merrifield resins, but thiols and imidazoles were also
immobilized via microwave-assisted approaches [117]. Careful investigations of
the obtained products from immobilization of N-methyl-p-glucanamine revealed
that chemistry using microwave synthesizers is not superior to conventional
methods in any case, a fact which is often disregarded upon selling novel synthetic
approaches [118]. However, the direct volumetric heating and the possibility to
work at higher temperatures than the boiling points of the solvents certainly are
advantages which can help to improve reaction times and homogeneity. As such,
microwave-assisted synthesis protocols can be very effective during the synthesis
of peptides if the reaction conditions are thoroughly adjusted [119]. This also
enables the custom-made synthesis of specially designed glycopeptides in a much
faster fashion than under conventional heating [120, 121].

5 Summary, Conclusions, and Outlook

Since microwave synthesizers have found their way into synthetic chemical labo-
ratories, a wide range of natural and synthetic polymers have been subjected to
microwave-assisted modification reactions. However, the way these heating
sources are applied has significantly changed since the 1990s. The pioneers had
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to rely on household microwave ovens or self-built equipment and merely com-
pared the properties of modified polymers derived from microwave-supported
heating to those obtained by established synthesis protocols. In contrast, the modern
microwave synthesizers allow a detailed adjustment and control of temperature and
power, so that many microwave-assisted polymer modification reactions are
performed nowadays using optimized synthesis protocols that could be established.
In those fields, microwave synthesizers are recognized as common synthetic tools
because of advantages such as fast and homogenous heating, the possibility to
perform reactions at high temperatures and under pressure, and their ease of
handling.

Other fields of research still struggle with the identification of optimum reaction
conditions and questions of special microwave effects beyond more effective
heating. Unfortunately, some of these investigations tend to lack critical judgment
of the chemistry performed and merely highlight the systematic workflows applied.
However, also in these fields detailed structural investigations of the products
obtained will lead to reasonable synthetic approaches so that microwave synthe-
sizers will become standard equipment for more synthetic polymer chemists in the
future.

On the other hand, selective heating of, for example, conjugated polymers by
microwave irradiation has opened non-classical opportunities in materials science.
Hence, more developments of novel nanomaterials prepared from polymers via
microwave-assisted approaches are to be discovered in this still vital field of
research.
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Abstract The fabrication of polymer—inorganic hybrid materials and composites
under microwave irradiation benefits from a number of advantages such as reduc-
tion in processing time, more uniform heating of materials (i.e., reduced thermal
gradient), faster curing of resins, and more efficient crosslinking of composite
materials. For polymer hybrid materials, the advantages of microwave-assisted
synthesis include smaller particle size, narrower particle size distribution, greater
particle density, and higher exfoliation degree, which substantially improve the
performance of the final material. A decrease in size of the various components is
one of the cornerstones of the push towards improvements in electronic and optical
devices, drug delivery, medical scaffolds, biosensors, imaging agents, and analyt-
ical technology. This chapter discusses recently published reports on the prepara-
tion and characterization of composite materials and polymer hybrids obtained
under microwave irradiation using various types of polymer matrix and resins
together with inorganic materials such as glass and carbon fibers, carbon black,
layered materials (e.g., clays and double hydroxides), metal nanoparticles and
nanowires, as well as carbon-based materials (e.g., fullerenes and nanotubes). A
survey of past achievements in the preparation of polymer—inorganic hybrid
nanocomposites under microwave irradiation can be found in a previously
published review paper (Bogdal et al., Curr Org Chem 15:1782, 2011).
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1 Introduction

Polymer composites are already well recognized for their improved characteristics
in comparison with homogenous polymeric materials [1]. They are extensively used
in civil engineering to design and build buildings, bridges, and roads, to strengthen
structures, and to cover constructions. About 30% of all polymers produced each
year (i.e., 280 million tons in 2011) are used in the construction sector and building
industries. Moreover, polymer composites are also used in the transportation,
marine, aerospace, biomedical, electronics, and recreation industries. Thus, further
improvement in the properties of polymer composites, in addition to improved
performance and application, are continually being researched [2]. On the other
hand, polymer hybrid materials, which consist of functional inorganic particles or
aggregates embedded in a polymer matrix, exhibit a number of intriguing properties
that cannot be obtained with organic polymers or inorganic materials indepen-
dently. For example, polymer hybrids containing nanoparticles were found to be
suitable materials for optics and electronics, and have been used to produce devices
such as light emitting diodes (LEDs), photodiodes, and photovoltaic cells [3,
4]. Owing to the implementation of simple fabrication processes, tunable size,
surface charge, and high loading capacity, polymer hybrids offer numerous advan-
tages in medical applications such as drug delivery [5, 6], scaffolds [7, 8], bio-
sensors [9, 10], imaging agents [11, 12], and analysis [13].

The difference between composites and hybrid materials, according to current
terminology, is attributed to interactions of the inorganic particles/aggregates with
polymer matrix. A IUPAC technical report defines composites as “multicomponent
materials comprising multiple different (non-gaseous) phase domains in which at
least one type of phase domain is a continuous phase” [14], whereas elsewhere the
notation “the components as well as the interface between them can be physically
identified” is added [15]. In contrast to composites, hybrid materials are more
difficult to classify because of their differing types and properties. In general,
inorganic—organic hybrid materials are classified into two major classes [16]. The
first type of hybrid materials are called “class I materials” when inorganic/structural
material in the form of particles of varying sizes and shapes are mixed with a
polymer matrix and the inorganic particles interact only weakly through hydrogen
bonding or van der Waals interactions with the organic/polymer matrix. In class II
materials, the organic/polymer and inorganic components are joined through cova-
lent or ionic bonds and no boundaries are indicated at their interfaces [17].

Depending on the size scale of its components and the degree of mixing between
the two phases, similarly prepared hybrid materials can exhibit significant differ-
ences in composite properties. For example, depending on the cation exchange
capacity of layered silicates, three main types of materials can be obtained. First,
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when the polymer is not capable of penetrating between the silicate sheets, phase-
separated material is prepared with properties similar to traditional
microcomposites. Second, when a single polymer chain is able to penetrate between
the silicate layers, a well-ordered multilayer morphology results with alternating
polymeric and inorganic layers, a so-called intercalated structure. Third, when the
silicate layers are entirely and equally distributed in a continuous polymer matrix,
an exfoliated structure is formed. In each case, the physical properties of the
resultant composite or hybrid polymeric material are significantly different; inter-
calated and exfoliated composites are often called nanocomposites [18]. Thus,
desired polymer composites and polymer hybrids have to be prepared with struc-
tural modeling and careful control of components. When the structural configura-
tions of inorganic and organic/polymer components are far from their ideal
configuration, the material properties are only the average of the properties of
each component, depending on the concentration of each component [17].

The formation of multiphase composites and hybrid materials and associated
improvement in properties compared with conventional organic and polymeric
materials are not only the result of research in material engineering laboratories.
Materials with such functional complexity can also be found in nature, for example,
bones, teeth, and teeth enamel (composed of hydroxyapatite and proteins) [19] or
the aragonitic nacreous layers of abalone shell [20]. However, at present, most
synthetic protocols for preparation of composites and hybrid polymers need high
temperature or pressure and very reactive chemicals, whereas these natural mate-
rials can be created at ambient temperature and in aqueous environments by
biological systems. Therefore, nonconventional methods for the manufacture of
polymer hybrids and composites with properties comparable to those of natural
materials still have to be elaborated.

During the last three decades, microwaves have been applied in a number of
highly useful methods as an efficient energy source during polymer synthesis and
processing [21-24]. In addition to the application of microwave irradiation in
polymer preparation, these microwave methods are also used for the preparation
of polymer hybrids and composite materials [25, 26].

Because of the ability to interact directly with one or more components of
composite materials through specific interactions, microwave irradiation offers a
number of advantages compared with conventional heating methods. The methods
that use microwave irradiation are applied for forming, joining, and bonding poly-
mers and composites. In fact, most polymers are rather transparent to microwave
irradiation, which means that they do not absorb enough microwave energy to be
heated. However, acceptable microwave heating can be observed in the presence of
fillers such as carbon black, graphite, carbon nanotubes (CNTs), clays, silicates,
layered double hydroxides (LDHs), metal or metal oxide powders, nanoparticles,
nanowires, and conducting polymers [26]. In such processes, microwave irradiation
is used to soften and/or thaw thermoplastic polymers, cure monomers and
prepolymers, and/or initiate reactions of inorganic particles or aggregates with the
polymer matrix.
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In this context, the application of microwave irradiation for the preparation of
polymer nanoparticles allows control of the size distribution and reduced dispersity
of nanoparticles within a shorter reaction time than with conventional heating
methods because of more uniform and rapid heating [27]. The possibility of very
rapid curing of polymer composites and hybrid materials under microwave irradi-
ation and the formation of unique structures have been presented in a number of
reports. A revision of past achievements in the preparation of polymer—inorganic
hybrid nanocomposites under microwave irradiation can be found in a previously
published review paper [1].

In this chapter, it will be shown that control of such parameters as particle size,
particle size distribution, and particle density together with the application of
microwave irradiation strongly influence the properties of the obtained materials.
For example, a sample of polyamide-6/clay nanocomposite containing 5 wt% of
clay had a heat distortion temperature 87°C higher than a plain polyamide-6
reference sample. In addition, the tensile strength and tensile modulus were 49%
and 68% higher, while the impact strength did not change [28]. In another example,
polyurethane (PU) foams were modified by addition of 5 wt% montmorillonite
(MMT) clay during the foaming process, and in comparison with plain PU foams
they exhibited increases of 650% and 780% in the reduced compressive strength
and modulus, respectively [29].

2 Composite Materials

Regarding the preparation of composite materials, microwaves were investigated as
an alternative to conventional heating methods for glass/epoxy laminates [30]. For
this purpose, a numerical simulation of the one-dimensional transient temperature
profile of the composite materials was elaborated for both microwave and conven-
tional conditions. Bisphenol-F/epichlorohydrin epoxy resin and aromatic diamine
as a hardener were applied as substrates. The microwave multimode applicator was
a cylindrical cavity (500 L) equipped with multiple microwave inputs and a mode
stirrer to ensure homogenous distribution of the microwave power. It was possible
to control the cure of the composite materials and improve the properties of thick-
section composites by feedback power control and through more efficient energy
transfer under microwave conditions in comparison with conventional heating
(Fig. 1). The power of microwave irradiation was changed constantly from 0 to
6 kW, which allowed more uniform heating of thick glass/epoxy laminates (25 mm)
and eliminated thermal runaway caused by exothermic reactions during curing [30].

Applying differential scanning calorimetry (DSC), the cure kinetics of glass/
epoxy composites were analyzed for samples cured under both conventional and
microwave conditions [32]. Under conventional conditions, isothermal experiments
were conducted at 135-175°C, the kinetic model was developed, and the relation
between the degree of cure and time was estimated. For the cure kinetics under
microwave conditions, a different approach was required because the cure process
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Fig. 1 Multimode
microwave reactor with
total volume of 500 L
(Reprinted from [31] with
permission)
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was difficult to control in situ within a microwave reactor. Samples placed in the
microwave reactor were heated as fast as possible to the desired cure temperature,
and the process was finished at a fix time by removing the sample from the reactor
and cooling it. For each sample, the residual heat of reaction was measured by
means of DSC to evaluate the progress of the cure reaction and conversion of
substrates.

Even though thermal gradients were developed during the cure of composite
materials under both conventional and microwave conditions, differences in solid-
ification were observed. Under conventional conditions, highest values of the
outside-in cure gradients were observed during the early stages of the cure cycle,
and the maximum cure rate for the composite materials was noted at the beginning
of cure. Both theoretical and experimental data revealed that microwave irradiation
initiated an inside-out cure of the thick laminates as a result of volumetric heating,
which substantially shortened the total processing time (Fig. 2) [31].

To observe a reasonable inside-out cure effect under conventional conditions,
the cycle time needed was almost three times longer than under microwave
conditions. Reduced thermal gradients were observed during the early stages of
microwave processing, but the desired inside-out cure was successfully developed,
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Fig.2 Formation of cure gradients with two laminates during (a) conventional and (b) microwave
cures (Reprinted from [31] with permission)

which resulted in better control over the solidification behavior of composite
materials and reduced the overall processing time [31].

In another report, it was shown that the sample size, amount, and geometry of
substrate materials were important parameters during microwave processing. For
instance, when the amount of irradiated material was changed from 5 to 15 g, the
temperature increased by 32°C in 10 min at the same microwave power. Moreover,
the sample of 5 g polyimide resin did not absorb enough microwave energy to be
heated efficiently during irradiation, showing that a critical mass was needed to
absorb the microwave energy by a substantial amount. Addition of a good micro-
wave absorber (e.g., graphite) strongly increased the absorption of microwave
energy by the composite material and resulted in efficient heating (Fig. 3) [33].

It was also shown that, depending on the type of filler (i.e., talc, zinc oxide, and
carbon black), the susceptibility of the polymer for microwave absorption during
processing was different [34]. The relative temperature rise of high-density poly-
ethylene (HDPE) containing the same amount of various fillers during irradiation
with 200 W of microwave power for 1 min is shown in Table 1. Irradiation of neat
HDPE with the same power and time gave no significant temperature rise.

As can be expected, carbon black was the most effective filler for increasing
microwave absorption of HDPE samples. Moreover, the efficiency of microwave
absorption was proportional to the surface area of carbon black; thus, selecting a
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Fig. 3 Effect of sample size on the microwave absorption of undried RP-46 resin (Reprinted from
[33] with permission)

Table 1 Relgtive Filler Temperature rise (°C/min)
temperature rise for HDPE at
16% v/v loading of different ~_Carbon black N550 177+ 10
fillers Zinc oxide 30+5
Talc 3+1

grade with a high surface area is recommended. Relative temperature rise and heat
efficiency as a function of carbon black surface area are presented in Fig. 4 [34].

Carbon fibers were also applied as active components, which increased the
susceptibility for microwave absorption during processing of phenylethynyl-
terminated polyimide composites (PETI-5/IM7). For this purpose, six different
microwave cure cycles in the frequency range of 2.4-7.0 GHz and three thermal
cycles were carried out. It was found that glass transition temperatures (T,) were
higher for the composites prepared under microwave irradiation in comparison with
the composites prepared using the same time—temperature cure cycle under con-
ventional conditions. In addition, microwave-cured composites showed higher
shear strength, flexural strength, and modulus than conventionally cured compos-
ites, which were often characterized by incomplete crosslinking. It was also shown
that under microwave irradiation it was possible to prepare unidirectional
polyimide—(carbon fiber) composites with superior thermal and mechanical prop-
erties in half the time required for the conventional process (Fig. 5) [35].

For functionally graded materials (FGMs), the composition and structure grad-
ually changes over the volume of the composite materials, resulting in
corresponding changes in the mechanical properties of the material, so it is
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Fig. 4 Relationship between microwave heating efficiency and surface area for carbon black
(Reprinted from [34] with permission)

expected that these properties create new functions of the composite materials. The
T,, tensile strength, and modulus (£) of FGMs obtained from an epoxy resin (EP)—
polyurethane (PU) elastomer system in the presence of a stoichiometric amount of
diaminodiphenyl methane (DDM) as crosslinking agent under microwave irradia-
tion were investigated [36].

In a typical procedure, 65 wt% dichloromethylene solutions of EP/PU/DDM at
different ratios of EP to PU were irradiated at 200 W for 20 min in poly(tetrafluor-
oethylene) (PTFE) molds to form a layer that was submitted for subsequent casting
and irradiation. When all the layers were formed, each sample was irradiated at
400 W for 30 min. The obtained composite materials were characterized by T, and
modulus, which varied gradually from —54 to 162°C and from 0.069 to 3.20 GPa,
respectively (Table 2) [36].

In the last decade, carbon nanotubes (CNTs) have gained attention because of
their unique structure and properties. Because of their remarkable mechanical and
electrical properties, CNTs are used as fillers in the fabrication of polymeric
composites. Moreover, CNTs show strong microwave absorption with intense
heat release and very fast temperature increase [37, 38], although this phenomenon
is not yet fully understood. The interaction was explained by dipole polarization
induced by the alternating electric field, as well as mechanical vibrations caused by
phonon—phonon interactions [39].

Recently, functional CNTs were incorporated on a polyethylene (PE) surface for
a microwave welding process [40]. In order to study the interfacial strength of
CNT/PE nanocomposites, two layers of CNT films were stacked between a pair of
PE strips and welded under microwave irradiation for 30-90 s. For comparison, two
PE sheets were compressed and microwave irradiated for the same time. During
microwave irradiation, CNT films absorb energy from the microwave field and
convert it into heat. The increase in temperature causes localized melting of PE,
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Fig. 5 Comparison of processing conditions and properties of microwave and thermally cured
phenylethynyl-terminated polyimide composites (PETI-5/IM7) reinforced with carbon fibers
(Reprinted from [35] with permission)

Table 2 Properties along the thickness direction in functionally graded composites of polyure-
thane and epoxy resin

Sample PU/EP (w/w) Tensile strength (MPa) T, (°C) Modulus (E) (GPa)
1 10/0 4.65 —54.0 0.069
2 10/2 5.84 -93 0.078
3 10/4 11.6 254 0.245
4 10/6 15.2 45.7 0.86
5 10/8 20.8 83.2 0.99
6 10/10 25.8 99.0 1.01
7 8/10 27.4 109.2 1.44
8 6/10 325 113.2 1.58
9 4/10 45.8 139.6 2.62
10 2/10 759 145.0 2.72
11 0/10 64.8 162.0 3.20
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Fig. 6 SEM images of two layers of CNT films on polyethylene surface (a) before and (b) after
microwave welding. (¢) TEM image of the composite, showing wetting and coating interactions
between CNTs and the polymer (Reprinted from [40] with permission)

filling of CNT pores by melted PE, and wetting and wrapping of individual CNTs
by the polymer (Fig. 6).

Additionally, the conductive network of CNTs was preserved by the polymer
coating. Because of the short processing time, very small amount of CNTs (1.5 pg/
cm?), and taking into account that PE is a microwave-transparent material, the bulk
of PE sheets remained at room temperature during microwave welding and thus the
polymer structure remained unchanged.

In another report, the preparation of poly(o-phenylenediamine)/reduced
graphene oxide (PoPD/RGO) composite nanosheets using microwave heating was
described and their effective adsorption of lead ions was examined [41]. In a typical
synthesis of a hybrid PoOPD/RGO composite, a homogenously dispersed mixture of
graphene oxide and o-phenylenediamine (oPD) in water was placed in a microwave
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oven (210 W) for 20 min (Fig. 7). The final product was collected by filtration and
washed with water. During the reaction process, graphene oxide nanosheets were
used as oxidant to polymerize oPD monomer to form poly(o-phenylenediamine)
(PoPD) on their surface, while the graphene oxide nanosheets themselves were
reduced.

Hybrid PoPD/RGO composites were characterized by transmission electron
microscopy (TEM) (Fig. 8), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS). It was confirmed from TEM images that the microwave-
assisted process successfully produced PoPD/RGO composite nanosheets with
crumpled morphology. The obtained PoOPD/RGO composite materials were tested
and evaluated as a potential adsorbent for the removal of lead ions. The study
showed that hybrid POPD/RGO composites exhibited a favorable performance for
the removal of lead ions and that the adsorption processes were well fitted by a
pseudo-second-order kinetic model [41].

@ oPD

- 3 COOH
Stirring 30 min 20 min

GO oPD/GO compounds PoPD/RGO

Fig. 7 Fabrication of poly(o-phenyldiamine)/reduced graphene oxide (PoPD/RGO) composite
nanosheets (Reprinted from [41] with permission)

Fig. 8 TEM images of (a) graphene oxide; (b) poly(o-phenyldiamine)/reduced graphene oxide
composite nanosheets (Reprinted from [41] with permission)
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3 Nanocomposites and Hybrid Materials

Polymer nanocomposites are materials in which inorganic components with an
average particle/aggregate size of less than 100 nm are uniformly distributed in an
organic polymer matrix; the relative concentration of the inorganic component is
only a few percent by weight. Recently, nanocomposites composed of polymer and
clay have received considerable interest for the preparation of novel structural and
functional materials. Clays and other layered materials (e.g., LDHs) possess the
ability to absorb microwave irradiation thanks to the water molecules that are
present in the hydration shell of the material interlayer cations. When an inorganic
component possesses a well-defined layer and the particles are homogenously
distributed in the polymer matrix, the competition between the intragallery poly-
merization reaction (which takes place between the clay layers) and the extragallery
crosslinking of bulk reaction mixture results in two types of composite/
nanocomposite structures [42, 43].

3.1 Polycarbonate and Poly(ethylene oxide)

During solid-state polymerization of polycarbonate (PC) prepolymer for the fabri-
cation of PC/MMT nanocomposites under conventional conditions, the reaction
temperatures are often too high for organophilic groups in the gallery of MMT to
endure during the polymerization [44]. Thus, microwaves were used for the poly-
merization of PC prepolymer, prepared by melt reaction of bisphenol A (BPA) with
diphenyl carbonate (DPC) and intercalated with modified montmorillonite
(m-MMT) by melt mixing and solution mixing techniques. The polymerization
was carried out in a microwave oven with different irradiation times (6—12 s) at
220°C to afford PC/MMT nanocomposites in the solid state (Fig. 9).

XRD analysis proved that PC/MMT nanocomposites obtained under microwave
conditions are characterized by a more homogenous dispersion of MMT silicate in
the polymer matrix. Subsequently, WAXD showed that microwave irradiation
during solid-state polymerization of PC prepolymers imposed a change in the
nanocomposite structure from pre-intercalated into an exfoliated structure. Thus,
solid-state polymerization under microwave irradiation was more successful in
incorporating a homogenous dispersion of clay into the polymer matrix than
polymerization under conventional thermal conditions [44].

Similarly, poly(ethylene oxide) (PEO) nanocomposites with MMT, hectorite,
and laponite were obtained by a melting intercalation method under microwave
conditions. It was confirmed that PEO chains were interposed between the clay
layers to coordinate the interlayer cations (Fig. 10).

Study of the influence of irradiation time and power, and the amount and ratio of
the components, on the polymerization reaction showed that it was impossible to
obtain an intercalated structure for reaction times shorter than 5 min. For irradiation
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times longer than 5 min, XRD patterns proved the PEO intercalation between clay
layers, giving interlayer spacing of about 1.8 nm and various degrees of stacking
order of the clay particles, which increased with longer irradiation time [45].
Polymer/clay composites can be applied as materials for manufacture of barrier
layers for packaging [46]. Recently, poly(ethylene-co-vinyl acetate)/clay
nanocomposites were prepared by solution intercalation under microwave irradia-
tion [46]. A solution of copolymer in THF was mixed with MMT clay (Bentone
105) dispersed in toluene and irradiated for various times (5—15 min) at 80 or 135°C
in a microwave reactor. Films were prepared by casting the mixture on Petri dishes
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Fig. 11 TEM images of poly(ethylene-co-vinyl acetate)/montmorillonite nanocomposites
containing (a) 1 wt% and (b) 10 wt% clay prepared under microwave irradiation. (Reprinted
from [46] with permission)

and drying. XRD data for the nanocomposites proved the intercalation process
(increase in interlayer spacing) and also indicated no influence of microwave
processing on the polymer/clay dispersion degree. These results were in a good
agreement with the TEM data (Fig. 11), proving that the clay formed aggregates
and that exfoliation was impossible at higher concentrations of inorganic material.

3.2 Poly(e-caprolactone)

It was shown that poly(e-caprolactone) (PCL)/clay nanocomposites have a number
of enhanced properties in comparison with neat PCL [47-49]. PCL/MMT
nanocomposites were prepared by microwave-assisted ring-opening polymeriza-
tion (MROP) of eCL in the presence of either unmodified or modified MMT in
60 min [50]. In the case of unmodified MMT (Cloisite®Na®), PCL/MMT
nanocomposite with a number-average molar mass (M,) of approximately
60,000 g/mol was prepared and exhibited an intercalated structure. In turn, applying
MMT modified with an alkylammonium salt (Cloisite™30B) resulted in PCL/MMT
nanocomposites with a predominately exfoliated structure, with M, of PCL in the
range of 16,300—66,100 g/mol for 0.5-5 wt% of MMT in the composite (Table 3).

Subsequent reports described MROP of eCL with Cloisite®™30B as the nanofiller
and catalyzed using either tin(Il) 2-ethylhexanoate [Sn(Oct),] or zinc powder. The
mechanical properties of PCL/Cloisite®30B nanocomposites were examined.
Applying microwaves at 680 W for only 30 min, PCLs with high weight-average
molar weight (M) of 124,000 and 92,300 g/mol were obtained in the presence of
Sn(Oct), and zinc powder, respectively [51]. The PCL/Cloisite®30B
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nanocomposites possessed a predominantly exfoliated structure. It was concluded
that the power of microwave irradiation had a significant influence on the yield and
M,, of PCL (Figs. 12 and 13) [51, 53].

3.3 Poly(ethylene terephthalate)

Layered double hydroxides (LDHs), known as anionic clays or hydrotalcite-like
compounds, find application in catalysis, adsorption processes, and preparation of
composite materials [54, 55]. In situ polymerization of poly(ethylene
therephthalate) (PET)/LDH nanocomposites was performed under microwave irra-
diation [56]. LDHs were treated with dodecyl sulfate prior to the synthesis to
improve compatibility between PET and LDHs and dispersed for 1 h in an ultra-
sonic bath in ethylene glycol prior to the reaction. Then, in considerably reduced
reaction time compared with the conventional process, the polymer
nanocomposites were prepared under reflux conditions by mixing 0.05 mol ethyl-
ene glycol, 0.25 mol dimethyl terephthalate (DMT), and 0.01 g zinc acetate as
catalyst under microwave irradiation. The polymerization temperature was
increased to 140°C (20°C/min), then to 200°C (12°C/min), and finally to 270°C
and maintained for 35 min. Eventually, nanocomposites (1, 2, 5, and 10 wt% LDH)
with uniformly dispersed and exfoliated LDHs in the polymer matrix were pre-
pared. Nanocomposites with low concentration of LDH were thermally more stable
than neat PET (Fig. 14).

Exfoliation and dispersion was complete for LDHs at 5 wt%; higher concentra-
tions resulted in LDH aggregates in the nanocomposite. Moreover, compared with
conventional processes, curing of the nanocomposites under vacuum can be
avoided because it neither modifies the structure or properties of the
nanocomposites nor enhances the thermal stability [56].
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Fig. 13 Effect of irradiation power on polymerization of poly(e-caprolactone): (a) 0.1% Sn(Oct),
as catalyst, 30 min reaction time; (b) 1% zinc powder as catalyst, 270 min reaction time (Reprinted
from [51] with permission)

3.4 Epoxy Resins

The synthesis of epoxy/MMT nanocomposites in the presence of silicone acrylate
(a,@-diacrylate poly(dimethyl-siloxane), PDMS V-Si21) under microwave irradia-
tion has been described together with the effect of different clay modifiers [57]. The
epoxy/MMT nanocomposites were prepared using MMT previously modified by
dodecyl-, hexadecyl-, and octadecylamines or hexcadecyltrimethyl ammonium
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Fig. 14 Thermogravimetric curves for PET and PET-LDH nanocomposites (Reprinted from [56]
with permission)

bromide (HTAB). Physical activation of MMT before reaction with ammonium
salts led to exfoliation of clay in the polymer matrix and also prevented agglomer-
ation, resulting in a uniform structure [57]. The organoclays (3 and 5 wt%) were
stirred with a BPA-based epoxy monomer at 80°C for 30 min and then 50 wt% of
polyamine hardener was added to the epoxy resins. The mixture was poured into a
mold and irradiated in a microwave reactor for 20 min at 400 W power. To obtain
siloxane-modified samples, 5 or 10 wt% PDMS V-Si21 was mixed with the epoxy
resins before addition of the hardening agent.

Epoxy/MMT nanocomposites containing HTAB-modified clay were character-
ized by better mechanical properties than those with dodecyl-, hexadecyl-, and
octadecylamines. It was found that the modulus () increased, with a corresponding
decrease in toughness, with an increase in MMT content; however, an increase in
PDMS V-Si 21 concentration resulted in the opposite effect. For each sample
containing 5 wt% of MMT and 5 wt% of PDMS V-Si 21 (samples “8
Dodecylamine” and “8 HTAB” in Table 4), in which interlayer spacing was
increased, the modulus was as high as that of neat epoxy (sample no. 1) but
toughness was greater than that of neat epoxy. In such a way, the mechanical
properties of samples containing MMT and PDMS V-Si 21 were improved
(Table 4) [57].

Another paper describes the application of a microwave-assisted protocol for the
fabrication of CNT/epoxy nanocomposites with a very high dielectric constant and
low dielectric loss [58]. Multiwalled carbon nanotubes (MWCNTSs) of average
diameter <10 nm and length of 5-15 pm were blended at 65°C with diglycidyl
ether of bisphenol A (DGEMA) and an imidazole derivative as polymerization
catalyst. Next, the mixture was cast into a mold and pre-cured under microwave
irradiation (700 W) for 2 min in six cycles, followed by post-curing in a thermal
oven at increasing temperature from 80 to 150°C for total time of 10 h. For
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Table 4 Mechanical characterization of nanoparticle samples containing modified clays

Maximum | Strain at Strain
Young’s strength maximum Strength | at Toughness
modulus (Gmax) force (Frax) |atbreak |break |(W) at
Sample no. (E) MPa) | (MPa) (%) (MPa) (%) break (J)
1? 1,433 34.0 6.0 23.5 11 0.60
8 Dodecylamine® | 1,278 25.5 3.9 21.6 12 0.88
8 HTAB® 1,391 334 5.1 25.6 12 1.10

“Neat epoxy
bEpoxy containing 5 wt% dodecylamine and 5 wt% PDMS V-Si 21
“Epoxy containing 5 wt% HTAB and 5wt% PDMS V-Si 21

comparison, a series of composites was produced under conventional heating at
similar curing parameters (temperature and time). Electrical conductivities and
dielectric properties of the resulting composites were studied as a function of the
MWCNT content (0.05-0.5 vol%) and method of curing (microwave versus ther-
mal). Based on those investigations, it was suggested that, compared with thermally
cured composites, MWCNTSs in composites prepared under microwave conditions
create uniform connecting paths and thus form a conducting network above the
percolation threshold of the filler. Additionally, dielectric spectroscopy studies
indicate that MWCNTs in composites cured under microwave conditions not only
have better dispersion but also align in one direction, resulting in lower dielectric
loss of the material. Microwave curing of MWCNT/epoxy composites allows the
development of novel materials with high dielectric constant and low dielectric
loss, which are very important for the electronic and power industries.

In another report, a microwave protocol was developed to reduce graphite oxide
to graphene, which is used as a conductive additive in epoxy composites [59]. The
reduction of graphite oxide at the gram scale was performed in a microwave oven
operated at 1,000 W of microwave power. As confirmed by XRD studies and
elemental and Fourier transform infrared (FTIR) analysis, 2—3 min of microwave
irradiation was sufficient to obtain graphene. The work demonstrates that addition
of only 0.3 wt% of graphene increases the electrical surface resistivity of the
nanocomposite, which makes graphene/epoxy materials useful for batteries, elec-
trodes, electromagnetic interference shielding materials, antistatic coatings,
sensors etc.

3.5 Acrylic Resins

Microwave-assisted synthesis of polymeric/inorganic hybrid nanocomposites for
encapsulation of photoelectronic devices has also been described [60, 61]. Several
organic/inorganic composites have been fabricated under microwave conditions,
for example, acrylic/alumina (Fig. 15a), polyurethane—acrylic/alumina (Fig. 15b),
silicone—acrylic/alumina  (Fig. 15c), silicone—polyurethane—acrylic/alumina
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(Fig. 15d) [60], and acrylic—epoxy/mica/boron nitride (Fig. 15¢) [61]. Alumina,
mica, and boron particles of average diameter 30—100 nm, 1-10 pm, and 1 pm,
respectively, were used as filler. With microwave irradiation, fabrication of the
composites takes only 10 min, in contrast to conventional heating where the
polymerization takes 8-24 h. Moreover, microwave-assisted synthesis yielded
products with highly reproducible properties. The obtained composites with good
adhesive strength, fast curing speed, moderate hardness, high refractive index, and
excellent gas resistance were successfully applied for encapsulation of photoelec-
tric devices (LED, OLED) [60]. Additionally, acrylic—epoxy/mica/boron nitride
nanocomposites with gas barrier and heat dissipating capacities, were used to
protect a top-emitting organic light-emitting diode (OLED) and prolong its lifetime.

In another report, microwave irradiation was applied for the preparation of silver
nanoparticles (AgNPs) dispersed in methacrylate monomers. The silver particles
possessed a narrow size distribution of 1.0-5.5 nm, with a mean diameter of 2.8 nm.
Compared with conventional conditions, the microwave-assisted synthesis of
AgNPs proceeded more uniformly to achieve full conversion of reagents at the
same time in the whole reaction vessel. Consecutive polymerizations of the



Microwave-Assisted Synthesis of Hybrid Polymer Materials and Composites 263

Fig. 16 SEM images of ZnO nanoparticles prepared by the microwave method: (a) uncapped and
using (b) PEG 300, (¢) PVP, or (d) CTAB as capping agent (Reprinted from [63] with permission)

monomers with AgNPs produced silver nanoparticles dispersed in a polymer matrix
[62]. In a typical procedure, C;3H,,COOAg powder (0.634 g) was stirred with
cyclohexyl methacrylate (10.0 g) containing triethylamine (NEts, 0.191 g) and the
mixture irradiated for 5 min at 140°C. Then, photoinitiator (1 wt% of Irgacure 9)
was added and the solution spread onto a slide glass substrate. Films were poly-
merized for 30 min under UV light.

Recently, a microwave technique was used for the preparation of various
morphological ZnO nanocrystallites for poly(methyl methacrylate) (PMMA) and
PMMA/PU polymer matrices [63]. This work compared reflux and microwave
heating methods of synthesis of ZnO nanoparticles. In both cases, poly
(ethyleneglycol) (PEG 300), poly(vinylpyrrolidone) (PVP), and cetyltrimethy-
lammonium bromide (CTAB) were used as capping agents. It was observed that,
in the case of microwave irradiation, ZnO nanoparticles presented a very wide size
distribution for various capping agents compared with the reflux method (Fig. 16).
Under microwave irradiation, ZnO nanocrystals were obtained with different mor-
phologies (spherical clusters, one-dimensional sheets, flakes, and platelets) and
with cluster sizes between 50 and 400 nm.

ZnO nanoparticles with different morphologies were then incorporated into
PMMA and PMMA/PU matrices and ZnO/PMMA nanocomposite films of
0.04 mm thickness prepared by the solution-casting method (Fig. 17). In both
cases, the content of ZnO nanocrystallites in the polymer matrix was 0.1 wt%.
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Fig. 17 Photographs of ZnO/PMMA and ZnO/PU/PMMA sheets (Reprinted from [63] with
permission)

By near infrared reflectance (NIR) and UV-vis spectra analysis of ZnO/PMMA and
ZnO/PMMA/PU nanocomposites it was shown that addition of inorganic ZnO
nanoparticles into a PMMA matrix significantly improved NIR reflectance effi-
ciency compared with pure PMMA. For instance, neat PMMA had low reflectance
of only 2% whereas ZnO/PMMA nanocomposites had increased NIR reflectivity of
about 55% at a wavelength of 1,100 nm.

Additionally, the NIR reflectance was investigated and correlated with ZnO
particle size and morphology. It was found that the morphology of ZnO plays a
key role in obtaining a high NIR reflecting property. The best result (about 55% at
810 nm) was achieved using ZnO nanosheets obtained with PEG 300 capping under
microwave irradiation. Taking into account the properties of the obtained
ZnO/PMMA nanocomposite, these materials can find potential application as
solar thermal control interface films [63].

Poly(acrylic)/SiO,/TiO, (MSMA-SiO,/TiO;) core—shell nanoparticle hybrid
thin films were also prepared under microwave conditions [64]. The procedure
was a combination of the sol-gel reaction, thermal polymerization, and spin
coating. First, the colloidal SiO,-TiO, core—shell nanoparticles with OH groups
on the surface were prepared, in which uniform layers of titania were deposited by
controlled hydrolysis of tetrabutoxyltitanium (6-9 g) in the presence of colloidal
silica particles. Then, the coupling agent 3-(trimethoxysilyl) propyl methacrylate
(MSMA), colloidal SiO,-TiO, core—shell nanoparticles, deionized water, and THF
were mixed in various proportions (Table 5) and the hydrolysis/condensation
reactions carried out under microwave irradiation at 60°C for 5—40 min to obtain
the MSMA-SiO,/TiO, colloidal solution. In order to obtain hybrid poly(acrylic)—
Si0,/Ti0, films (MSTT), the colloidal MSMA-SiO,/TiO, was subsequently mixed
with a homogeneous THF solution of bifunctional acrylate of ethylene glycol
dimethacrylate (EDMA) and a trifunctional acrylate of trimethylolpropane
triacrylate (TMPTA) and benzoyl peroxide (BPO) as initiator. The polymerization
reactions were run at 60°C for another 540 min under microwave irradiation.
Then, the reaction solution was spin-coated on a 6-inch silicon wafer and the coated
thin films cured on a hot plate.
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Table 5 Monomer composition and properties of the hybrid thin films MSTTO-MST100 pre-
pared under microwave irradiation

‘ MSTTO |MSTT20 |MSTT50 |MSTT80 |MSTTI100

Composition

Core—shell SiO,-TiO, (Wt%) |0 20 50 80 100
MSMA (wt%) 25 20 13 5 0
TMPTA (Wt%) 45 36 22 9 0
EDMA (wt%) 30 24 15 6 0
Properties

h (nm)* 189 115 111 107 195
N33 1.525 1.601 1.694 1.791 1.870
keas® 0.001 0.003 0.006 0.007 0.003
R, (nm)° 0.518 0.794 1.163 1.108 2.017
Ru/h (%)° 0.274 0.690 1.047 1.035 1.034
Ry (nm)° 0.676 0.853 1.202 1.129 2.114
Ry/h (%)° 0.357 0.741 1.082 1.055 1.084
T (°C)° 350 247 232 233 -
TGA residue (wt%)* 9.14 38.72 64.40 81.72 99.28
TGA residue (wWt%)® 6.06 24.85 53.03 81.21 100

“Thickness (h), refractive index at 633 nm (7433), extinction coefficient at 633 nm (kg33) measured
by ellipsometer

"Roughness (R, arithmetic mean roughness, Ry quadratic mean roughness) measured by AFM
“Thermal glass transition and decomposition temperature measured by DSC

9W1% of residue after thermogravimetric analysis

*Wt% of residue estimated from theoretical calculation

Although the particle content reached 90 wt%, SEM analysis of hybrid MSTT-
90 thin films showed that the SiO,-TiO, core—shell nanoparticles were
homogenously dispersed in the polymer matrix. The particles kept their original
size of 15-20 nm, indicating that there had been no particle growth or serious
aggregation of the core—shell nanoparticles during the curing procedure. The
extinction coefficients (k) of all the MSTT films were almost zero at 190-—
900 nm, and the films possessed high optical transparency in the UV and visible
regions, which indicates that the particle size in the hybrid films was small enough
to avoid significant light scattering loss (Table 5).

Finally, comparing the overall reaction times under microwave and conventional
conditions, it was found that microwave-assisted synthesis of poly(acrylic)/SiO,—
TiO, hybrid materials can be carried out faster (5—40 min) than by the conventional
method (1-3 h) [64].

Silver nanoparticles have also been encapsulated in poly-N-isopropyla-
crylamide/acrylic acid microgels [65]. Poly-N-isopropylacrylamide/acrylic acid
microgel particles crosslinked by N,N'-methylene bisacrylamide were prepared by
surfactant-free emulsion polymerization. Next, microgel dispersion was soaked in
aqueous AgNOs; and glucose, and the mixture irradiated in a microwave oven for
15 s (Fig. 18). The resulting microgel-stabilized AgNPs had an average diameter of



266 D. Bogdal et al.

" 3/ Micmwawirradlatlon
S a WW Glucose
= <BY

Poly(NIPAAM-co-AAc) microgel Microgel/Ag particles

Fig. 18 Microwave-assisted encapsulation of silver nanoparticles in copolymeric microgel
(Reprinted from [65] with permission)

Fig. 19 TEM image of microgel-silver particles after 8 months of storage (Reprinted from [65]
with permission)

8.5 nm (Fig. 19) and were stable with negligible aggregation for more than 8 months
at room temperature.

In another report, the microwave technique was used for curing hybrid
nanocomposite coatings based on an acrylic modified silane (methacryloxypropyl-
trimethoxysilane) (SiO,) and TiO, nanoparticles. The hybrid nanocomposite coat-
ings were made by the sol-gel method and deposited on a polycarbonate (PC) plate
by dip coating. The TiO, nanofilaments were added to acrylic modified silane to
increase the absorption of microwaves during the microwave-assisted curing pro-
cess. Finally, the obtained coatings were cured by different methods such as
thermal, microwave, and ultraviolet radiation, independently as well as in a
combination of microwave and UV methods. Microwave curing was carried out
using a 1,000 W microwave oven at the maximum power setting for 2 min. In the
case of thermal curing, the samples were thermally treated at 130°C for 4 h. UV
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curing was carried using a 3 m medium-pressure mercury lamp (120 W/cm with
total wattage/lamp of12 kW) for 4 min. It was found that all the samples possessed
very good optical properties and the visible light transmittance of all increased by
1% compared with neat PC film. It was also demonstrated that only the thermal
method or a combination of microwave and UV treatment (MW + UV) caused an
increase in pencil scratch hardness of samples (3H and 2H, respectively). More-
over, the dual curing process (MW +UV) seemed to be a very good alternative to
thermal curing because of substantial time saving for the curing process and
significant enhancement of the mechanical properties of samples [66].

Microwave irradiation was also applied for synthesis of poly(acrylic)/TiO,
hybrid nanocomposite thin films with excellent optical properties [67]. In this
study, colloidal TiO, nanoparticles stabilized with MSMA were synthesized
using a hydrolysis/condensation process under microwave heating at 60°C. Resul-
tant TiO, nanoparticles were then polymerized with an acrylic monomer and
initiator under microwave irradiation to form a hybrid polymer solution. In this
work, three different types of acrylic monomers were used: a single functional
acrylate of methyl methacrylate (MMA), a bifunctional acrylate of ethylene glycol
dimethacrylate (EDMA), and a trifunctional acrylate of trimethylolpropane
triacrylate (TMPTA). The content of TiO, nanoparticles in acrylic monomer was
changed from 0 to 100%. The thin films of poly(acrylic)/TiO, with different content
of TiO, nanoparticles were spin-coated on a 6-inch silicon wafer. Poly(acrylic)/
TiO, thin layers were characterized with respect to structure, morphology, and
thermal and optical properties (Fig. 20). It was demonstrated that poly(acrylic)/
TiO, hybrid thin films, even with a very high content of TiO, nanoparticles, have
excellent optical properties and can be used as antireflection coatings for a various
optical devices. Poly(acrylic)/TiO, hybrid thin films with the highest content of
TiO, nanoparticles (90 wt%) had a refractive index n of 1.920. Additionally,
optically highly transparent poly(acrylic)/TiO, hybrid three-multilayer film showed
reflectance of less than 0.5% in the visible range [67].

In a later report, microwave-assisted synthesis of acrylic acid-based hydrogels
containing AgNPs was described [68]. Simultaneous formation of a polymeric network
by polymerization-crosslinking of acrylic acid with N,N’-methylenebisacrylamide
in aqueous solution and preparation of AgNPs in situ by reduction of AgNO; led
to nanocomposites with potential biomedical applications. The nanoparticles with
average diameter of 10 nm were entrapped in polymeric matrix and it was found that
the concentration of nanoparticles influenced the swelling capacity of the hydrogels.

3.6 Poly(vinyl carbazole) and Poly(carbazole)

Metal nanostructures have been extensively studied because of their use in appli-
cations such as catalysis, optics, electronics, optoelectronics, biological and chem-
ical sensing, and surface-enhanced spectroscopy. Composites with nanocrystals are
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Fig. 20 TEM image and
selected area electron
diffraction (SAED) pattern
of poly(acrylic)/TiO,
hybrid material with 90%
content of TiO,
nanoparticles (MTT90)
(Reprinted from [67] with
permission)

obtained by two methods: nanocrystals can be dispersed in a polymer matrix or can
be prepared in situ in a polymer. For example, semiconductor—polymer
nanocomposites of poly(vinylcarbazole) with nanocrystalline CdS were prepared
under microwave conditions in pyridine as solvent. This solvent promotes the
polymerization of N-vinylcarbazole in the presence of AIBN and formation of
CdS nanocrystals from thiourea and cadmium acetate. The reaction mixtures
were irradiated in a microwave reactor at 300 W for 5 min under nitrogen atmo-
sphere. It was found that polymerization and formation of the crystalline inorganic
salt nanoparticles progressed simultaneously. Thus, in this one-step method it was
possible to obtain nanocomposites with uniformly dispersed nanocrystals in a
polymer matrix [69].

Nanostructured poly(carbazole) was synthesized within bentonite clay galleries
through solvent-free one-pot microwave-assisted reaction [70]. Mixtures of ben-
tonite clay, carbazole, and ammonium persulfate (APS, oxidant) were irradiated for
2—-6 min in a microwave oven. The temperature of the process was set at 30, 40, or
50°C. Then, the nanohybrids obtained were thoroughly purified by washing in
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solvents. The effect of temperature and time of irradiation on the polymerization
yield and morphology of poly(carbazole) nanoparticles formed in the inorganic
matrix were studied and the spectroscopic characteristics of nanocomposites exam-
ined (UV-vis absorption and fluorescence). Based on thermogravimetric analysis
(TGA), it was found that the hybrid materials contained 25-30% of carbazole
polymer intercalated in the interlayer space of bentonite. Additionally, the polymer
formed particles that ranged in size from 50 to 500 nm. The nanocomposites
showed characteristic absorption spectra with three maxima at 250, 450, and
750 nm. They also exhibited blue fluorescence by a main maximum in the
450 nm region. These optical properties make poly(carbazole)/bentonite
nanocomposites interesting materials, with potential application in LED and solar
cell technologies.

In another work [71], the research focused on microwave-assisted solvent-free
synthesis and properties of poly(carbazole)/clay composites. It was found that
utilization of different oxidants to persulfate (i.e., benzoyl peroxide and hydrogen
peroxide) influenced the molecular weight and morphology (size of nanoparticles)
of the polymer formed in bentonite galleries.

Similarly, microwave irradiation was applied for solid-state in-situ polymeriza-
tion and intercalation of poly(carbazole) between bentonite layers [72]. Mixtures of
the clay, carbazole, and ferric chloride (oxidant) with 1:1, 1:0.5, and 1:0.25 weight
ratios were irradiated in a microwave oven for 180 s at 35°C. During heating, the
oxidant enters bentonite galleries through a cation-exchange process and carbazole
molecules diffuse into the basal spacing of the clay where polymerization occurs.
The nanocomposites obtained were purified by washing with water and methanol
and dried. For some investigations, poly(carbazole) present in the clay galleries was
extracted by hot methanol. The results obtained using FTIR, UV-vis, XRD, fluo-
rescence microscopy, and TEM confirmed intercalation as well as polymerization
of carbazole in the bentonite galleries. Moreover, at lower poly(carbazole) loading,
the macromolecules were oriented transversely and distributed discretely in the
clay. In contrast, at higher loading, polymer chains were entangled with each other
and probably oriented longitudinally in the narrow space of the clay galleries. TEM
images (Fig. 21) of the polymer extracted from the nanocomposites show that poly
(carbazole) forms in interlamellar space fibers or organizes to produce cucumber-
shaped structures. The results also reveal that the nanocomposites with a small
amount of the polymer, due to specific macromolecule organization, show signif-
icant fluorescent properties, making the nanocomposite useful for production of
fluorescence probes or electronic devices.

3.7 Poly(tetrafluoroethylene) and Nafion

Carbon black-supported poly(tetrafluoroethylene) (PTFE/C) nanocomposites were
synthesized by an intermittent microwave irradiation (IMI) method for polymer
electrolyte fuel cells, using PTFE emulsion as the precursor [73]. During prepara-
tion of the nanocomposite, Vulcan XC-72 carbon black (4.0 g) was added to
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Fig. 21 TEM image of
poly(carbazole) extracted
from bentonite/poly
(carbazole) composite
(Reprinted from [72] with
permission)

Table 6 PTFE loading and BET surface area of PTFE/C nanocomposites synthesized under
microwave irradiation (three bursts of 15-30 s duration)

PTFE/C Carbon

composite powder PTFE/C-15 s PTFE/C-20 s PTFE/C-25 s PTFE/C-30 s
PTFE 0 36.8 27.9 16.7 14.8
loading (%)

BET surface 232.6 50.8 101.2 142.2 161.2

area (m’/g)

150 mL deionized water and stirred. Next, PTFE (5 wt%) emulsion in deionized
water (120 mL) was mixed together with Vulcan XC-72 carbon black dispersion.
Then, water was evaporated from the solution and a nominal 60 wt% PTFE/C
mixture was irradiated three times with cycles of 15-30 s microwaves on and 90 s
microwaves off in order to decompose the surfactant in the PTFE emulsion and
maintain the hydrophobicity of PTFE.

The particle diameters were in the range of 10-50 nm and were homogenously
distributed in the fabricated PTFE/C nanocomposite. Moreover, compared with
conventional methods, additional high temperature treatment and mechanical mill-
ing under liquid nitrogen frozen conditions were avoided (Table 6). The PTFE/C
nanocomposite was then mixed with Pt/C/Nafion to obtain a Pt/C/Nafion-PTFE/C
electrocatalyst, which resulted in enhancement of the mass transportation of Pt
electrocatalyst without any adverse effect on the electrochemical activity.

The power output of the cell with a Pt/C/Nafion-PTFE/C nanocomposite cathode
was 0.66 W/cmz, which is 32% higher than that obtained for the cell with a standard
Pt/C/Nafion cathode [73].

The microwave-assisted fabrication of Nafion 212/Ti0O, hybrid electrolytes for
proton exchange membrane fuel cells (PEMFCs) operating at high temperature was
also reported [74]. Nafion membranes dried at 110°C for 24 h were immersed in
absolute ethanol with various concentrations of titanium tetraisopropoxide (TIP)
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Table 7 Water and methanol uptake for different membranes

Substrate Water uptake (%) Methanol (2M) uptake (%)
Nafion 10.06 9.90
Nafion/tetraisopropoxide (TIP) 5% 13.35 9.56
Nafion/TIP 7% 14.40 8.80
Nafion/TIP 9% 17.77 7.91

precursor (5, 7, and 9% of TIP). To promote the formation of the Ti-peroxy sol,
hydrogen peroxide was added and the membranes in solution mixtures were
irradiated at different microwave power levels. Finally, the produced membranes
were exhaustively treated with H,SO4 (0.5 mol/L) and distilled water at 70°C to
remove residues. It was found that the samples comprised a mixture of Nafion and
TiO, anatase phase, that the crystalline TiO, nanoparticles were inserted in the
hydrophilic sites, and that Nafion acts as a template for the inorganic phase.
Moreover, the roughness value of pure Nafion membrane measured by atom force
microscopy (AFM) was around 0.559 mm and increased to 0.6301 and 1.087 mm
for hybrid Nafion with 5 and 7% TIP, respectively. The hybrid Nafion/TiO,
membranes showed a significant increase (10-30°C) in T}, of the polymers.

The hybrid membranes showed lower methanol absorption with increased
amounts of TIP in the hybrid Nafion composites, which was a result of structure
modification and higher crystallinity (Table 7). It was concluded that doping of
nanosized inorganic oxide nanoparticles improved interconnection of ionic clusters
in the polymeric matrix by providing a preferential pathway for proton hopping,
thus enhancing proton conductivity. The results of electrochemical impedance
spectroscopy (EIS) and solvent uptake measurements suggested enhancement of
the hybrid membrane performance.

Microwave irradiation was also applied for in situ conversion of titania particles
into titanate one-dimensional (1D) nanofilaments such as nanotubes and nanorods
in a polymer Nafion matrix [75]. As a result, novel Nafion—titanate nanotube/
nanorod composites for high-temperature direct ethanol fuel cells (DEFCs) were
fabricated. In the first step, spherical nanoparticles of titania anatase were homo-
geneously dispersed into the conducting phase of Nafion using an in-situ sol-gel
process. Then, titania particles were transferred in situ to titanate 1D nanofilaments
by a microwave-assisted alkaline hydrothermal reaction. The process was carried
out in a Teflon-covered stainless steel reactor placed in microwave oven at 140°C
for 180 min (Fig. 22).

DEFCs based on Nafion-titanate hybrid electrolyte showed a significant
enhancement of approximately 70% of the maximum power density compared
with DEFCs using commercial Nafion without inorganic nanofilaments. It was
also demonstrated that Nafion—titanate hybrid materials have enhanced mechanical
stability at high temperature (~130°C). This phenomenon was correlated with an
effective interaction between organic and inorganic phases, which resulted in
composite electrolytes with enhanced electrical and mechanical properties and
reduced ethanol crossover [75].
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Fig. 22 Synthetic route for the preparation of Nafion—titanate nanotube/nanorod hybrids
(Reprinted from [75] with permission)

3.8 Cellulose and Chitosan

Microwave irradiation was applied during the deposition of noble metals on CNTs
wrapped with carboxymethyl cellulose (CMC) [76]. Carbon nanotubes such as
single- (SWCNTs) and multiwalled (MWCNTSs) nanotubes, and buckminsterful-
lerene (C-60) were well dispersed using the sodium salt of CMC, and then the
addition of noble metal salts generated noble metal-decorated CNT composites at
room temperature. For this process, 50 mg of CNTs (SWCNTs, MWCNTs, or
C-60) were dispersed in 4 mL of 3 wt% CMC (sodium salt) by sonicating for 3 h. To
this dispersion, 4 mL of noble salts such as Na,PtClg-6H,O (0.01 N), HAuCl,-3H,0O
(0.01 N), AgNO;5 (0.1 N), and PdCl, (0.1 N) were added and irradiated in a
microwave reactor, maintaining the temperature at 100°C for 5 min. Similar control
reactions were carried out without microwave irradiation. The average size of the
Ag particles was 50 nm, and longer reaction times caused the formation of larger
Ag clusters on SWCNTs, MWCNTs, and C-60. This indicates rapid nucleation of
the particles on nanotubes, which took an initial 30 s, followed by particle
growth [76].
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Fig. 23 Antimicrobial activity of cellulose/Ag nanocomposites against (a, ¢) Escherichia coli and
(b, d) Staphylococcus aureus. Amounts of cellulose/Ag composite used were (a, b) 0.075 and (c,
d) 0.150 g (Reprinted from [77] with permission)

More recently, a number of reports have been published on the modification of
cellulose and the fabrication of composites containing nanoparticles, particularly
AgNPs, which exhibit antimicrobial activity [77]. For example, such materials were
prepared from microcrystalline cellulose (MC, 1.000 g) and AgNO; (0.340 g),
which were vigorously stirred with ethylene glycol (50 mL) to form a uniform
dispersed suspension. Then, the mixture was irradiated in a microwave reactor and
kept at a certain temperature for 10, 30, and 60 min. The product was filtered,
washed with ethanol, and dried under vacuum. SEM images showed that there were
no significant differences in the morphology of the cellulose/Ag nanocomposites
obtained under microwave irradiation at 140°C for 10, 30, and 60 min. Cellulose
has a flake-like morphology and the silver particles with diameters of about 100 nm
were homogeneously dispersed. Similarly, maintaining the reaction temperature
(i.e., 140, 160, and 180°C) for 30 min only slightly influenced the structure and
thermal stability of cellulose/Ag nanocomposites. The antibacterial activity of the
cellulose/Ag nanocomposites was observed at low and high concentrations, i.e.,
0.075 g (Fig. 23a, b) and 0.150 g (Fig. 23c, d) of cellulose/Ag nanocomposite.

The results showed that the cellulose/Ag nanocomposites had good antibacterial
activity against both Gram-negative and Gram-positive bacteria, whereas MC does
not have any antibacterial properties [77].
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Fig. 24 SEM micrographs of cellulose/Ag nanocomposites prepared with different amounts of
silver nitrate solution: (a, b) 5, (¢, d) 10, and (e, f) 20 mL (Reprinted from [78] with permission)

Similarly, a simple and efficient microwave-assisted method was developed to
synthesize cellulose/Ag nanocomposites by reducing silver nitrate in aqueous
solution [78]. To obtain the nanocomposites, 0.1 g glucose and 0.1 g PVP were
mixed together with a certain amount of distilled water, and 1.0 g cellulose fiber
was added with vigorous stirring. Then, different volumes of 0.01 M AgNOj;
solution were added dropwise to the solution, which was then stirred for 15 min
and irradiated in a microwave oven (560 W) for 10 min. SEM images showed that
the AgNPs were well distributed on the surface of cellulose fiber and that the
amount increased with increasing concentration of AgNO; (Fig. 24). In turn, high
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amounts of PVP were conducive to the formation of spherical nanosilver particles
with smaller size, but decreased the silver content of nanocomposites.

Compared with microwave irradiation, the composites obtained under conven-
tional heating conditions had lower silver content, larger size, and darker color.
Moreover, the antibacterial test results of cellulose Ag/nanocomposites demon-
strated strong antimicrobial activity against both Escherichia coli (Gram-negative
bacteria) and Staphylococcus aureus (Gram-positive bacteria).

Microwave irradiation was also applied for the preparation of jute cellulose
fiber/Ag nanocomposites with carboxylate functional groups [79]. The oxidized
jute sample was immersed in 0.015 M AgNOj; solution and kept in the dark at
ambient temperature for 12 h and thoroughly rinsed with deionized water. Finally,
the suspension containing oxidized jute and AgNO; was irradiated in a microwave
reactor for 5 and 10 min. It was found that the increase in reaction time from 5 to
10 min resulted in an increase in the average diameter of AgNPs from 50.0 £2.0 to
90.0 +4.7 nm; however, the crystallinity of the cellulose slightly decreased from
73.10 to 71.12%, respectively. Field effect SEM (FE-SEM) analysis showed that
the AgNPs were uniformly distributed on the oxidized jute cellulose substrate and
exhibited a small size and narrow size distribution (Fig. 25).

XRD showed that all the samples were composed of a mixed phase of crystalline
cellulose type II and crystalline silver with a cubic structure, suggesting successful
reduction of silver by cellulose—Na. The cellulose/Ag nanocomposites possessed
high crystallinity, good thermal stability, and high surface area and can be used in
green nanocomposites, ultrafiltration devices, antibacterial dressing, food packag-
ing, water treatment, and biomedical applications [80].

Later, cellulose/Ag nanocomposites with antimicrobial activity were prepared
by hydrothermal synthesis using AgNOj; as Ag source and sulfated chitosan
(molecular weight ~20,000 g/mol) as reducing and stabilizing agent [81]. Detailed
comparison between composites fabricated by conventional heating and microwave
irradiation was performed and a wide range of preparation parameters evaluated
(i-e., reaction time and temperature, AgNOj; to reducing agent ratio, and stirring
speed). Microwave-assisted processes were carried out in a single-mode reactor
equipped with magnetic stirrer and internal fiber-optic temperature probe. Based on
the results, it was concluded that the heating method has only a minor influence on
the final properties of the materials (e.g., silver content, nanoparticle effective
diameter, and polydispersity). Additionally, the materials obtained both under
conventional conditions and microwave irradiation showed excellent antimicrobial
activity towards E. coli.

Microwave irradiation was also applied to obtain in one-step cellulose/AgCl
nanocomposites characterized by homogeneous distribution of AgCl nanoparticles
in the cellulose matrix [82]. Microcrystalline cellulose (MC, 1.416 g) and LiCl
(1.510 g) were mixed with N,N-dimethylacetamide (DMAc, 20 mL) under vigorous
stirring at 90°C for 3 h. The obtained cellulose solution (5 mL) was added directly
to DMAc (30 mL), and then AgNO; (0.169 g) was added to the resulting solution
under vigorous stirring. The solution was heated to 150°C under microwave
irradiation. The resulting precipitate was separated from the solution by
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Fig. 25 FE-SEM images of (a) control jute fibers, (b) TEMPO oxidized jute fibers, (c) jute fibers
with AgNOj; after microwave heating for 5 min and (e) 10 min. (d, f) Particle size distribution of
nanosilver on the jute fiber after microwave heating for 5 min (d) and 10 min (f); FWHM full width

at half maximum (Reprinted from [80] with permission)



Microwave-Assisted Synthesis of Hybrid Polymer Materials and Composites 277

centrifugation, washed with water and ethanol several times, and dried at 60°C. The
results of XRD analysis showed that all samples comprised a mixed phase of
crystalline cellulose type I and well-crystallized AgCl with a cubic structure. The
simultaneous formation of AgCl nanoparticles and precipitation of cellulose led to a
homogeneous distribution of AgCl nanoparticles in the cellulose matrix. The
cellulose/AgCl nanocomposites had good antibacterial activity against both
Gram-negative and Gram-positive bacteria [82].

Similarly, applying ionic liquids, microwave protocols were developed for the
preparation of cellulose/calcium silicate [83], cellulose/copper oxide [84], and
cellulose/calcium carbonate [85] from Ca(NO;3),-4H,O and Na,SiO5-9H,0,
CuCl,-2H,0, and CaCl, and Na,COs, respectively. In the latter case, it was found
that all samples had essentially no in vitro cytotoxicity and were comparable with
the tissue culture plates.

The microwave-assisted route for the controlled synthesis of cellulose/hydroxy-
apatite (HA) nanocomposites from MC, CaCl,, and NaH,PO, in DMAc [86] as well
as cellulose/fluorine-substituted HA nanocomposites from MC, Ca(NOj3),-4H,0,
KH,PO,, and NaF in the presence of ionic liquids were developed [87]. In the
typical protocol, the solutions of MC together with other components were heated
under microwave irradiation to 150°C for 15, 20, and 30 min. The product was
separated from the solution by centrifugation, washed with water and ethanol
several times, and dried at 60°C. The XRD and SEM results indicated that HA
nanostructures were synthesized in situ on the surface of cellulose and that the
material consisted of cellulose and HA phase. TEM micrographs showed that the
synthesized HA had a rod-like morphology and that the size of HA nanorods in the
nanocomposites increased with increasing reaction time.

AgNPs were prepared in the presence of sodium citrate as a stabilizing agent by
the in-situ reduction of AgNO; on acrylamide (AM) grafted onto bagasse paper
sheets in order to develop a novel hybrid material for food packaging [88]. To
activate the reactive sites, bagasse paper sheet was immersed in distilled water for
24 h. Then, AM together with potassium persulfate (KPS) were added to the
reaction flask, which was irradiated in a microwave oven for 30 s to initiate the
graft copolymerization of AM on the paper surface. The grafted paper sheet was
treated with acetone, washed with methanol:water (80:20), and dried in vacuum at
40°C. In the next step, the sheet was put into AgNO5 solution for 12 h and trisodium
citrate solution for another 12 h to reduce Ag™ ions into AgNPs, and then allowed to
dry. Morphological studies of the paper sheet, grafted paper sheet, and AgNP-
doped grafted paper sheet were performed by SEM. Sufficient deposition/polymer-
ization of AM onto paper sheets was observed. The surface of the grafted sheet was
extremely rough in comparison with the non-grafted fibers, which was attributed to
the high graft density (Fig. 26).

Antibacterial activity studies showed that larger inhibition zones against both
Gram-negative and Gram-positive bacteria were observed with AgNP-containing
paper sheet than with untreated and grafted paper sheets (i.e., without AgNPs),
which did not exhibit any antibacterial activity. Because the procedure does not
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Fig. 26 Surfaces of (a) untreated paper sheet, (b) graft paper sheet, and (¢) AgNP-containing
paper sheet (Reprinted from [88] with permission)
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Fig. 27 Cross-section (a, ¢) and surface (b, d) SEM images of films FIR2 (MW exposure
time O min., temp. 70°C) (a, b) and F12 (MW exposure time 5 min., temp. 70°C) (¢, d) (Reprinted
from [90] with permission)

involve organic solvents or harsh conditions, this method can be applied for the
manufacture of antibacterial food packaging material.

Bacterial cellulose (BC), which is synthesized as nanofibrils by Gluconace-
tobacter xylinus, has been commercialized as diet food, filtration membranes,
paper additives, and wound dressings [89]. BC can also be used in new functional
material biocomposites that are suitable as implants in the tissue engineering of
artificial skin, blood vessels, cartilage, and bone.
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The formation of calcium carbonate crystals on BC membranes using micro-
wave irradiation was investigated. The BC gel-like membranes were cut into
rectangular (9 x 6.5 cm) strip samples (25 g wet BC) and immersed for 10 min in
a beaker containing 50 mL of 0.1 M sodium carbonate. Afterwards, some of the
samples were immersed in 50 mL calcium chloride solution and kept under
microwave irradiation at 90 W for 3 or 5 min, the final measured temperatures in
the solution being 50 and 70°C, respectively. Other samples, with the same weight
but without microwave irradiation, were immersed for the same amount of time as
the irradiated samples in 50 mL calcium chloride solutions at 50 and 70°C. Finally,
the membranes were rinsed with deionized water and dried at room temperature.

It was found that the samples treated under microwave irradiation exhibited
significantly different morphology and even polymorphism of the calcium carbon-
ate crystals in comparison with those obtained in the absence of microwave
irradiation. For all the irradiated samples, the CaCOj crystals were more uniform
and their mean size was higher than those of the reference samples (Fig. 27) [90].

Synthesis of magnesium oxide (nano-Mg) chitosan-functionalized MWCNT
composites, which are known for their antibacterial activity, was carried out
under microwave conditions (Fig. 28). For this purpose, a mixture of 500 mg
oxidized MWCNTs and chitosan solution (50 mg in 25 mL 2% acetic acid and
5 mL DMF) and 25 mg MgO were irradiated for 30 min in a microwave oven. Then,
the reaction mixture was filtered, washed, and dried at 40°C under vacuum to obtain
a composite material. SEM images indicated that a great amount of chitosan was
attached to the MWCNTs. The attachment takes places not only at the tips but also
at the side walls, with the thickness of the MWCNTSs being about 10-15 nm,
forming MWCNT—chitosan composites (Fig. 29). After nano-MgO grafting, the
external surface roughness increased, whereas the tubular morphology of the

MgO Nano particle
2

Microwave

Fig. 28 Reaction scheme for the preparation of magnesium oxide chitosan-functionalized
multiwalled carbon nanotube composites (MWCNT—chitosan—-MgO) (Reprinted from [91] with
permission)
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Fig. 29 SEM images of (a) oxidized MWCNTs and (b—d) MWCNT—chitosan-MgO composites
(Reprinted from [91] with permission)

individual nanotubes was retained. Moreover, the MgO nanoparticles were attached
to the whole surface of MWCNT—chitosan composites [91].

In a similar approach, the surface of chitosan-functionalized MWCNTs was
modified using 2-hydroxyethyl methacrylate (HEMA) in a two-step procedure.
First, a mixture of 200 mg initial MWCNTs and 10 mL of 70% HNO; was sonicated
(40 min) and then irradiated in a microwave oven (30 min) to afford oxidized
MWCNTs (MWCNT-COOH). At the second step, a mixture of 100 mg of oxidized
MWCNTs and chitosan solution (0.1 g chitosan in 5 L 2% acetic acid and 5 mL
DMF) was treated for 30 min with microwave irradiation. Then, the mixture was
filtered, washed, and dried at 40°C under vacuum. In SEM images of the HEMA—
chitosan-MWCNT composite, it was observed that the smooth MWCNT-COOH
surface changed to a rough surface in the HEMA—chitosan-MWCNT composites.
Moreover, the thickness of the HEMA-chitosan-MWCNT composite was
increased to 35-40 nm. These morphological observations demonstrated successful
graft of chitosan and HEMA monomers onto the side wall and tips of MWCNTs. A
special advantage of this composite was the surface of modified chitosan, which
allows bonding to other organic molecules that are able to perform polymerization
reactions [92].

In order to intensify the chemical properties of lignin and chitosan that make
them suitable for electrochemical application [93], the sol-gel method of prepara-
tion of chitosan/silica and lignin/silica hybrids was applied [79]. The composites
were fabricated by irradiation of a water-methanol solution of chitosan or lignin at
appropriate pH with addition of an alkoxysilane in a microwave reactor at 200 W
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Fig. 30 SEM images of biopolymer/silica hybrids: (a) chitosan, microwave irradiation; (b)
chitosan, conventional heating; (c¢) lignin, microwave irradiation; (d) lignin, conventional heating
(Reprinted from [79] with permission)

for 20 min. In contrast, complete preparation of the composites under conventional
heating at 60°C required more than 2 h, indicating that the rates of the sol-gel
reactions were enhanced under microwave conditions compared with conventional
heating. Moreover, application of the microwave-assisted method yielded
completely homogenous nanoscale hybrids (Fig. 30a, c), whereas the silica com-
posites prepared by conventional heating showed microheterogeneity (Fig. 30b, d).
Thermostability of the biopolymer/silica hybrids and the porosity were almost the
same, independently of the preparation method used.

A novel chitosan/ZSM molecular sieve composite used for the removal of Cu
(II) ions from aqueous solution was prepared under microwave irradiation, applying
a mixture of 0.5 g chitosan in 50 mL of 2% acetic acid to a ZSM molecular sieve.
Then, 20% glutaraldehyde solution was added to the solution and the mixture
irradiated for 3 min to crosslink the chitosan/ZSM composite. Composites with
different ZSM contents and different crosslinker amounts were prepared. It was
observed that introduction of ZSM improved the capacity for adsorption of Cu
(II) ions in comparison with crosslinked chitosan. Finally, the effect of the amount
of glutaraldehyde on Cu(II) adsorption was investigated and showed that the uptake
of Cu(Il) on chitosan/ZSM first increased and then decreased when the amount of
crosslinker increased. The increase in Cu(II) adsorption was mainly attributed to the
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Fig. 31 Effect of ZSM
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low levels of crosslinking agent in the complex, which prevented the formation of
closely packed chain arrangements (Fig. 31) [94].

Superabsorbent nanocomposites, which are hydrophilic polymers with the abil-
ity to absorb, swell, and retain large quantities of aqueous liquids, were prepared via
both microwave and conventional techniques from guar gum grafted sodium
acrylate (GG-g-NaA). During the reaction procedure, a mixture of guar gum
(1.00 g) and sodium acrylate (2 g) in distilled water (100 mL) was kept to form a
colloidal slurry. Then, 4 mL of an aqueous solution of APS (100 mg) as initiator and
N,N'-methylenebisacrylamide (MBA) (95 mg) as crosslinker were added, and the
mixture irradiated at 70°C with 800 W of microwave power for 2—15 min. For
comparison, the mixture was also heated by the conventional method. The reaction
parameters of both techniques were optimized and the microwave-assisted method
was proved to have higher grafting yield with shorter reaction time (2—15 min)
compared with the conventional method (10-60 min). The effect of crosslinker
concentration on water absorbency was investigated to show that the addition of
Cloisite™30B clay to the grafted material enhanced the swelling properties in all
media, indicating its potential use in various applications, especially for dye
removal (Table 8) [95].

Similarly,  poly(acrylamide-aniline)-grafted gum  ghatti  [Gg-cl-poly
(AM-aniline)]-based crosslinked conducting hydrogel, which can be applied for
the manufacture of fuel cells, supercapacitors, and dye-sensitized solar cells, was
prepared via a two-step synthesis method [96]. The first step involved microwave-
assisted synthesis of a semi-interpenetrating (semi-IPN) polymer network based on
acrylamide and gum ghatti using MBA and APS as a crosslinker—initiator system.
In a typical experiment, 0.5 g gum ghatti was dissolved in 10 mL of water and
calculated amounts of APS and MBA were added followed by dropwise addition of
acrylamide under continuous stirring. The reaction mixture was irradiated with
850 W of microwave power for a fixed time and the product, Gg-cl-poly(AM), was
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Table 8 Optimization of
time of grafing reaction of
sodium acrylate to guar gum

Time (min) Grafting (%)

Conventional conditions

for conventional and 10 3.7

microwave condition 20 3.8
30 5.8
40 6.5
45 3.7
50 3.7
55 8.6
60 8.8
Microwave irradiation
2 2.75
4 2.95
6 2.98
8 5.59
10 11.12
15 8.92

Aniline

Gum ghatti
+
Acrylamide
+
Crosslinker

APS Aniline, 16 h
— _—
MW Aq. Acidic sol

Gg-cl-poly(AAm)
(Semi-IPN)

Gg-cl-poly(AAm-ipn-aniline)
(1PN)

Fig. 32 Synthesis of hydrogel based on poly(acrylamide-aniline)-grafted gum ghatti [Gg-cl-poly
(AAm-ipn-aniline)]; IPN interpenetrating network (Reprinted from [96] with permission)

separated from homopolymer through solvent extraction using acetone. Then,
Gg-cl-poly(AM-aniline) was prepared by treatment of Gg-cl-poly(AM) with aniline
in 0.5 N aqueous hydrochloric solution (Fig. 32).

It was found that the prepared hydrogels were conductive and that the current—
voltage characteristics for various concentrations of HCIl-doped Gg-cl-poly
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Fig. 33 Current—voltage
characteristics for various
concentration of HCl-doped
Gg-cl-poly(AAm-ipn-
aniline) (Reprinted from
[96] with permission)
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(AM-aniline) were of linear nature and obeyed Ohm’s law. The conductivity was
first enhanced with an increase in HCI concentration, and then decreased gradually
when HCI concentration was excessive (Fig. 33).

3.9 Other

Magnetic nanoparticles are applied in such fields as cell isolation, targeted drug
delivery, protein and enzyme immobilization, immunoassays, and environmental
and food analyses because of easy separation of particles in an external magnetic
field. Monodisperse magnetic Fe;O,4/poly(styrene-co-acrylamide) [Fe;O,4/poly
(ST-co-AM)] nanoparticles were obtained by an emulsion polymerization of sty-
rene and acrylamide monomers. The polymerization reactions were run in an
aqueous solution of well-dispersed magnetic fluid solution (wt% =5.6 x 1072 g/
mL), which was prepared by treatment of the reaction mixture in an ultrasonic bath
for 3 min prior to polymerization, then 8.2 x 10~* M KPS solution was mixed with
the magnetic fluid solution. Finally, the styrene and acrylamide mixture was added
to the magnetic fluid solution and irradiated at 75°C by 130 W of microwave power
for 3 h. The resulting monodisperse magnetic particles were separated by repeated
magnetic separation [97].

In comparison with magnetic nanospheres prepared under conventional condi-
tions, TEM revealed that magnetic Fe;0,4/poly(ST-co-AM) microspheres obtained
under microwave conditions were characterized by smaller average size and more
uniform distribution. Moreover, the average size of the magnetic Fe;O4/poly
(ST-co-AM) nanoparticles increased together with the initial styrene and acrylam-
ide concentrations and decreased with higher magnetic fluid concentration, which
was caused by surfactant effects (Fig. 34) [97].

During the investigations on MWCNTs incorporated into poly(propylene)
(PP) together with HA it was shown that microwave techniques could be
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successfully applied for the faster processing of PP/MWCNT/HA biocomposites
for bone tissue engineering [98]. Compared with conventional polymeric material
processing methods, the heating time of PP/MWCNT/HA synthesis was signifi-
cantly reduced to less than 1 min. In this study, MWCNTs were used as filler to
improve the susceptibility for microwave absorption of the polymer during
processing. The microwave-assisted synthesis of PP/MWCNT/HA with contents
of PP (wt%) to MWCNTs (wt%) to HA (wt%) of 100:1:0, 100:1:5, 100:1:15, and
100:1:30 was carried out in a microwave reactor at 1,100 W of microwave power.
The sintering time of each sample was measured. It was observed that the sintering
time decreased with an increase in MWCNT and HA content. As expected, the
incorporation of MWCNTs into the PP matrix improved the microwave energy
absorption of the composites and consequently reduced sintering time. Moreover,
SEM characterization of PP/MWCNT/HA nanocomposites demonstrated very uni-
form distribution of HA particles within the composites (Fig. 35). Additionally, it
was observed that the composites with higher HA content (100:1:15) had the
smallest pores and higher storage moduli [98].

Preparation and characterization of poly(amide-imide) (PAI) composites
containing p-aminophenol (AP)-functionalized MWCNTSs has been described
[99]. Microwave irradiation was applied for the chemical functionalization of
MWCNTs and synthesis of polymer matrix (Fig. 36). Amidation of carboxylated
MWCNTs by AP was carried out in N,N-dimethylacetamide dispersion at 120°C
for 15 min in a microwave oven with an output power of 700 W. PAI was
synthesized by microwave-assisted polycondensation of 3,5-diamino-N-
(4-hydroxyphenyl)benzamide (diamine) and N-trimetyllitylimido-L-isoleucine
(diacid) in the presence of triphenyl phosphite as a catalyst; molten tetrabuty-
lammonium bromide (TBAB) was applied as reaction medium. It was found that
the melted salt strongly absorbs microwave energy and after only 8 min of irradi-
ation at 130°C the polymer was obtained at 88% isolated yield. Finally, the
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Fig. 35 FE-SEM images of the fractured surfaces of (a) unfilled PP, and sintered PP/MWCNT/
HA composites of (b) 100:1:0, (¢) 100:1:5, (d) 100:1:15, and (e) 100:1:30 composition (Reprinted
from [98] with permission)

MWCNT-AP/PAI nanocomposites were prepared by step-drying of films with the
nanofiller (5, 10, 15 wt%) dispersed in a N,N-dimethylacetamide solution of PAIL
Incorporation of MWCNT-AP in the PAI matrix improved both the thermal
resistance and mechanical properties of the material.

The microwave procedure was also used for preparation of exfoliated graphite/
phenolic resin composites [100]. In the first stage, graphite flakes were intercalated
by treatment with oxidizing mixture (KMnO,4/HClO,/acetic anhydride) followed by
microwave irradiation (domestic oven, 600 W for 50 s) to obtain exfoliated graphite
(with high volume of ~500 mL/g). The exfoliated graphite /phenolic resin compos-
ites with various amounts (20-80 wt%) of exfoliated graphite filler were prepared
by compression molding at room temperature using p-toluenesulfonic acid as
crosslinking catalyst. It was found by electrical conductivity, microstructure, and
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porosity studies in connection with TGA that addition of 50 wt% of exfoliated
graphite is sufficient to obtain composites that fulfill requirements for materials for
fabrication of bipolar plates in polymer electrolyte membrane fuel cells.
Microwave irradiation was successfully applied for grafting of polyamidoamine
(PAMAM) dendrimers on silica [101]. The silica was treated under microwave
irradiation with a 10% solution of y-aminopropyltriethoxysilane (APTES) in tolu-
ene at 50°C for 10 min. The APTES-modified silica (Si-G0) was washed with
MeOH and dried at 50°C. Then, grafting of PAMAM to Si-GO surface was carried
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Fig. 37 Process of PAMAM grafting to silica (Reprinted from [101] with permission)

out in two steps: Michael addition of methyl acrylate to amino groups (Si-G0.5)
followed by amidation of the resulting esters with ethylenediamine (EDA)
(Si-G1.0), which were carried out in a microwave reactor at 40°C for 40 and
60 min, respectively. Then, Michael addition and the amidation reaction were
repeated to graft further generations of dendrimer to the silica surface (Fig. 37).

Because PAMAM is highly fluorescent and fluorescence microscopy showed
that the fluorescence intensity increased with increasing PAMAM generation, it can
be assumed that PAMAM grew on the silica surface from the amino groups, whose
content on the surface was also determined by titration (Fig. 38)

The reaction times under microwave irradiation and conventional heating con-
ditions were compared. Conventional synthesis of Si-GO0, Si-G0.5, and Si-G1.0
required 8, 24, and 24 h, respectively. Under microwave conditions, the reaction
times were dramatically reduced to 10, 40, and 60 min, respectively.

Similarly, polycinnamamide (PCMA) Mg/Al mixed oxide nanocomposites
(Fig. 39) obtained by a microwave-assisted process were found to be effective
adsorbents of arsenate from aqueous medium [102]. The preparation route of
PCMA hybrid nanocomposites consisted of several intermediate stages: polymer-
ization of cinnamamide, synthesis of Mg/Al LDH, calcination of Mg/Al LDH into
Mg/Al mixed oxide, and finally the coupling reaction of polycinnamamide gel with
Mg/Al mixed oxide. The polymerization step and final coupling reaction were
carried out in a microwave oven for several hours.
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Mg/Al mixed oxide nanocomposite. (d) Energy dispersive X-ray (EDX) spectrograph of
polycinnamamide Mg/Al mixed oxide nanocomposite (Reprinted from [102] with permission)
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The absorbent properties of as-prepared PCMA nanocomposites were studied
with respect to the effect of various parameters such as contact time, pH (6-12),
initial arsenate concentration (1-50 mg/L), interfering anions, etc. The adsorption
process was well fitted by a pseudo-second-order kinetic model and the maximum
adsorption capacity calculated from Langmuir isotherm model was about 11.54 mg/
g at 25°C [102].

Comparative studies on the properties of benzoxazine-based resins based on
BPA and bio-based humic acid (containing naturally ~38% of inorganic minerals)
prepared under microwave and conventional heating have been described
[103]. First, benzoxazine precursors were prepared by reaction of phenolic com-
pound (i.e., BPA or humic acid) with paraformaldehyde and aniline under solvent-
free conventional (110°C, 60 min) or microwave-assisted (120°C, 5 min) condi-
tions. Next, xylene solutions of the precursors were heated at 130°C for 96 h and,
finally, the obtained resins were step-cured at 160, 180, and 200°C for 1-2 h.
Generally, application of microwave irradiation did not influence the chemical
structure (FTIR), thermal resistance (TGA), or microstructure (XRD) of obtained
materials. The only discrepancy was noticed for the glass transition (T,) of
BPA-derived resins (DSC), probably caused by differences in the crosslink densi-
ties of prepolymers used.

The preparation of colloids with polymer core and inorganic shell consisting of
AgNPs applied as building blocks for the manufacture of conducting composite
films was reported [104]. The polymer colloids were prepared by copolymerization
of styrene, butyl acrylate, 2-carboxyethyl acrylate (CA), and acetoacetoxyethyl
methacrylate (AAEM) under microwave irradiation. The hydrophilic monomers
CA and AAEM were used to introduce carboxylic and p-diketone groups into the
surface layer of polymer colloids because they are able to complex metals and
support growth of AgNPs on the polymer surface. The hydrophobic monomers
styrene and butyl acrylate were used to form the core of polymer particles so that
film formation was achieved at low temperatures. Then, hybrid particles were
prepared by stirring polymer colloid (27 mL of 0.2 wt%) with silver salt solution
(0.5 mL) for 30 min at room temperature. The reducing agent sodium
hypophosphite was then added and the reaction mixture (5 mL) was irradiated in
pressurized vessels for 2—5 min at various temperatures. The mixture was dialyzed
against water for 3 days to remove substrates and by-products.

It was found that the content of AgNPs in composite samples was increased from
2 to 18 wt% when the reaction temperature increased from 80 to 120°C. Moreover,
flow-field-flow-fractionation (F-FFF) experimental data showed that the formation
of an inorganic shell around the polymer core took place only if synthesis was
carried out at 120°C (Fig. 40). At lower reaction temperatures, secondary AgNPs
and AgNP aggregates were detected as well as hybrid colloids.

It was also possible to prepare composite films with high electrical conductivity
when AgNP loading on the polymer particle surface was above 20 wt%; the
maximum loading of AgNPs on the polymer particle surface was 60 wt%. The
application of hybrid colloids as building blocks for the formation of conducting
films was feasible because of a combination of film-forming and conducting
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Fig. 40 (a) Conductivity of composite films as a function of the AgNP content. (b) Array
prepared by ink-jet printing of hybrid colloids containing 18.3 wt% AgNPs on paper substrate
(the numbers near each line indicate the width of the line) (Reprinted from [104] with permission)

components in a colloid form that can be used as ink in jet-printers for printing
conducting elements in low-cost electronics for textiles or packaging (Fig. 40).

4 Summary

In summary, the application of microwave irradiation in the preparation of polymer
hybrid materials and composites has been an attractive research field over the last
two decades. The fabrication of polymer hybrid materials and composites faces
considerable research challenges because their properties depend on proper molec-
ular modeling and structural control of components in order to gain synergistic
effects and improved properties of materials. It was shown that control of such
parameters as particle size, particle size distribution, and particle density in a
deterministic way under microwave irradiation strongly influences the properties
of these materials. As the structural configuration of components moves away from
its ideal configuration, the material properties stay in the same range as those of
traditional microcomposites.

Despite the progress presented in this chapter, there are still a number of
considerable research challenges within this field that need to be solved in order
to explore the real advantages of hybrid materials and composites over traditional
composite materials. A comparison of conventional and microwave curing brings a
new momentum when the temperature distribution inside the material is consid-
ered, and that is where the research capabilities should be found. Different mechan-
ics of heat generation and transfer under conventional and microwave conditions
mean that microwave energy, in contrast to conventional heating, is supplied
directly to a large volume of material, thus avoiding the thermal lags associated
with conduction and/or convection mechanisms. Consequently, temperature gradi-
ents and thermal runaway caused by exothermic reactions during polymerization
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can be reduced by precise control of microwave power and/or pulsed on-off
irradiation cycles. In large composite structures, high temperatures caused by
exothermic reactions can lead to degradation of the material and lowering of the
mechanical properties. Thus, by applying pulsed microwave irradiation, it is pos-
sible to process the materials at higher temperatures and reduce processing time
without thermal degradation compared with conventional processing.
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Upscaling Microwave-Assisted
Polymerizations

Richard Hoogenboom

Abstract Driven by the success of microwave-assisted polymer chemistry as
outlined in the other chapters of this series, the need for upscaling these processes
has been identified. Within this chapter an overview is given of the general aspects
of upscaling microwave-assisted polymerizations via both large batch reactors and
continuous flow microwave reactors. Important challenges and limitations such as
microwave penetration depth for large batch reactors and intrinsic temperature
gradients in tubular flow reactors are discussed. An overview of the literature
reports on upscaling of microwave-assisted polymerizations is also given.
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1 Introduction

Microwave irradiation has been established as an alternative heat source for
chemical reactions in the past few decades [1-3]. The rapid acceptance of this
new heating method in organic synthesis has been driven by the numerous advan-
tages of microwave-assisted heating, such as faster reactions and higher yields. The
majority of these observations result from the higher attainable reaction tempera-
tures in dedicated microwave synthesizers for chemistry allowing work to be
carried out under pressure. Furthermore, these microwave synthesizers provide
superb control over reaction temperature with rapid heating and cooling, allowing
fast optimization of conditions for reactions and for studying reaction kinetics. The
direct heating of the reaction mixture under microwave irradiation and the homo-
geneous heat profiles [4], especially when using smaller scale reactors, are the
prime reason for observations of higher yields, as side reactions at intermediate
temperatures or those caused by thermal overshoot can be suppressed. Moreover, in
specific cases and conditions, specific absorption of microwaves by (heteroge-
neous) polar components in the reaction mixture may lead to altered reactivity
and/or specificity, although this remains subject to debate, especially for homoge-
neous liquid reaction mixtures [5-7].

The advantages that have lead to the widespread usage of microwave-assisted
heating in organic synthesis have also attracted polymer chemists to explore the use
of microwave-supported heating [8—11]. In nearly all sub-areas of polymer chem-
istry the use of microwave irradiation has been demonstrated to provide advantages
compared to conventional heating, from simple acceleration following the Arrhe-
nius equation to specific absorption effects up to claimed non-thermal microwave
effects. The main achievements that have been made in the different areas have
been discussed in the other chapters in this series focusing on polycondensation
[12], free radical polymerization [13], controlled free radical polymerization [14],
ring-opening polymerization of cyclic amides and esters [15], cationic ring-opening
polymerization of 2-oxazolines [16], polymer modification (including click chem-
istry) [17], synthesis of hybrid polymer materials and composites [18], and, finally,
polymer degradation [19].

The success of microwave irradiation in polymer chemistry on small-scale
laboratory reactors has led to a need for scale-up possibilities. In general, there
are two main strategies for upscaling: (1) increasing the size of the batch reactor
leading to a larger scale or (2) transforming the reaction into a continuous flow
process (Fig. 1). In organic chemistry, there is a general belief that microwave-
assisted reactions can be directly scaled to larger reactors because of the direct and
homogeneous heating provided by microwave irradiation [2]. Such direct scaling of
microwave-assisted organic reactions has already been shown for batch reactions
using either open reflux reaction vessels [20-23] or closed pressurized reaction
vessels [22-27]. Furthermore, examples have been reported on direct upscaling of
small-scale organic batch reactions to larger-scale continuous microwave-assisted
flow processes [27-31]. For a comparison and overview of commercially available
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Fig. 1 Schematic representation of the two routes to upscaling microwave-assisted polymeriza-
tions in batch mode (/eft) and continuous flow mode (right). Continuous flow can be subdivided
into tube reactors (fop right) and continuously stirred tank reactors (CSTR; bottom right). The
color code in the figure provides a rough indication of the temperature profiles in the different type
of reactors going from cold (blue) to hot (red)

equipment for medium scale microwave synthesizers the reader is referred to the
work of Moseley [32].

In the current chapter, the upscaling of microwave-assisted polymer synthesis is
discussed, subdivided in batch-mode upscaling by simply increasing the reactor
size (Sect. 2) and continuous flow mode (Sect. 3). These sections start with a
general discussion on the potential and limitations of the upscaling methodology
for polymer synthesis, followed by an overview of the examples reported in the
literature.

2 Upscaling Microwave-Assisted Polymerizations
in Batch Mode

The most straightforward way of upscaling a reaction is by simply increasing the
size of the reaction vessel. However, one should consider the effects of the larger
vessel size on the heat and mass transfer, which are very different compared to the
small-scale lab batch reactor. An important parameter for the upscaling of
microwave-assisted polymerizations in batch mode is the microwave penetration
depth, which is the distance required for all microwaves to be absorbed by the
reaction medium [33]. The microwave penetration depth is inversely proportional
to the loss factor, tan 8, of the medium, which is quantified as tan § = £”/¢’ where &”
is the dielectric loss and ¢ is the dielectric constant of the solvent. The tan & of the
polymerization mixture correlates positively with the efficiency of the microwave-
assisted heating. However, a higher tan 6 also decreases the microwave penetration
depth, posing limitations on the fast and homogeneous direct heating of the entire
reaction mixture by microwave irradiation.
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For small-scale batch microwave-assisted reactions, the temperature profile of
the reaction mixture is very homogeneous with a slightly higher temperature inside
the reactor compared to its surface because of temperature losses from the wall to
the environment [4] (Fig. 1, left: small batch reactor). This is particularly the case
when the diameter of the reactor is equal to or less than twice the microwave
penetration depth when irradiation is provided from all sides. If the reactor size is
increased for upscaling and the diameter becomes larger than twice the microwave
penetration depth, the outer layer of the reaction mixture is heated and heat transfer
to the interior occurs, also depending on the efficiency of agitation (Fig. 1: medium-
sized batch reactor). When the reactor becomes very large, only a minor outer layer
of the reaction mixture is heated directly by absorption of microwaves and the heat
profile becomes very similar to a conventionally heated batch reactor heated from
the outside. In this case, there is a larger temperature gradient with higher temper-
atures at the outer layers compared to the middle of the reaction vessel (Fig. 1, right:
large batch reactor). Such a large microwave batch reactor set-up is, thus, only
applicable to reactions that are accelerated because of thermal effects and not for
those that benefit from specific, selective microwave-absorption effects.

Generally, the microwave penetration depth of organic molecules lies in the
range of several centimeters when using the standard 2.45 GHz frequency, but it
varies with the temperature as does tan 8. As examples, Fig. 2 shows the calculated
microwave penetration depth for water, (anhydrous) lactic acid, and an oligolactic
acid as reported by Takeuchi and coworkers [34]. The microwave penetration depth
for water is only 1.4 cm at 25°C although it increases to 5.7 cm at 95°C because of a
decrease in €' [4]. When superheating water to near critical conditions, e.g., up to
300°C, the ¢ approaches zero, correspondingly leading to near infinite penetration
depth on the one hand and highly inefficient microwave absorption and heating on
the other. This illustrates that the microwave absorption efficiency and microwave
penetration depth go hand in hand and are inversely proportional.

100 —
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Fig. 2 Microwave penetration depth as function of temperature for water (H,O) and several other
components. Reprinted with permission from [34]
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In addition to the less homogeneous heat distribution in the course of upscaling
microwave-assisted polymerizations in batch mode, the efficiency of the agitation
is lowered, especially when there is a significant increase of the viscosity during the
polymerization. When going from small-scale lab reactions to larger batch reactors,
it may be necessary to change from a magnetic stirring bar to a mechanical
overhead stirrer. The latter poses some challenges to the microwave reactor design
as the mechanical stirrer needs to be microwave transparent and, for working under
closed-vessel conditions, it needs to be fully sealed. Nonetheless, these are engi-
neering challenges that can be overcome.

Some early reports on microwave-assisted polymerizations already addressed
the upscaling question unintentionally. In 2001, the microwave-assisted emulsifier-
free emulsion polymerization was reported by Wu using a home-made microwave
reactor based on a domestic microwave oven [35]. A large three-neck round-bottom
flask was fitted in the microwave oven with a reflux condenser allowing open vessel
emulsion polymerization of a 250-mL polymerization mixture. Even though such
early examples report large-scale microwave-assisted polymerizations, the use of
domestic microwave ovens is not advisable as the microwave field is inhomoge-
neous, leading to hot spots and cold spots compromising safety and reproducibility.
In this respect, these open vessel conditions are mandatory in such a home-made
set-up with a domestic microwave oven, as the boiling point of the solvent avoids
thermal runaway and explosions.

Schubert and coworkers were the first to report the upscaling of a microwave-
assisted polymerization in batch conditions from 4 mmol via 200 mmol up to 1 mol
monomer corresponding to 1-mL, 50-mL, and 250-mL batch closed-vessel reactors
[36]. Dedicated microwave reactors were utilized for the living cationic ring-
opening polymerization of 2-ethyl-2-oxazoline, whereby the two smaller scales
were performed using monomode microwave fields and the largest scale with a
multimode. The polymerization conditions (reaction time and temperature) which
were optimized at a 1 mL scale [37] were found to be directly applicable to the
larger scales, albeit the initial microwave power setting needed to be adjusted to
lower values to avoid thermal runaway for these highly exothermic polymeriza-
tions. Nonetheless, after adjustment of the microwave power settings, highly
comparable polymers with low molar mass dispersity were obtained regardless of
the scale (Fig. 3) as expected for this polymerization that is accelerated under
microwave-assisted conditions because of thermal effects [37]. The microwave-
assisted scale up of the copolymerization of 2-nonyl-2-oxazoline and 2-dec-9’-enyl-
2-oxazoline in an ionic liquid was reported by Reynaud, Wiesbrock
et al. [38]. Performance of the copolymerization on the 1.1 mol (0.7 L) scale in a
batch reactor with mechanical stirring yielded copoly(2-oxazoline)s with a molar
mass dispersity of 1.34.

Unlike the direct scalability of the homogeneous living cationic ring-opening
polymerization of 2-ethyl-2-oxazoline, the upscaling of the heterogeneous synthe-
sis of Rasta resins via nitroxide-mediated controlled radical polymerization of
chloromethylstyrene initiated from a (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) modified resin was not possible using direct scaling [39]. Pawluczyk
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Fig. 3 Size exclusion
chromatograms as well as
pictures of the
polymerization mixtures for
batch mode upscaling of the
cationic ring-opening
polymerization of 2-ethyl-
2-oxazoline from 4 mmol
(a) via 200 mmol (b) to
1,000 mmol (c¢) under
superheated microwave
conditions. Reprinted with
permission from. [36]
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and coworkers reported that significant optimization of the polymerization condi-
tions was required to enable large-scale synthesis up to 100-g batches with good
batch-to-batch reproducibility in a closed-vessel multimode microwave reactor.

For even larger scale microwave-assisted batch reactions, there is no commercial
dedicated equipment available and custom reactor design is required. Zhu and
coworkers reported such a custom reactor design based on a large multimode
microwave cavity in which they placed five 10 cm x 25 cm tubular reactors as
well as IR temperature probes to monitor the reaction temperature [40]. Each of
these tubes was filled with up to 800 g e-caprolactone monomer and stannous
octoate catalyst and sealed under reduced pressure, allowing polymerization of up
to 2,450 g monomer per run. The major advantage of the tubular reactor design is
that it suffers less from the limited microwave penetration depth compared to a
spherical reactor. The resulting poly(e-caprolactone) had similar characteristics as a
sample obtained in a small-scale microwave reactor [41], demonstrating the direct
and easy scalability of this polymerization.

A specifically designed microwave-reactor system that approaches pilot plant
scale production was reported by Takeuchi and coworkers, consisting of a 30-L
reactor inside a 366-L multimode microwave cavity that operates with a single
6 kW magnetron (Fig. 4) [42]. In addition to this 30-L reactor, custom-made 70-mL
and 300-mL batch microwave reactors were also developed and compared. All
three reactors were utilized for the condensation of lactic acid using stannyl
dichloride and para-toluenesulfonic acid as catalytic system. Polymerizations
were performed at 180°C under reduced pressure conditions to remove the water
formed in the course of the reaction. With all three reactors, polymers with similar
molecular weights of around 10,000 g/mol were obtained, whereby the largest scale
reaction comprised a polymerization mixture with a volume of 20 L. The authors
demonstrated that the polymerization process became more energy efficient with
increasing reactor volume, whereby the energy consumption of the polymerization



Upscaling Microwave-Assisted Polymerizations 301

Fig. 4 Pictures of the SMW-114 MW reactor showing the entire instrument (/eff) and the reaction
cavity (right). Reprinted with permission from [42]

decreased from 4,600 kJ/mol to 160 kJ/mol if the reaction volume was increased
from 70 mL to 20 L. Even though the energy consumption was claimed to be 70%
less compared to the conventional conductive heating process, there are more
differences (e.g., no catalyst required in the conventional process, and the scale
and temperature of the conventional process were not specified) between the
various production processes obstructing a one to one comparison. For a more
in-depth discussion and comparison of the heating efficiency of microwave-assisted
and conventionally heated processes, the reader is referred to a highly informative
perspective article from Moseley and Kappe [43].

As final remark, the automation of such larger scale batch microwave reactors
may be considered in a so-called stop-flow mode. As such, the polymerization
mixture is pumped into the batch reactor, followed by polymerization and removal
into a product collection flask. Such automation protocols may significantly
enhance the production capacity, although it could be limited by the viscosity of
the polymerization mixture which has to be cooled down below the boiling point of
the utilized solvent before it can be pumped out.
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3 Upscaling Microwave-Assisted Polymerizations
in Flow Mode

The second possible mode for upscaling microwave-assisted polymerizations is in
continuous flow mode. At a first glance, continuous flow microwave-assisted
polymerizations seem to be the straightforward option as there are no issues with
the microwave penetration depth as long as the continuous flow reactor has an inner
diameter below 5—10 cm. Furthermore, continuous flow polymerizations are gen-
erally performed under pressurized conditions using a back-pressure regulator at
the end of the flow reactor facilitating superheated polymerization conditions.
However, there are some severe drawbacks and challenges to the use of continuous
flow microwave reactors for polymerizations.

The first intrinsic limitation is the poor temperature control of tubular micro-
wave flow reactors (Fig. 1, top right). If the polymerization mixture enters the
microwave cavity at ambient temperature, it continuously heats up along the tube
reactor, leading to a pronounced temperature gradient throughout the reactor,
making it difficult to control the reaction kinetics. Furthermore, polymerizations
that are very sensitive to temperature fluctuations cannot be performed in such a
reactor. This pronounced temperature gradient can be overcome by using a contin-
uously stirred tank reactor design, which comprises a mechanically stirred reactor
which averages out the temperature profile (Fig. 1, bottom right).

The potential use of continuously stirred tank reactors for microwave-assisted
polymerizations inherently bears a second challenge, namely the residence time
distribution of the polymerization mixture in the continuous flow reactor. Unlike
organic transformations, for which the residence time distribution does not have a
great influence on the products, increasing or decreasing the residence time distri-
bution during a polymerization has a direct influence on the polymer molar mass
distribution, denoted as dispersity, especially for chain-growth polymerizations.

A third important aspect of microwave flow polymerizations is the viscosity of
the polymerization mixture which should not become too high during the polymer-
ization as this would lead to too high pressures and eventually to blockage of the
reactor.

To date, there has been just one prominent report on the use of commercially
available continuous flow microwave reactors for microwave-assisted polymeriza-
tion, focusing on the living cationic ring-opening polymerization of 2-ethyl-2-
oxazoline. This system was selected for the proof-of-concept as this polymerization
proceeds without significant side-reactions at a wide range of temperatures ranging
from 80 to 200°C [37]. The polymerization could be successfully performed despite
the intrinsic temperature gradients that are present in tubular microwave flow
reactors. The polymers resulting from the continuous flow microwave polymeriza-
tions using four different reactor set-ups were compared with the polymer obtained
using a small-scale batch reactor (Fig. 5) [44]. Even though polymers were obtained
with high monomer conversion with all microwave flow reactors, these polymers
had molar mass dispersities ranging ranged from 1.3 to 1.5 whereas the polymer
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Fig. 5 Top: Pictures of the continuous flow microwave synthesizers equipped with a 10-mL tube
reactor (System 1A), 5-mL Teflon coil (System 1B), or 10-mL glass coil (System 1C) and a
200-mL continuously stirred tank reactor (CSTR, System 2). Bottom: SEC traces of the poly
(2-ethyl-2-oxazoline)s obtained utilizing the different continuous flow microwave reactors and a
reference polymer obtained by a small-scale microwave-assisted batch polymerization. Reprinted

with permission from [44]
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prepared in batch had a dispersity of 1.14, indicating lower control over the
polymerization process. Determination of the residence time distribution for the
four different continuous flow reactors provided a direct correlation between the
width of the residence time distribution and the molar mass dispersity of the
resulting polymers, revealing that further improvement of the continuous flow
reactor design may allow further lowering of the dispersity. Importantly, the
large-scale (200-mL) continuously stirred tank reactor with microwave-assisted
heating enabled the production of nearly 300 g polymer per hour.

The intrinsic limitations and challenges discussed above associated with contin-
uous flow microwave-assisted polymerizations severely limit the application poten-
tial of such reactors for polymer synthesis. A viable alternative for the upscaling of
microwave-assisted polymerizations appears to be the use of conventionally heated
(micro)flow reactors [45]. These offer comparably fast heating and homogeneous
temperature profiles as small-scale batch microwave reactors, although the poten-
tial limitations arising from the pumping of viscous polymerization mixtures
obviously persist. As a representative example, the living cationic ring-opening
polymerization of 2-ethyl-2-oxazoline was recently reported to proceed with sim-
ilar polymerization kinetics in a conventionally heated microflow reactor compared
to the previously reported small-scale microwave batch reactor [37, 46]. Moreover,
polymers with similarly narrow dispersities were obtained by both methodologies.

4 Summary, Conclusions, and Outlook

The success of microwave-assisted polymer chemistry as outlined in the other
chapters of this series has resulted in a real need for upscaling these processes.
Within this chapter an overview has been given of the general aspects of upscaling
microwave-assisted polymerizations via both large batch microwave reactors and
continuous flow microwave reactors.

Most effort has been dedicated to upscaling via large batch reactors, whereby it
is important to realize that the temperature profile in larger batch microwave
reactors is different from small-scale laboratory microwave reactors because of
the limited penetration depth of the microwaves in the polymerization mixtures.
This implies that thermal advantages of microwave heating can be very well
reproduced in such large batch microwave reactors, but selective and/or specific
microwave heating effects may be obscured. A major advantage of upscaling via
batch microwave reactors is that the optimized polymerization conditions from
small scale often can be directly applied to the larger reactors; the only reported
exception being for a heterogeneous polymerization system. The largest reported
batch microwave reactor has been utilized for a 20-L scale polycondensation of
lactic acid, whereby the larger scale reactors were found to be more energy
efficient.

A second strategy for the upscaling of microwave-assisted polymerizations
involves continuous flow microwave reactors. These systems, however, have the
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highly relevant intrinsic limitation that there is inevitably a pronounced temperature
gradient along tubular flow reactors, limiting their use to polymerization processes
which are largely unaffected by variations in temperature, other than a change in
polymerization rate, such as the living cationic ring-opening polymerization of
2-oxazolines. Alternatively, a continuously stirred tank reactor design can be
combined with microwave heating to limit the temperature gradient throughout
the reactor. However, such reactors lead to broader residence time distribution
profiles, directly leading to broader molar mass distributions. Therefore, besides
upscaling via continuous flow microwave reactors, the use of conventionally heated
(micro)flow reactors could also be considered as these have fast heating and
homogeneous temperature profiles comparable to small-scale microwave batch
reactors.

At this stage, most progress has been made in upscaling via microwave batch
reactors, enabling up to 20-L polymerizations to be performed. It would, however,
be too premature to draw a general conclusion on the preferred upscaling route.
Nonetheless, there should be an in-depth case-by-case evaluation as to whether the
use of microwave-assisted heating is justified for upscaling a certain polymerization
process, both with regard to attainable products as well as economic viability,
taking into account the investment costs and energy efficiency.
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Polymer Degradation Under Microwave
Irradiation

Dimitris S. Achilias

Abstract Development of advanced, environmentally friendly and energy-saving
techniques for the chemical recycling of polymers is of paramount importance in
the polymer industry. Understanding polymer degradation is the scientific key behind
this technological challenge. Recent research on the application of microwave irradi-
ation to polymer degradation is presented in this review. Results have shown the
potential advantage of microwaves for complete polymer degradation in a signifi-
cantly reduced time scale compared with conventional heating. The benefits of using
microwave irradiation in the degradation of polyesters [e.g. poly(ethylene terephthal-
ate) and polycarbonate], polyurethanes, polyamides, poly[alkyl (meth)acrylates],
polystyrene and other polymers is presented. Moreover, the effect of microwave
heating on the pyrolysis of commodity polymers such as polyethylene, is also
discussed. Finally, the double role of materials used traditionally as solvents, reagents
or catalysts, but now also as microwave absorbers in polymer degradation is explored.

Keywords Chemical recycling - Microwave irradiation - Polymer degradation -
Pyrolysis - Solvolysis
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Abbreviations

AIBN 2,2'-Azobisisobutyronitrile

DEG Diethylene glycol
DSC Differential scanning calorimetry
EG Ethylene glycol

HDPE High-density polyethylene
LDPE Low-density polyethylene

MW Microwave

PBMA Poly(butyl methacrylate)
PC Polycarbonate

PEG Poly(ethylene glycol)
PEMA Poly(ethyl methacrylate)
PET Poly(ethylene terephthalate)
PG Propylene glycol

PMMA Poly(methyl methacrylate)
PP Polypropylene

PS Polystyrene

PTC Phase transfer catalyst
TGA Thermogravimetric analysis
TOMAB  Trioctyl methyl ammonium bromide
TPA Terephthalic acid

1 Introduction

During the last few decades, the great population increase worldwide together with
the need of people to adopt improved living conditions have led to a dramatic
increase in the production and consumption of plastics (consisting of polymeric
materials). Because the duration of life for a large number of polymer applications
is very small (usually less than 1 month), there is a vast waste stream each year that
is creating a serious environmental problem. Recently, strict legislation rules
accompanied by the rising cost and poor biodegradability of most plastics have
made disposing of the wastes to landfill undesirable. Therefore, recycling seems to
be the best solution. The major driving force in today’s recycling projects is not
only to re-use the materials but also to produce secondary value-added products,
thus reducing the consumption of natural resources and the amount of energy
needed, while lowering CO, emissions in the environment. Understanding and
controlling polymer degradation is the scientific key behind any successful polymer
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recycling attempt. Nowadays, the investigation of new energy-efficient solutions
for recycling processes of different plastic materials involves the application of
microwave irradiation and other unconventional techniques for performing chem-
ical degradation reactions. The recycling processes usually demand heating of the
materials and, therefore, use of microwaves is an excellent alternative to conven-
tional thermal heating because it offers increased reaction rates, lower reaction
times and energy savings [1, 2].

In conventional heating, actual heating of the material begins when the furnace
cavity reaches the predefined temperature. In contrast, using microwave irradiation
the material is at a higher temperature than the surrounding area. Consequently,
microwave heating favours devolatilization or heterogeneous reactions involving
the solid materials, whereas conventional heating improves homogeneous reactions
in the gas-phase. Additionally, undesirable side reactions can be avoided because of
the lower temperatures employed in the microwave cavity [3].

Specific advantages of microwave irradiation as a heating technique compared
with conventional heating include rapid heating with high specificity and without
contact with the material to be heated, shorter reaction times, great convenience and
significant overall cost saving. All these have made the use of microwaves a popular
technique for heating materials in several processing techniques with many
research and industrial applications [4]. The efficiency of microwave-assisted
heating in different solvents has been recently addressed by Hoogenboom
et al. [5, 6].

Normally, polymers have poor dielectric properties, being unable to absorb
enough microwave energy to achieve the temperature necessary for degradation.
Consequently, the use of a “microwave receptor”, also called microwave absorbing
dopant or antenna, is necessary [3]. Therefore, the challenge is to use such a
material (also acting as a reagent, solvent or catalyst) to absorb the incident
microwaves and transmit the energy to the embedded target via short-range con-
duction. Different types of microwave receptors can be used, such as inorganic
substances with conduction electrons, e.g. activated carbon, char and graphite [3].

In the following section, two different polymer degradation categories are
distinguished. In the first, chemical reagents, solvents, catalysts, etc. are used to
carry out the degradation of the polymer. This method is applicable to polymers
with characteristic chemical groups (such as polyesters, polycarbonates, polyure-
thanes and polyamides) in their backbone structure. In the second approach, the
polymer is heated in the absence of oxygen (pyrolysis), adding only a microwave
absorber. This latter technique finds uses for polymers without characteristic
chemical groups in the main macromolecular chain (such as LDPE, HDPE, PP,
PMMA, PS, etc.). This review covers research carried out mainly during the last
5 years. For reviews on earlier publications one could consult the very informative
works of Bogdal et al. [4], Bogdal and Prociak [1] and Fernandez et al. [3].
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2 Microwave-Assisted Chemical Degradation of Polymers

2.1 Poly(ethylene terephthalate)

Poly(ethylene terephthalate) (PET) is a well-known engineering thermoplastic
polyester showing excellent physical (e.g. transparency), thermal (high melting
point, etc.) and mechanical (high strength, etc.) properties. Its main area of appli-
cations include food packaging (bottles for water and soft-drinks), the textile
industry (carpets, T-shirts, etc.) and X-ray films. Although it is a non-toxic material,
it implicitly contributes to the environmental pollution problem by the large amount
of PET wastes that reach the final recipients each year. Therefore, recycling of PET
wastes is necessary. The development of PET chemical recycling methods has
boosted the research on the degradation of this polymer.

The chemical degradation processes for PET are divided according to the
reagent used, as follows (Scheme 1) [7]:

Poly(ethylene terephthalate), PET

i i
H o—CHZCHro—COC SOH
I

Chemical degradation

v
I I I I
. Hydrolysis Glycolysis Methanolysis Aminolysis
in neutral, al- (Glycols, e.g. (Alcohols, (Amines, e
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solution PG) ethanol)
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Scheme 1 Methods for the chemical degradation of PET

BHETA
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1. Hydrolysis: Reaction with water in an acid, alkaline or neutral environment to
produce the monomers terephthalic acid (TPA) and ethylene glycol (EG)

2. Glycolysis: Reaction with a glycol, such as ethylene glycol, diethylene glycol or
propylene glycol to give bis(hydroxyalkyl) terephthalate, which is a substrate for
synthesis of PET and other oligomers

3. Methanolysis: Degradation by methanol, with the main products being dimethyl
terephthalate (DMT) and EG

4. Aminolysis: Reaction with an amine (e.g. ethanolamine) to produce secondary
value-added compounds such as bis(2-hydroxyethyl) terephthalamide (BHETA)

5. Other processes (ammonolysis, etc.)

The need to carry out the chemical recycling of PET by environmentally
friendly, energy-efficient and economic methods has led to the investigation of
the effect of microwave irradiation on all these degradation techniques. Therefore,
in recent years, studies on the effect of microwave irradiation on polymer degra-
dation have most often been carried out using PET. A brief survey of the methods
reported in the literature is reported next. Presentation is given according to the
groups that studied the degradation rather than the particular method used.

Among the first to study PET depolymerization under microwave irradiation was
Krzan [8, 9]. Degradation experiments in a closed system were carried out in a
microwave oven. The reagents (solvents) used were methanol, propylene glycol
(PG) and poly(ethylene glycol) 400 (PEG 400), with zinc acetate as catalyst.
Methanol was found to result in complete PET degradation in the shortest time
(i.e. only 4 min), followed by PG. More than 8 min was required in PEG 400 [8].

In a subsequent study, the author studied glycolysis of PET with diethylene
glycol (DEG) or PG using NaHCO;, K,CO;, CaO, KH,PO, and NaOCHj; as
potential catalysts [9]. Microwave irradiation power was set constant at 500 W
and the reaction time was 5 min. The maximum temperatures and pressures
detected during the degradation were approximately 240 and 200°C and 100 and
160 kPa for DEG and PG, respectively. Thus, the efficiency of using these basic
catalysts during microwave-assisted glycolysis of PET was proved [9].

Also among the first to report on the microwave-assisted depolymerization of
PET using basic catalysts were Ikenaga and Oyama [10]. An open microwave oven
was used with glycerin and sodium bicarbonate. Quantitative yields of the mono-
mer TPA were recovered at notably short reaction times of few minutes.

Instead of open systems, the group of Zhang [11-13] investigated the hydrolytic
depolymerization of PET in a closed microwave reactor equipped with temperature
and pressure sensors. Several experimental conditions for the hydrolytic depoly-
merization of PET were investigated, including the relative amounts of water and
PET, microwave power and degradation time. They found that the time needed to
reach the set reaction temperature was affected by the microwave irradiation power,
whereas its effect on the degree of depolymerization was negligible. When degra-
dation carried out in pure water without any catalyst, complete depolymerization of
PET to its monomers, TPA and EG, was achieved within 120 min and the vessel
pressure reached 20 bar [11].
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The effect of various catalysts on the depolymerization of PET under microwave
irradiation was further investigated by the same group in a series of papers
[12—14]. Li et al. [12] studied the effect of MnCl,, NiCl,, Na,C,04, CoCl,,
Zn(CH3COOQ),, CH3;COOK and Mn(CH3COQ), during hydrolysis of PET in a
microwave reactor with controlled temperature and pressure. Of all the catalysts
used, zinc acetate was testified as the most effective at an optimum amount of 0.4%
relative to PET. Using this catalyst, further experiments were carried out at differ-
ent temperatures and reaction times. As shown in Fig. 1, near complete depoly-
merization takes place at 220°C after 210 min of irradiation. The viscosity average
molecular weight of the degraded PET was also measured using intrinsic viscosity.
A dramatic decrease with the reaction time was obvious [13].

In addition, several metal oxides (including Sb,03, MgO, ZnO, Fe,0s3, TiO,,
Gr,03, MnO,, SnO and Cu,0) were employed by the same group of authors to
investigate their effect on the hydrolytic depolymerization of PET [14]; the degra-
dation achieved using these catalysts, was 81.6, 77.7, 75.9, 84.4, 90.9, 79.3, 65.8,
75.4 and 79.3%, respectively. All these values were significantly larger than that
obtained without using a catalyst, i.e. 59.3%. It was thus verified that metal oxides
act as microwave receptors and can be used to facilitate the degradation reaction.
The most effective catalyst, improving the depolymerization degree of PET by
almost 32% compared with the noncatalytic reaction, was found to be stannous
oxide (SnO).

The effect of the SnO catalyst on the depolymerization rate of PET at several
reaction temperatures is illustrated in Fig. 2. It was clear that at reaction tempera-
tures less than 160°C, the degradation of PET was negligible whether using the
catalyst or not. The presence of the stannous oxide increased the depolymerization
rate of PET compared with the noncatalytic reaction by 1.9, 9.1, 33.4 and 48.5% at
170, 180, 190 and 200°C, respectively. Thus, it was shown that the catalytic effect
of stannous oxide was greatly influenced by the reaction temperature and improved
with increasing temperature [14].
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More research work was carried out at the same experimental conditions by the
senior researcher and collaborators, revealing that:

1. The stronger the acidity or basicity of a metal oxide, the better the effect on the
depolymerization of PET [15]

2. Super-acids, such as SO4>~/y-Al,O5 show good catalytic activity [16, 17]

3. Composite metal oxides, such as ZnSrO, or ZnO.Sr0O, lead to a 93% degradation
of PET at 180°C [18, 19]

4. ZnSO,, among different sulfates, presents the best catalysis under 250 W micro-
wave irradiation [20], with depolymerization occurring simultaneously on the
surface and the internal part of PET chips [21]

Nikje and Nazari [22] used microwave irradiation during a hybrid hydro-
solvolytic depolymerization of PET with alcohols such as methanol, ethanol,
butanol, 1-pentanol and hexanol. Reactions were performed at short times (less
than 1 h), with the main products being TPA and EG. Use of KOH was found to
facilitate the reaction and, of the alcohols, 1-pentanol needed the least time (3 min)
to result in more than 87% PET degradation. Repeating similar experiments under
conventional heating, it was found that the time needed for PET degradation was
almost 30 min. As well as alcohols, in subsequent research [23] the authors used
glycols (i.e. DEG and EG) together with KOH or NaOH as catalysts, and the results
were compared with those using conventional heating. Significant enhancement of
the reaction rates in the microwave-assisted experiments was measured in compar-
ison with experiments using conventional heating.

Another group that investigated the microwave-assisted depolymerization of
PET by a number of different chemical degradation methods was that of Shukla
and collaborators [24-28]. Pingale and Shukla [24] used a modified microwave
oven to carry out glycolysis of PET taken from waste bottles, using EG in the
presence of Na,C,04, Zn(CH3COO),, Na,CO3; and BaOH catalysts under reflux.
The virtual monomer bis(2-hydroxyethyl) terephthalate (BHET) was recovered. It
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was observed that under identical conditions of catalyst concentration and PET to
EG ratio, the yield of BHET was nearly the same as that obtained by conventional
heating. However, substantial energy-saving was achieved because the time needed
for complete degradation was reduced from 8 h to 35 min.

In a subsequent publication [25], these authors reported on the microwave-
assisted aminolysis of PET with ethanolamine. The reaction was carried out
under reflux (i.e. temperature 170°C) with the microwave oven power set to
700 W. Using microwave energy, pure BHETA was obtained in yields greater
than 90% at a low reaction time (4 min) using common catalysts. Similar results
were also obtained when hydrazine monohydrate was used for the aminolysis of
PET, resulting in the production of terephthalic dihydrazide [26]. Compared with
results obtained when carrying out the same reaction under conventional heating, it
was found that the time required to obtain the same degree of degradation reduced
from 4 h to 10 min under microwave irradiation [26]. Aminolytic depolymerization
of PET was further investigated by Shah and Shukla [27] using other types of
amines such as 2-amino-2-methyl-1-propanol and 1-amino-2-propanol under atmo-
spheric conditions in the presence of Zn(CH3COQ), or CH;COONa as catalysts.
The virtual products obtained in pure form and good yields were, respectively, bis
(1-hydroxy-2-methylpropan-2-yl)  terephthalamide @~ (BHMPTA) and bis
(2-hydroxypropyl) terephthalamide (BHIPTA). The latter was subjected to cycli-
zation using thionyl chloride under low-temperature conditions to obtain 1,4-bis
(5-methyl-4,5-dihydrooxazol-2-yl) benzene (PBIOXA) (Scheme 2), which is used
as chain extender in polyester and nylon compositions and as a crosslinking agent in
powder paint compositions. The use of microwave irradiation compared with
conventional heating drastically reduced the reaction time from 3 h to 5 min
while keeping the same yield (higher than 84% for BHIPTA) and purity of the
reactive monomers [27].

Recently, the same group [28] published a study on the use of microwave
irradiation during aminolysis of PET with 3-amino-1-propanol, aiming at the
production of a secondary value-added compound such as bis(3-hydroxypropyl)
terephthalamide, which can be converted to bis-oxazin for use as a chain extender
or crosslinking agent. The percentage recoveries were almost the same comparing
microwave with conventional heating, whereas the time needed for degradation
was shortened from 1-6 h using conventional heating to 1-9 min under microwave
irradiation.

The glycolysis of PET with DEG under microwave irradiation in a pilot plant
scale (i.e. using 0.2 kg of PET flakes) was investigated by Bogdal et al. [1]. Low
percentage ratios of DEG to PET (in the range 0.5-2) were used in order to achieve
complete conversion of the glycol, thus avoiding the use of additional purification
of the recyclates. The degradation temperature was up to 230-240°C, and a reaction
time of 25-30 min was adequate. From measurements of the full molecular weight
distribution of the recyclates, four distinct fractions having number-average molec-
ular weights of approximately 1,110, 835, 575, and 106 g/mol were identified. An
increase in the weight ratio of DEG to PET resulted in an increase in the higher
molecular weight fractions (i.e. 1,110 and 835 g/mol), while the 335 g/mol fraction
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Scheme 2 Aminolysis of PET waste and preparation of PBIOXA. BHMPTA bis(1-hydroxy-2-
methylpropan-2-yl) terephthalamide, BHIPTA bis(2-hydroxypropyl) terephthalamide, PBIOXA
1,4-bis(5-methyl-4,5-dihydrooxazol-2-yl) benzene. (Reprinted from Shah and Shukla [27] with
permission)

was reduced substantially. Optimization of the process experimental conditions
resulted in the following values: reaction temperature 230-240°C, microwave
irradiation for 30 min in the presence of 0.5 wt% catalyst [1].

Degradation of PET in a microwave reactor was also examined by the group of
Achilias and collaborators using four different chemical reagents [29—32]. Initially,
hydrolytic depolymerization in an alkaline solution was investigated [29]. The
reaction apparatus consisted of a sealed microwave reactor with facilities for
on-line recording of the mixture temperature and pressure. Microwave irradiation
was found to significantly reduce the time needed to achieve a specific degradation
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of PET, with almost complete depolymerization occurring in 30 min at 180°C and
only 46 W of microwave power. Furthermore, addition of the phase transfer catalyst
(PTC) trioctyl methyl ammonium bromide (TOMAB) resulted in achieving the
same degradation of PET at a significantly lower depolymerization temperature. At
the same reaction time (120 min), use of TOMAB resulted in a tenfold increase in
the percentage of TPA recovered, compared with the uncatalyzed reaction. A lower
increase (fourfold) in the amount of TPA recovered was measured when another
PTC, i.e. hexadecyl trimethyl ammonium bromide (HDTMAB), was used. A
comparison of the effect of different PTCs on the TPA yield appears in Fig. 3.
The role of the PTC was to carry the hydroxide ion into the surface of the solid-
organic phase, resulting in easier attack of the PET macromolecules and thus
leading to depolymerization. The product (i.e. the monomer TPA) was obtained
in such a pure state that it could be re-polymerized to form PET again.

A work similar to that of Siddiqui et al. [29] on the microwave-assisted hydro-
lysis of PET in an alkaline solution using a PTC was also presented by Khalaf and
Hasan [33]. The effect of NaOH concentration, PET particle size, PTC and time on
the TPA yield was investigated. Tetrabutyl ammonium iodide was used as a PTC at
200 or 400 W microwave power. Optimal degradation conditions were found at
10% NaOH solution, 60 min irradiation time and 3% of PTC, but microwave power
did not seem to influence the results much.

Subsequently, glycolysis of PET with DEG was investigated in a microwave
reactor [30]. The main degradation product, analyzed and identified by Fourier
transform infrared (FTIR) spectroscopy, was an oligoester diol. From gel perme-
ation chromatography (GPC) measurements, a decrease in the PET residue average
molecular weight with the percentage of PET degradation was observed. Two
different types of experiments were carried out at several time steps: in the first
set, the reaction temperature remained constant, and in the second set, microwave
power was applied. In the constant temperature experiments, it was clear that no
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degradation occurs at temperatures below 150°C, whereas complete depolymeri-
zation takes place at temperatures greater than or equal to 180°C for 5 min (Fig. 4).
These results, compared with those using conventional heating where more than 4 h
was needed for complete PET degradation, confirm the importance of the micro-
wave power technique and the substantial energy saving achieved.

In the second set of experiments, the power of the microwaves remained
constant and it was found that only 2 min of irradiation was adequate for complete
depolymerization at irradiation powers of 150 or 200 W, which increased to 5 or
10 min at 100 or 50 W, respectively. The particular microwave device also provided
continuous measurement of temperature with time, as illustrated in Fig. 5. A sharp
increase in temperature was observed during the first few minutes, followed by a
further increase but with a lower slope, indicating that prolonging irradiation time
results in a relatively small temperature increase. The final temperatures reached
were 170, 230, 260 and 280°C for irradiation at 50, 100, 150 and 200 W,
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respectively. Because the melting point of PET is in the range of 250-260°C, the
measurements showed that above 150 W, PET remains in a molten state after a few
minutes. This is the main reason explaining complete degradation of PET after 2—
3 min, because diffusional limitations between the solid phase of PET and the liquid
DEG are overcome. At lower microwave powers (i.e. 50 W), the reaction is carried
out with PET in the solid state, with much slower rates. In addition, pressure was
found to continuously increase with time and was affected by the microwave power
applied (Fig. 6). The final values reached were 165, 220, 324 and 510 kPa for
irradiation at 50, 100, 150 and 200 W, respectively. It was clear that high micro-
wave powers result in a great increase in pressure, whereas at 50 W the final value is
only slightly above 1 atm.

Aminolytic depolymerization of PET with ethanolamine under microwave irra-
diation and without the use of any catalyst was investigated by Achilias
et al. [31]. Experiments under constant microwave power or reactor temperature
were performed. In the experiments carried out under constant microwave power, it
was observed that complete depolymerization occurred in 5 min at 100 W, which
decreased to 2 min at 150 W. Degradation at lower powers (i.e. 50 W) proceeds at
very slow rates, reaching only 16% even after 30 min of irradiation (Fig. 7).
Reaction temperature and pressure increased with time (Fig. 8) and at 100 W the
melting point of PET was exceeded after only 3 min of reaction. The presence of
volatile compounds such as ethanolamine (reagent), EG and water (products) in the
reaction mixture resulted in an increase in the reactor pressure, with final values
ranging between 380 and 1,015 kPa depending on the power used.

From the constant temperature experiments it was clear that at temperatures
below 180°C limited degradation occurs, even after 60 min of irradiation time,
whereas complete depolymerization occurs at temperatures greater than or equal to
260°C for only 5 min (Fig. 9).

The main product of PET aminolysis with ethanolamine was BHETA, identified
by FTIR and differential scanning calorimetry (DSC) measurements, whereas gel
permeation chromatography (GPC) was used to measure the average molecular
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weight of PET residues. The molecular weight of the residues was found to
decrease with the percentage of PET degradation, denoting a random chain scission
mechanism to some extent (Table 1).

The next technique investigated for the degradation of PET under microwave
irradiation was that of methanolysis carried out with methanol, with and without the
use of zinc acetate as catalyst, in a sealed laboratory-scaled microwave reactor
[32]. The main product, identified by FTIR and DSC measurements, was the mono-
mer dimethyl-terephthalate. High degrees of depolymerization were measured at
temperatures near 180°C and microwave powers higher than 150 W, whereas
degradation was found mostly to occur during the initial 5-10 min and did not change
significantly after 30 min of irradiation. Compared with conventional heating, an
80% degradation of PET was reached at 160°C after 30 min of microwave irradiation,
whereas 250°C was needed when supercritical methanol was used [32].

At constant power experiments, it was found that at least 150 W was needed in
order to achieve a depolymerization of 58.5%. Degradation rate increased with the
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Table 1 Intrinsic viscosity and number-average molecular weight M, of selected PET residues at
different degrees of degradation, during aminolysis with ethanolamine under microwave irradia-
tion. (Reprinted from Achilias et al. [31] with permission)

Degree of Intrinsic
Microwave | Temperature | Time |degradation of viscosity
Sample power (W) | (°C) (min) | PET (%) (dL/g) M,
PET — - - - 0.79 22,930
Oligomer | 50 - 30 17 0.24 3,650
Oligomer |— 220 15 24 0.22 3,230
Oligomer |75 - 10 42 0.20 2,680
Oligomer | 150 - 1 53 0.18 2,340
Oligomer |- 220 40 65 0.15 1,770

microwave power. From on-line measurements of the reaction temperature with
time at several constant microwave powers, it was clear that temperature initially
significantly increased with time but later the increase was smaller (Fig. 10). This is
attributed to the continuous supply of constant microwave power to the system. The
final temperature values were strongly dependent on the power used and ranged
between 120 and 194°C at 80 and 200 W, respectively. Therefore, the low degra-
dation of PET measured at 80 W was due to the rather low temperature achieved in
the reaction medium.

Comparing the effect of the reagent used on the degradation rate of PET
achieved under microwave irradiation at the same experimental conditions
(i.e. same reactor set-up and a constant temperature of 180°C) revealed that the
best results were obtained by glycolysis, followed by hydrolysis and then
methanolysis (Fig. 11) [32]. Aminolysis resulted in a low amount of PET degrada-
tion, although it should be kept in mind that no catalyst was used in these
experiments.
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From the experimental data presented in Fig. 11, the importance of the effect of
reaction medium during microwave irradiation was very clear. Accordingly, the
presence of EG, which presents a high microwave absorbance level [34], can
enhance the polymer degradation rate. Therefore, the role of EG (besides acting
as the reagent or solvent) as a microwave absorber was verified.

Some other recent works on microwave-assisted PET degradation are
presented next.

Glycolysis of PET with excess EG in the presence of zinc acetate catalyst under
microwave irradiation was also presented by Chen et al. [35]. It was found that the
glycolysis rate was significantly influenced by stirring speed and initial PET
particle size. The optimal parameters for higher BHET yield were: temperature
196°C, power 500 W, time 35 min, weight ratio of catalyst to PET 1% and weight
ratio of EG to PET 5:1.
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PET glycolysis under microwave irradiation was also used for the production of
polyurethane foams [36]. Different glycols were used, including EG, DEG and PEG
200, 600, 1,000 and 1,500, with zinc acetate as catalyst. Complete degradation was
achieved in almost 30 min, resulting in the production of BHET when the reaction
was carried out in the presence of EG. Reactivity of diols was found to decrease
with increasing molecular weight. Moreover, when the trifunctional glycerol was
used functionalized polyols were prepared, which can be further used for the
production of polyurethane foams. These possessed cells of uniform dimensions
and the flexibility of the foam was found to be directly proportional to the molecular
weight of the glycol used during PET glycolysis.

The kinetics of PET hydrolytic depolymerization under microwave irradiation
was studied by Zhang et al. [37]. Microwave depolymerization was found to occur
both in the interior and the exterior of PET simultaneously and involved more than
one kinetic process. Depolymerization was divided into at least two stages, before
and after random chain scission, with corresponding activation energies of 142 and
378 kJ/mol. These energies were found to be much higher than the activation
energy of the conventional thermal depolymerization.

Microwave-assisted nonaqueous glycolysis was carried out under alkali condi-
tions to obtain a PET fabric with a highly hydrophilic surface [38]. The reaction was
carried out in a commercial 700 W microwave oven with NaOH (0-5 %w/w) and
EG (10:1) at times between 10 and 300 s. The results indicated that the treatment
efficacy was mainly determined by the alkali concentration and the irradiation time.
Higher PET mass loss (approximately 50%) was achieved at 180 s of irradiation
time when the system temperature was raised to 144°C. This glycolysis treatment
considerably enhanced the surface hydrophilicity of the treated PET, as indicated
by instant wicking, vertical wicking tests and contact angle measurements. At 120 s
of irradiation, the treated PET showed instantaneous wetting, even with 0.1%
NaOH. Higher alkali concentrations and longer irradiation times increased strength
[38]. In order to obtain a balance between high hydrophilicity and desired physical
properties, the optimal glycolysis time was found to be 120 s. The benefit of the
microwave-assisted modification was to reduce the treatment time from 1-2 h
under conventional heating to less than 180 s.

Recently, use of silicon carbide (SiC) as a power modulator under microwave
irradiation was used in the degradation of PET [39]. A domestic microwave oven
with NaOH was employed by Shafique et al. [39]. Fusion of PET bottle chips with
caustic soda was carried out on a clay crucible placed on a SiC slab in a microwave
oven. Irradiation lasted for 4 min and the monomer TPA was recovered in pure
form. A similar approach and using alcohol instead of caustic soda was used by Liu
et al. [40]. The degree of PET degradation achieved after 30 min of microwave
irradiation at 700 W and atmospheric pressure, with 60 g/L SiC, was up to 96%. It
was thus concluded that as a type of inert and highly reusable power modulator, SiC
could improve the transfer efficiency of the microwave energy in PET
depolymerization.

Table 2 presents a comparison of methods used by different researchers on the
microwave-assisted degradation of PET. The microwave type, the chemical
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reagents and catalysts used, together with the range of the experimental conditions
(microwave power, temperature, pressure and irradiation time) are included. In
general, the type of reagent or catalyst used affects the required degradation time,
whereas the experimental conditions affect mainly the composition of the products.
Reaction temperatures are in the vicinity of 200°C, lower than those usually used
(i.e. near 250°C) in conventional heating. In addition, the time required for com-
plete degradation ranges from a few minutes to almost 2 h, which is much lower
than the time required for conventional heating, i.e. 3-5 h. The microwave power
used ranged between 50 and 950 W.

2.2 Polycarbonate

Polycarbonate (PC) is an important engineering plastic featuring good optical
clarity, high impact resistance and ductility at room temperature and below.
Because of these attributes, PC is used in a wide variety of applications including
electrical and electronic equipment, digital media (e.g. CDs, DVDs), automobiles,
glazing in the building and construction industry, sports safety equipment and
reusable food and drink containers. A major concern when PC is used as plastic
packaging, and especially in baby bottles, is regarding the release of the toxic
bisphenol-A (BPA) into the food. Initially, it was believed that it was a remnant
from the polymerization procedure, where it is used as a monomer. However, recent
studies have shown that BPA is primarily released by degradation of the PC, rather
than through migration from the polymer [41].

The increase in the consumption of products based on PC has resulted in
increased amounts of this polymer in the waste stream. Therefore, its recycling
using some environmentally friendly degradation method is of paramount impor-
tance. With this aim, microwave irradiation was employed by Tsintzou et al. [42] to
study the chemical recycling of PC in relatively mild experimental conditions that
do not require large amounts of chemicals or energy. The method of hydrolysis in
an alkaline (NaOH) solution was applied to poly(bisphenol-A carbonate) to depo-
lymerize it into its starting monomer, BPA. It was found that degradation hardly
occurs at relatively low temperatures, except if a phase-transfer catalyst
(1-hexadecyl trimethyl ammonium bromide) is employed. The combination of
irradiation time and NaOH concentration gave similar results, meaning that
increased alkaline concentrations require less time. In all conditions, degradation
of PC was minimal at temperatures below 110°C (Fig. 12). A significant increase
was observed in the region from 130 to 160°C, and degradation values of more than
80% were measured at 170°C. Because the glass transition temperature, T, of PC is
near 150°C, it seems that alkaline hydrolysis of PC under microwave irradiation is
facilitated when the reaction temperature approaches this value. A polymer at its T
changes from a stiff (hard) to a softer rubbery state, which causes the polymer to
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swell more easily in response to the alkaline reagent and hence facilitates the
reaction. The importance of applying the microwave irradiation during PC alkaline
hydrolysis was also confirmed by the observation that high PC decomposition was
achieved after only 10 min of reaction with 10% NaOH at 160°C as compared with
conventional heating, where more than 8 h was needed for similar results.

Because the presence of the PTC on the alkaline hydrolysis mechanism was
found to be crucial, its role is explained next and presented in Scheme 3. Initially,
the reaction mixture consists of the solid—organic phase of PC and the aqueous
alkaline solution of NaOH. The PTC used, HDTMAB, fulfilled the requirements of
having enough organic character to be lipophilic but being small enough to avoid
steric hindrance. The cationic part of the catalyst is used to carry the hydroxide
anion onto the surface of the solid phase through an interfacial mechanism. Thus,
the carbon bonded to the three oxygens of the PC macromolecules on the surface of
the flakes can be easily attacked by OH™ (nucleophile) and thereby depolymerize.
The anion returns to the aqueous phase and forms the BPA monomer as well as
other substituted phenols. The reaction proceeds to complete depolymerization of
PC, while the catalyst remains in the aqueous phase.

In the hydrolysis products, BPA monomer was obtained and identified by FTIR
measurements. However, GPC measurements showed that the average molecular
weight of the PC residues only slightly decreased, even after 70% degradation.
These results confirm that, in alkali solutions, the rate of polymer hydrolysis is so
fast that the reaction occurs mainly at the surface and degradation follows a
“surface erosion” mechanism. The products, such as monomer and oligomer, are
released from the surface and the polymer mass rapidly decreases, although its
number-average molecular weight (My) is almost constant. Diffusion of the reactant
into the bulk phase is slower than the rate of the chemical reaction. In contrast,
during the “bulk erosion” mechanism occurring under acidic conditions, the reac-
tion rate is so slow that the hydrolysis proceeds in the bulk phase of the polymer.
The polymer mass does not change during the early stage of the reaction, whereas
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INITIAL STATE

ADDITION OF THE PHASE
TRANSFER CATALYST

ﬂ DEPOLYMERIZATION
TO BPA

Scheme 3 Phase transfer catalyzed depolymerization of polycarbonate (PC). BPA bisphenol-A.
(Reprinted from Tsintzou et al. [42] with permission)
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Fig. 13 Arrhenius-type plot for the estimation of the activation energy above and below the glass
transition temperature of polycarbonate during hydrolysis under microwave irradiation.
(Reprinted from Tsintzou et al. [42] with permission)

My, continuously decreases with the reaction time. The latter mechanism seems to
be dominant during PC hydrolysis in a high-pressure and high-temperature steam.

Findings on PC degradation as a function of temperature (presented in Fig. 12)
were also verified using a simple kinetic model. It was observed that plotting the
kinetic rate constant (Ink) versus reciprocal temperature (1/7) according to the
Arrhenius expression and first order reaction kinetics, a linear curve was not
verified (Fig. 13). Instead, a change in the slope of the curve was clear near the
glass transition temperature of the polymer. The activation energies estimated at
temperatures below and above 145°C were 323.5 and 85.7 kJ/mol, respectively.
A drop in activation energy for an increase in temperature indicates that the
controlling mechanism of reaction is changing. The lower activation energy
observed at temperatures above the T, of the polymer was attributed to the more
elastomeric nature of the polymer at these conditions, meaning that the polymer
could be easily penetrated by the ionic pairs of the PTC with the hydroxyl anions
and become swollen, leading thus to a more rapid degradation [42, 43].

In addition, the same technique was applied to the degradation of waste compact
disks. Depolymerization as high as 85% was achieved at 160°C using a 10% NaOH
solution after microwave irradiation for 10 min [42].

Nikje [44] also studied glycolysis of PC in waste compact discs with EG using
microwave irradiation in the presence of NaOH as catalyst in order to obtain the
monomer BPA. The influence of various parameters such as concentration of the
alkali metal catalyst and microwave irradiation power on product yield was
reported in detail. The optimum concentration of NaOH was found to be 2 wt%
and the optimum microwave power was 600 W. BPA recovery was affected by the
reaction time and reached an optimum yield at 500 s [44].
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2.3 Polyurethanes

Polyurethanes (PUs) constitute a class of polymeric materials with a fast-growing
market due to the great variety of physical, chemical and mechanical properties that
they present. PUs can be formed either as rigid or foam materials. PUs include a
urethanic moiety in their chemical structure and can therefore be degraded using
chemical methods similar to those applied for polyesters, particularly PET. Of these
methods (i.e. hydrolysis, glycolysis, methanolysis and aminolysis), glycolysis is the
most-studied method of PU degradation under microwave irradiation

O H
ot

The necessity of using microwave irradiation during PU chemical degradation
arises from the need to find environmentally friendly (not energy consuming)
methods for the recycling of polymeric materials, of which large amounts reach
the final recipients each year.

The group of Alavi Nikje has carried out a lot of work on this subject, which is
presented below [45-50].

The degradation of rigid PU foam wastes through microwave-assisted glycolysis
was investigated by Nikje and Nikrah [45]. DEG was used as a reagent-solvent and
several catalysts were studied, including NaOH, KOH, CH;COONa and
(CH5C0O0),Zn. A microwave oven at atmospheric pressure was used and the
microwave power was fixed to 180, 300, 450, 600 and 900 W. According to the
results, the kinetics of the catalytic reaction is different to that of the non-catalytic
reaction. The transesterification reaction was difficult to carry out without a cata-
lyst, even under high microwave powers such as 600 W. Of the catalysts used, zinc
acetate was found to present the weakest catalytic effect. Sodium and potassium
hydroxides, which are convenient catalysts for transesterification reactions, could
accelerate the glycolysis reaction and reduce the dissolution time. Using these
catalysts it was found that only 3 min is required under 300 W power for complete
dissolution of the PU foam (Fig. 14).

The microwave-assisted glycolysis of flexible PU foams was further investigated
by Nikje et al. [46, 47]. Glycerin was used as a reagent with NaOH and KOH as
catalysts. The depolymerization was carried out in a microwave oven at atmo-
spheric pressure and at reaction temperatures of 160, 180, 200 and 220°C. NaOH
was found to be the best catalyst, and the time needed to completely dissolve the PU
foam was found to vary from 93 to 65 s when the temperature was raised from
160 to 220°C. For comparison, similar experiments were carried out with conven-
tional heating. The obtained results at 180°C showed the ability of microwave
irradiation to reduce the reaction time from 29 min to 92 s in KOH and from 42 min
to 81 s in the NaOH-catalyzed process.

Microwave-assisted glycolysis of waste flexible PU foams was reported [48]
using NaOH as catalyst and pentaerythritol in combination with glycerin as
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Fig. 14 Comparison of various catalysts and microwave powers on the foam dissolution time
during microwave-assisted degradation of polyurethane. (Reprinted from Nikje and Nikrah [45]
with permission)

reagents. Split phases appeared after complete foam digestion. The upper phase
contained recycled polyols while the lower phase was a brown liquid with highly
functionalized oligomers, amines and unreacted reagents. Pentaerythritol has the
advantage of having more than two hydroxyl groups, as is the case for conventional
glycols. At 180°C and 800 W microwave power, the time required for complete
dissolution ranged between 0.4 and 5 min.

The effect of water on the glycolysis of flexible PU foams under microwave
irradiation at atmospheric pressure was presented by Nikje et al. [49]. The presence
of water as a co-reagent besides glycerin causes hydrolysis reactions to take place in
parallel to glycolysis. The hydroglycolysis reaction took place at 160°C with
varying amounts of water. It was observed that increasing the water content in
the reaction mixture resulted in increased reaction times. Nonetheless, water was
considered as a potential low-cost replacement for up to 40% of the glycerin
because reasonable dissolution times were still obtained (approximately 500 s).
The times achieved were much less than the 10 h needed for conventional heating.
The same author in a recent publication [50] used the products obtained from the
microwave-assisted glycolysis of PU foam waste to synthesize new starch-based
PU foams.

The effect of microwave irradiation on the glycolysis of microporous elastomer
and rigid foams of PU with EG was investigated by Bogdal et al. [4]. A twofold
excess of PU scraps to EG was employed because an equimolar ratio resulted in
products with inferior properties. The polyols thus produced can be eventually used
for the production of rigid PU foams. Furthermore, the application of microwave
irradiation to the recycling of waste PUs allowed glycolysates to be obtained in a
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fourfold shorter time (approximately 30 min), while their properties were the same
as those produced under conventional heating conditions (Bogdal and Prociak [1]).
As reported earlier for other polymers, the highest rate of PU decomposition
resulting from the application of microwave irradiation was observed at the early
stages of the reaction (during the first 20 min), whereas after 30 min the rate was
slower to reach the final values. The strongest reduction in molecular weight of the
reacting polymer was also observed during the first 20 min and this time was
reduced with the addition of a catalyst. Under conventional heating conditions,
the minimum time required for the desired homogenization of the reaction mixture
was 2 h.

Glycolysis of PU was also carried out using DEG instead of EG in a twofold to
tenfold excess of PU compared with DEG [1]. A multimode microwave reactor
with a maximum power of 600 W was used, and 8—10 min was required to reach the
reaction temperature of 200°C. Variation in the ratio of PU to DEG did not resulted
in significant differences in the time taken to reach this temperature.

A discussion on earlier research on PU degradation can be found in Bogdal and
Prociak [1].

2.4 Polyamides

Polyamide-6 (PA-6) is a widely used polycondensation polymer that finds applica-
tion in a broad range of products requiring materials of high strength. It is widely
used for gears, fittings and bearings, in the automotive industry for under-the-hood
parts, and as a material for power tools housings. PA-6 can be recycled by
hydrolysis, normally catalyzed by mineral acids, to its monomer e-caprolactam.
Klun and Krzan [51, 52] presented microwave-assisted PA-6 hydrolysis in the
present of phosphoric acid as catalyst. The very high dipole moment of H;PO,4
also makes it an excellent microwave absorbent. As the authors noted, it should be
used with caution and consideration to prevent equipment failure or other accidents.
A sealed reaction vessel was used and microwave irradiation of 200 W was applied
for 12-23 min. After 15 min of irradiation, a mixture consisting of 90%
e-aminocaproic acid and its linear oligomers was obtained. In a later publication
by the same authors, zinc acetate, zinc chloride and zinc triflate were evaluated as
non-acid catalysts for the degradation reaction using microwave irradiation instead
of conventional heating. The zinc salts were added at up to 40 wt% in the presence
of 20 wt% phosphoric acid. Figure 15 shows how salts influence the degradation
efficiency. Moreover, Table 3 presents the degradation of PA-6 in the presence of
different amounts and types of metal salts; results obtained with a samarium salt are
also included. Gravimetric and electron spray ionization mass spectrometry analy-
sis of reaction products showed ZnCl, to be the most effective salt catalyst. The
acetate salt was ineffective, whereas the triflate was effective only when used as an
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Fig. 15 Influence of phosphoric acid and different catalysts (ZnCl,, Zn(OTf), and ZnAc,) on the
amount of water-soluble degradation products after 8 min microwave irradiation of polyamide-6 at
500 W. (Reprinted from Klun and Krzan [52] with permission)

Table 3 Degradation of polyamide-6 using H;PO, and different metal and lanthanide salts as
catalysts after 8 min microwave irradiation at 500 W. (Reprinted from Klun and Krzan [52] with

permission)

Salt

Type Amount (Wt%) H;PO4 (Wt%) Soluble part (%)
None - 10 37
None - 20 51
None - 60 100
ZnCl, 10 20 74
ZnCl, 20 20 81
ZnCl, 40 20 89
ZnCl, 50 - 75
Zn(OTf), 10 20 52
Zn(OTf), 20 20 65
Zn(OTf), 40 20 76
ZnAc, 10 20 29
ZnAc, 20 20 30
ZnAc, 40 20 34
Sm(OTH); 10 10 30
Sm(OTf); 50 - -

addition to a mineral acid. FTIR and NMR spectroscopy of degradation products
showed that dissociated ions from ZnCl, bind to the amide group of the polymer.
Using the triflate salt, no such interaction could be observed, indicating that the
degradation and catalysis mechanisms differ for the chloride and triflate salts. Five
water-stable lanthanide triflates showed no catalytic effect on the reaction [52].



334 D.S. Achilias
2.5 Poly[alkyl (meth)acrylate]s and Polystyrene

Poly(alkyl methacrylate)s such as poly(methyl methacrylate) (PMMA) are thermo-
plastic polymers that do not have characteristic chemical groups inside the carbon
backbone. Therefore, these polyesters formed from addition polymerization, in
contrast to polyesters synthesized via polycondensation reactions (e.g. PET), can-
not be easily degraded to their monomers by simple chemical reagents. Instead,
thermal or thermo-chemical degradation methods are usually applied. The mono-
mer methyl methacrylate (MMA) can be obtained from the degradation of PMMA
via an unzipping mechanism. Accordingly, a chain scission mechanism exists,
which starts at weak chemical links inside the macromolecular chain and continues
with end-chain scission, resulting in the production of large amounts of
monomer [53].

Of the poly(alkyl methacrylate)s, the decomposition of PMMA has been exten-
sively studied, although techniques developed for this polymer can be easily
applied to other methacrylate polymers. Among other techniques, degradation of
PMMA by photochemical reactions, oxidation, pyrolysis and high-temperature
heating have been investigated. Thermal decomposition usually takes place at
high temperatures and pressures and requires long reaction times. Compared with
conventional thermal treatment by pyrolysis, sample digestion by microwave
irradiation presents several advantages, such as energy saving by significantly
reducing the time required, high decomposition efficiency by minimizing contam-
ination and excellent control of degradation conditions.

Lin et al. [54] investigated the degradation of PMMA with an average molecular
weight of 120,000 g/mol and proposed a kinetic model for the microwave-assisted
decomposition by acid (HNOj3) digestion. A microwave reactor was used with a
Teflon-coated cavity, in which temperature and pressure were recorded and con-
trolled. The polymer was mixed with HNOj and digested at various temperatures.
The effect of temperature on the digestion efficiency of PMMA is illustrated in
Fig. 16. The pressure inside the closed vessel increased with temperature as a result
of evaporation of HNOj and partly from other volatile products such as MMA,
H,O, CO and CO,. From Fig. 16 it seems that complete degradation occurred at
200°C by microwave/HNO; digestion, whereas in conventional heating pyrolysis
reactions, a temperature of 450°C was needed to completely degrade PMMA to its
monomer [53].

According to the proposed mechanism of PMMA degradation by microwave
irradiation in concentrated HNOj; solution, digestion resulted in the hydrolysis of
the polymer to hydrophilic products. The dominant degradation products were
MMA and hydrophilic compounds with carboxyl end-groups. As the digestion
temperature increased, the particle size of PMMA decreased, resulting in increased
surface area and a narrower particle size distribution. Furthermore, a kinetic model
for PMMA decomposition was developed combining the carbon backbone scission
via first-order kinetics with the side-chain scissions via zero-order kinetics. The
model was used to simulate the variation of PMMA mass under different digestion
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temperatures. It was found that main-chain scission dominated at high temperatures
(453 and 473 K), whereas side-chain scission dominated at the lower temperature
range (423443 K). The latter temperature range resulted in enhanced efficiency of
digestion of PMMA. The oxidizing potential of HNO; was also verified by the
finding that almost 100% digestion efficiency was measured at 473 K when the
volume of nitric acid was more than 3 mL [54]. Similar works by the same group of
authors have also been published [55, 56].

In order to enhance the degradation of poly(alkyl methacrylate)s, Marimuthu
and Madras [57] used microwave-assisted oxidative degradation in dichloroben-
zene solution. Poly(ethyl methacrylate) (PEMA), PMMA and poly(butyl methac-
rylate) (PBMA) were studied in the presence of typical free radical initiators such as
benzoyl peroxide (BPO) or azo-bis isobutyronitrile (AIBN), which were used as
oxidizers in different concentrations. The results were compared with those for
thermal oxidative degradation and showed an enhancement of the degradation rate
when microwave heating was used. The microwave-assisted oxidative degradation
rate of poly(alkyl methacrylate)s increased with an increase in the number of
carbon atoms of the alkyl substituents, following the order
PBMA >PEMA >PMMA, and the activation energy decreased with the chain
length. The molecular weight distribution of the degradation mixture approached
an exponential distribution under both thermal and microwave-assisted oxidative
degradation, indicating a random chain-scission mechanism. But, this needs to be
further investigated by analysis of the degradation products.

Furthermore, the same authors (Marimuthu and Madras [58]) investigated the
microwave-assisted oxidative degradation of several poly(alkyl acrylates)s such as
poly(methyl acrylate) (PMA), poly(ethyl acrylate) (PEA) and poly(butyl acrylate)
(PBA). It was found that the degradation rate under microwave irradiation
decreased with an increase in the number of carbon atoms of the alkyl substituents
and followed the order PMA > PEA > PBA. The kinetic rate coefficients of hydro-
gen abstraction and oxidative random chain scission were estimated from fitting to
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experimental data and found to depend only on the type of polymer and not on the
oxidizer used.

The same concept of microwave-assisted oxidative degradation was also applied
to polystyrene (PS) by Sivalingam et al. [59]. The reaction kinetics was studied in
dichlorobenzene solvent, using BPO as an oxidizing agent. It was proved that the
oxidative degradation of PS in solution can be significantly enhanced by microwave
irradiation. It should be pointed out here that the choice of the solvent is of
significant importance. Because polymers such as PS have poor dielectric proper-
ties, the solvent used should be able to absorb the microwave energy to achieve the
necessary temperature. Dichlorobenzene is such a good solvent. The reaction times
were very low, ranging from 20 to 45 s, and several cycles of heating were applied.
From measurements of the number-average molecular weight of unreacted PS, a
rapid reduction in the initial 6 min of effective microwave exposure was observed.
Under conventional thermal heating conditions, appreciable degradation of poly-
styrene was not observed.

2.6 Other Polymers
2.6.1 Poly(vinyl alcohol)

Poly(vinyl alcohol) (PVA) is a polymer that is used in the cosmetic industry,
textiles, pharmaceuticals, paints and as a colloid protector in emulsion polymeri-
zations. Degradation of solid PVA films by microwave irradiation has been
reported in literature [60, 61]. It was found that polymer dehydration with formation
of crosslinks via ether bridges occurs at moderate temperatures (100-150°C),
whereas heating by microwave irradiation or by conventional means at higher
temperatures causes formation of double bonds. So, crosslinking is ascribed spe-
cifically to a nonisothermal microwave effect. On the other hand, crosslinking
reactions were not observed, even after 10 h of treatment, when another type of
irradiation, UV, was used.

Although the majority of the studies have been carried out on bulk, solid
materials, when it comes to particular applications (e.g. electrospinning and cast-
ing) PVA in the form of a solution in a suitable solvent is required. In order to
enhance the dissolution rate and to overcome the relatively poor solubility of highly
hydrolyzed PVA, the solutions are sometimes are heated or even boiled. Bernal
et al. [62] has investigated the stability of PVA solutions under microwave irradi-
ation in EG. FTIR, UV-vis and GPC measurements showed that only minor
changes took place in PVA after the microwave treatment. Consequently, micro-
wave treatment within the investigated time scale of 20 min was recommended to
be appropriate for heating of PVA solutions in EG. Therefore, it was proved that use
of microwave-assisted heating of PVA in EG solution is beneficial in terms of
shortening the time and reducing the cost of polymer processing.
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2.6.2 Poly(ethylene oxide)

Poly(ethylene oxide) is a water-soluble polymer that can be degraded in an aqueous
environment by the use of a water-soluble free radical initiator. Potassium
persulfate, K,S,0g, is such a free radical initiator and is widely used to produce
the initial radicals needed in conventional emulsion polymerizations. This com-
pound was also used as an oxidizing agent for the thermal and microwave-assisted
oxidative  degradation of poly(ethylene oxide) by  Vijayalakshmi
et al. [63]. Parameters that were found to increase the degradation rate included
temperature, concentration of persulfate and heating cycle time. However, as the
thermal decomposition of K,S,0g is very slow at temperatures lower than 50°C,
oxidative processes were mainly responsible for the polymer degradation. The
degradation kinetics was also studied and the rate coefficients were obtained from
a theoretical simulation model using the principles of continuous distribution
kinetics. It was found that microwave-assisted degradation was far more effective
than conventional heating in solution, in terms of reducing reaction time, lowering
the activation energies and obtaining higher rates [63].

2.6.3 Crosslinked Polymeric Biomaterials

In order to study the degradation behaviour of some novel crosslinked polymeric
biomaterials, Ghaffar et al. [64] proposed hydrolytic degradation in a microwave
reactor. The polymeric biomaterials used included poly(2-hydroxyethyl methacry-
late) (PHEMA), poly(lactide-co-glycolide 50/50);550-diol, (PLGA(50:50);550-
diol), PLGA(50:50),550-diol(HEMA), and PLGA(50:50);55¢-diol(etLDI-HEMA),
containing ethyl ester lysine diisocyanate (etLDI) linkers. "H NMR spectroscopy
was used to monitor the degree of hydrolysis and optimize the reaction time and
temperature. Complete hydrolytic degradation was achieved after 24 h at 120°C
and 3 bar pressure. Chemical structure elucidation of the degradation products was
carried out using 'H and '">C NMR spectroscopy. The molecular weight of the
polymethacrylic backbone was estimated via size-exclusion chromatography. A
bimodal molecular weight distribution was found experimentally, also in the
PHEMA starting material.

Hydrolysis was carried out in 1 M alkaline (KOH) solution in a 10-mL pressur-
ized glass vial using a magnetic stirrer. The pressurized glass vial was internally
lined with a PTFE tube of 1 mm thickness (see Scheme 4).

The main hydrolysis products, PMAA, EG, DEG, lactic acid (LA), glycolic acid
(GA) and lysine were recovered almost quantitatively. The proposed reaction
scheme for the hydrolytic degradation appears in Scheme 5.
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Scheme 4 Diagram of
CEM discover microwave pressure
apparatus with additional
PTFE lining of 1 mm
thickness. (Reprinted from
Ghaffar et al. [64] with
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2.6.4 Poly(vinyl chloride)

Poly(vinyl chloride) (PVC) is a polymer produced in large amounts worldwide and
has a number of different applications. However, its use has been restricted
recently, mainly as a result of problems related to its production from vinyl chloride
(which is a potential carcinogenic), as well as because of the plasticizers (mainly
phthalic esters) that are usually added to the polymer. In addition, during the
thermal decomposition of PVC, hydrogen chloride is released, requiring special
equipment and procedures. Therefore, dehydrochlorination is required in order for
PVC to be treated by pyrolysis. Due to the existence of the chlorine atom in PVC’s
macromolecular backbone, it can absorb microwave power more efficiently com-
pared with other commercially available thermoplastics. Moriwaki et al. [65] took
advantage of this property to examine the dehydrochlorination of PVC under
microwave irradiation. The objective was to elucidate the temperature dependency
of microwave power absorption by PVC by observing the temperature profile
during irradiation. The measurements showed that the dielectric loss was increased
in proportion with a temperature rise in the first temperature domain; after that, this
parameter started to rise quickly at temperatures exceeding 120°C. More than the
90% of the dehydrochlorination yield was achieved by microwave irradiation of
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Scheme 5 Proposed reaction scheme for the hydrolytic degradation of (a) PHEMA, (b) PLGA
(50:50)1550-di01, (C) PLGA(SO50)1550-lel(HEMA)2 and (d) PLGA(SOIsO)1550-di01(6[LDI—
HEMA),. PLGA poly(lactide-co-glycolide), PHEMA poly(2-hydroxyethyl methacrylate), PMAA
poly(methacrylic acid), EG ethylene glycol, DEG diethylene glycol, LA lactic acid, GA glycolic
acid. The numbering corresponds to NMR peak assignments. (Reprinted from Ghaffar et al. [64]
with permission)

PVC, indicating that preheating the material resulted in shorter irradiation times
required to reach such yield.

In order to increase the dehydrochlorination rate of pure PVC, other compounds
exhibiting a high loss factor for microwave energy absorption were examined
[66]. The microwave absorbents found to affect the PVC decomposition process
were activated carbon and Zn—Mn ferrite powder (Moriwaki et al. [66]). What was
proved is that activated carbon is superior to the ferrite as an absorber of microwave
energy. The dehydrochlorination ratio varies according to the irradiated microwave
energy and the PVC grade.

In a similar paper, microwave irradiation was also applied to facilitate the
removal of chlorine from PVC (Ito et al. [67]). High temperatures for the dehydro-
chlorination were used and the residual amount of PVC was found to depend on the
thermal exposure time. A domestic microwave oven was used for the decomposi-
tion of PVC, operating at 2.45-GHz microwave irradiation by applying moderate
electrical field intensity. As was reported previously for the degradation of poly-
carbonate, the microwave sensitivity was enhanced above the glass transition
temperature of PVC (i.e. around 80°C). At the same time, preheating of the sample
before irradiation was found to significantly enhance the dechlorination efficiency
and seriously affect microwave absorption efficiency and PVC weight loss. A more
detailed review can be found in the literature [1].
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2.6.5 Devulcanization of Rubber

Vulcanized rubbers are materials commonly used in various industrial applications.
In recent years, the dramatic increase in rubber wastes has force the scientific
community to pay considerable attention to its reclamation. During the reclaiming
process, a series of changes is imposed on the material, providing it with unique
properties that are different to those of the virgin rubber without curing. However,
the devulcanization processes generally result in a product with inferior physical
and mechanical properties. Microwave and ultrasound techniques have been
applied in attempts to easily obtain and control the energy required for the
devulcanization of the rubber. Microwave irradiation occurs by heating the sample
using a source of energy radiation, resulting in the rupture of crosslinks (mainly the
C-S and S-S linkages) [68].

In order to promote breakage of the crosslinks present in the macromolecular
network of ethylene-propylene-diene rubber (EPDM-r) scraps from the automotive
industry, Pistor et al. [68] studied the effect of using microwave irradiation instead
of conventional heating. The influence of paraffinic oil on the devulcanization
process was also studied. A conventional microwave oven was used, with exposure
times ranging from 2 to 5 min. It was found that the presence of paraffin oil in
EPDM-r affects the devulcanization process (gel content measurements) and that
the glass transition temperature of EPDM-r decreased with an increase in the
microwave exposure time (DSC measurements). The maximum exposure time for
samples containing oil was 4 min. With the use of the paraffinic oil, the maximum
temperature reached by the samples after the devulcanization process was lower
than for the corresponding sample without oil (i.e. 216 and 372°C, respectively).
The higher maximum temperatures measured when no paraffinic oil was used were
caused by the increase in the carbon black content and the absence of evaporation or
degradation of oil. In addition, carbon black has high thermal conductivity and heat
capacity, allowing greater accumulation of internal energy and a better distribution
of energy in the material. These two phenomena contribute to a more selective and
uniform devulcanization of the material.

3 Microwave-Assisted Pyrolysis of Polymers

The term “pyrolysis” comes from the Greek word pyr, which means fire, and is
defined as heating of a material in the absence of oxygen, resulting in its thermal
degradation into three types of intermediate products: gaseous (low molecular
weight gases), liquid (heavy molecular weight compounds that condense when
cooled) and solid (char). Pyrolysis has been widely used in the recycling of different
types of polymer, aiming for the recovery of either their monomers (i.e. PMMA,
PS, etc.) or a liquid fraction with composition similar to common liquid fuels
(LDPE, HDPE, PP) [69].
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Microwave heating is emerging as one of the most attractive alternative tech-
nologies in the pyrolysis process. The advantages of microwave pyrolysis over
conventional pyrolysis include fast heating times, easy control of operating param-
eters, bulk and targeted heating and lower operating temperatures and energy
requirements. However, there are several major limitations that prevent this tech-
nology from being widely employed in the waste manufacturing industry. These
include the absence of sufficient data to quantify the dielectric properties of the
treated waste streams, the need for a multidisciplinary approach to design and
develop the related conversion units and the uncertainty about the actual costs [3].

The type and properties of the materials used together with the operating
conditions are the main factors affecting any pyrolysis process and determining
the composition and yields of the gaseous and liquid products. However, when
microwaves are used as heating method in the pyrolysis process, one must consider
additional complications that could affect the heat, mass transportation mechanism
and chemical reactions, together with the necessity of using microwave absorbing
compounds.

Microwave-induced pyrolysis processes are relatively new and were initially
developed by Tech-En Ltd. in Hainault, UK [70, 71]. The process involves the
mixing of plastic-containing wastes, which are known to have very high transpar-
encies to microwaves, with a highly microwave-absorbent material such as partic-
ulate carbon [72]. The carbon reaches temperatures of around 1,000°C within a few
minutes in the microwave field, and energy is transferred to the shredded plastic by
conduction, providing the efficient energy transfer associated with microwave
heating processes. Ludlow-Palafox and Chase [72] investigated the microwave-
induced pyrolysis of HDPE and aluminium/polymer laminates (toothpaste tube) in
a semibatch bench-scale apparatus. The results showed that microwave pyrolysis
had the same general characteristics as conventional heating pyrolytic processes,
but with the advantage that it could deal with problematic wastes such as laminates.
In the case of the commercial toothpaste tube, liquid and gaseous hydrocarbons
were obtained from the degradation of the polymeric part, whereas very high
quality aluminium was recovered from the aluminium foil. In an integrated unit,
the gaseous fraction can be used in a self-sustaining process by burning the gas and
using it as a fuel or energy source.

The information provided in this section is limited to very recent advances and
the interested reader is directed to a recent detailed review on microwave-assisted
pyrolysis by Fernandez et al. [3].

The group of Khan investigated pyrolysis of waste polystyrene in a metal coil
reactor using aluminium as antenna and heat-generating material [73]. Tempera-
tures as high as the melting point of aluminium were obtained in the microwave
oven. The microwaves were applied in 2-min pulses for 10 min. Aluminium in the
form of tightly coiled wires, strips and cylinders was used and the reaction rate was
found to depend on the form, shape and size of the aluminium. Faster reaction was
observed for the wire coil, slower for strips and negligible for the cylindrical form.
The fraction of the pyrolysis products was 10% gases, 88% liquid and 2% char. The
liquid portion contained substituted benzene in addition to polycyclic aromatics and



342 D.S. Achilias

condensed ring aromatics. Aromatic compounds were also identified in the liquid
fraction obtained from pyrolysis of polystyrene under conventional heating. The
microwave-assisted pyrolysis results in higher quantities of liquid products of
increased selectivity in a shorter time, and offers a cheap procedure for industrial-
scale conversion of waste polystyrene into valuable commercial products. This
method was extended by the authors to the co-pyrolysis of waste polystyrene with
coal [74], where the oily liquid was found to contain mainly aromatic compounds
such as 1-phenylethanol, 2-benzylphenol, 2-styrylphenol or
methoxymethylbenzene in a narrow range. Conventional pyrolysis of polystyrene
requires a temperature of 510°C and yields 92% liquid with almost 62% styrene
monomer [75].

Recently, Russell et al. [76] performed microwave-assisted pyrolysis of HDPE
using a reactor bed of catalytic activated carbon. As activated carbon is an excellent
microwave absorbent, it served two primary functions: as a catalyst in the pyrolytic
cracking of HDPE and also as the enveloping and energy transferring agent
necessary for processing microwave-transparent material. The process resulted in
a liquid product with a composition of hydrocarbons matching commercial fuels
such as petrol and diesel. Greater cracking was observed across all operating
temperatures, and a lighter liquid product with a narrower range of chain lengths
was produced compared with the use of a bed of traditional coke.

Microwave-assisted pyrolysis has been also employed in the recycling of waste
electric and electronic equipment [77]. This type of waste contains a number of
polymeric materials, such as acrylonitrile butadiene styrene (ABS), polycarbonate
(PC) and high impact polystyrene (HIPS). The process was successful in producing
oil, gas and a solid residue with a rather stable mass reduction that was independent
of the temperature scatter during pyrolysis.

Conclusions
In this review, recent literature on the application of microwave irradiation to
polymer degradation has been presented. The great importance of this process
is obvious from the large number of papers published during the last 5-10
years. From a number of different polymers studied, the following conclu-
sions can be drawn.

Microwave irradiation does not seem to affect the degradation mechanism
of the polymer but it seriously shortens the reaction time needed to complete
depolymerization.

(continued)
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Because most of polymers do not absorb microwave energy, selection of
the appropriate solvent, reagent or catalyst added is crucial. Such compounds,
besides their typical role in the degradation mechanism, must be selected for
their ability to absorb microwave energy.

Microwave-assisted polymer pyrolysis shows the potential to be exten-
sively used in the coming years. Understanding polymer degradation under
microwave irradiation will help in developing advanced techniques for poly-
mer recycling. Perhaps microwave absorbers could be added to the polymer
matrix during the production line so that final product plastics could be easily
recycled after their end-use. In view of limited global resources and environ-
mental problems, energy-saving and simple chemical recycling technologies
for waste plastic materials, such as the use of microwave irradiation, will
certainly contribute to the worldwide polymer industry.

References

12.

13.

14.

15.

16.

. Bogdal D, Prociak A (2007) Recycling of plastics. In: Microwave enhanced polymer chem-

istry and technology. Wiley-Blackwell, Richmond

. Achilias DS (2012) Material recycling-trends and perspectives. InTech Open Access, Croatia
. Fernandez Y, Arenillas A, Menendez JA (2011) Microwave heating applied to pyrolysis. In:

Grundas S (ed) Advances in induction and microwave heating of mineral and organic
materials. InTech, Croatia

. Bogdal D, Penczek P, Pielichowski J, Prociak A (2003) Microwave assisted synthesis,

crosslinking and processing of polymeric materials. Adv Polym Sci 163:193-263

. Hoogenboom R, Schubert US (2009) Microwave-assisted organic and polymer chemistry.

Aust J Chem 62(3):181-183

. Hoogenboom R, Wilms TFA, Erdmenger T, Schubert US (2009) Microwave-assisted chem-

istry: a closer look at heating efficiency. Aust J Chem 62(3):236-243

. Karayannidis GP, Achilias DS (2007) Chemical recycling of PET. Macromol Mater Eng

292:128-146

. Krzan A (1998) Microwave irradiation as an energy source in PET solvolysis. J Appl Polym

Sci 69:1115-1118

. Krzan A (1999) PET glycolysis under microwave irradiation. Polym Adv Technol 10:603-606
. Ikenaga K, Oyama H (2006) Accelerated chemical degradation of PET by microwave basic

catalysis. Polym Prepr 55:2469-2470

.Liu L, Zhang D, An L, Zhang H, Tian Y (2005) Hydrolytic depolymerization of PET under

microwave irradiation. J Appl Polym Sci 95:719-723

Li K, Song X, Zhang D (2008) Depolymerization of PET with catalyst under microwave
irradiation. J Appl Polym Sci 109:1298-1301

Li K, Song X, Zhang D (2008) Molecular weight evaluation of depolymerized PET using
intrinsic viscosity. J Appl Polym Sci 109:1294-1297

Song X, Zhang S, Zhang D (2010) Catalysis investigation of PET depolymerization under
metal oxides by microwave irradiation. J Appl Polym Sci 117:3155-3159

Ge Y, Han C, Zhang D (2011) Study of PET depolymerization catalysed by metal oxide with
different acidity/basicity under microwave irradiation. Adv Mater Res 233-235:1076-1079
MaY, Tang Q, Zhang D (2011) Catalysis investigation of PET depolymerization by super acid
SO42’/y—A1203 under microwave irradiation. Adv Mater Res 233-235:1073-1075



344 D.S. Achilias

17. Yan H,Ma Y, Zhang W, Zhang D (2012) Catalytic effects of super acid SO427/y—A1203 to PET
depolymerization under microwave irradiation. Adv Mater Res 550-553:280-283

18. Geng L, Han C, Zhang D (2011) Catalysis investigation of PET depolymerization by ZnSrO,
under microwave irradiation. Adv Mater Res 239-242:3194-3197

19. Zuo M, Zhang W, Feng Q, Han C, Zhang D (2012) Preparation of ZnO.SrO and its catalysis to
PET depolymerization under microwave irradiation. Adv Mater Res 557-559:135-138

20. Tang Q, Ma Y, Zhang D (2011) Effects of temperature on catalytic hydrolysis of PET by zinc
sulphate under microwave irradiation. Adv Mater Res 233-235:1628-1631

21. Zhang W, Shi X, Zhang X, Han C, Zhang D (2012) PET depolymerization catalysed by
sulphates under microwave irradiation. Adv Mater Res 550-553:792—797

22. Nikje MMA, Nazari F (2006) Microwave-assisted depolymerization of PET at atmospheric
pressure. Adv Polym Technol 25:242-246

23. Nikje MMA, Nazari F (2009) Simple and convenient method of chemical recycling of PET by
using microwave radiation. Polimery/Polymers 54:635-638

24. Pingale ND, Shukla SR (2008) Microwave assisted ecofriendly recycling of PET bottle waste.
Eur Polym J 44:4151-4156

25. Pingale ND, Shukla SR (2009) Microwave-assisted aminolytic depolymerization of PET
waste. Eur Polym J 45:2695-2700

26. Parab YS, Pingale ND, Shukla SR (2012) Aminolytic depolymerization of poly(ethylene
terephthalate) bottle waste by conventional and microwave irradiation heating. J Appl
Polym Sci 125:1103-1107

27. Shah RV, Shukla SR (2012) Effective aminolytic depolymerization of poly(ethylene tere-
phthalate) waste and synthesis of bisoxazoline thereform. J Appl Polym Sci 125:3666-3675

28. Shah RV, Borude VS, Shukla SR (2013) Recycling of PET waste using 3-amino-1-propanol by
conventional or microwave irradiation and synthesis of bis-oxazin thereform. J Appl Polym
Sci 127:323-328

29. Siddiqui MN, Achilias DS, Redhwi HH, Bikiaris DN, Katsogiannis K-AG, Karayannidis GP
(2010) Hydrolytic depolymerization of PET in a microwave reactor. Macromol Mater Eng
295:575-584

30. Achilias DS, Redhwi HH, Siddiqui MN, Nikolaidis AK, Bikiaris DN, Karayannidis GP (2010)
Glycolytic depolymerization of PET waste in a microwave reactor. J Appl Polym Sci
118:3066-3073

31. Achilias DS, Tsintzou GP, Nikolaidis AK, Bikiaris DN, Karayannidis GP (2011) Aminolytic
depolymerization of poly(ethylene terephthalate) waste in a microwave reactor. Polym Int
60:500-506

32. Siddiqui MN, Achilias DS, Redhwi HH (2012) Recycling of poly(ethylene terephthalate)
waste through methanolic pyrolysis in a microwave reactor. J Anal Appl Pyrol 98:214-220

33. Khalaf HI, Hasan OA (2012) Effect of quaternary ammonium salt as a phase transfer catalyst
for the microwave depolymerization of poly(ethylene terephthalate) waste bottles. Chem Eng J
192:45-48

34. Hayes BL (2002) Microwave synthesis: chemistry at the speed of light. CEM Publishing,
Matthews

35. Chen F, Wang G, Shi C, Zhang Y, Zhang L, Li W, Yang F (2013) Kinetics of glycolysis of poly
(ethylene terephthalate) under microwave irradiation. J Appl Polym Sci 127:2809-2815

36. Chaudhary S, Surekha P, Kumar D, Rajagopal C, Roy PK (2013) Microwave assisted
glycolysis of poly(ethylene terephthalate) for preparation of polyester polyols. J Appl Polym
Sci 129:2779-2788

37. Zhang S, Song X, Zhang D, Tian Y (2011) Kinetics of the hydrolytic depolymerization of poly
(ethylene terephthalate) under microwave irradiation. Polym J 43:811-815

38. Cho JY, Hong C-J, Choi H-M (2013) Microwave-assisted glycolysis for PET with highly
hydrophilic surface. Ind Eng Chem Res 52:2309-2315



Polymer Degradation Under Microwave Irradiation 345

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

Shafique U, Zaman W, Anwar J, Munawar MA, Salman M, Dar A, Rehman R, Ashraf U,
Ahmad S (2011) A rapid economical and eco-friendly method to recycle terephthalic acid from
waste poly(ethylene terephthalate) bottles. Int J Polym Mater Polym Biomat 60:1147-1151
LiuZ, Liu R, Wang Y, Fan X, Tao C (2011) Microwave-assisted degradation of waste PET at
atmospheric pressure using silicon carbide as power modulator. In: Proceedings of the
international conference on remote sensing, environment and transportation engineering,
RSETE 2011, pp 3276-3280

Biedermann-Brem S, Grob K (2009) Release of bisphenol-A from polycarbonate baby bottles:
water hardness as the most relevant factor. Eur Food Res Technol 228:679-684

Tsintzou GP, Antonakou EV, Achilias DS (2012) Environmentally friendly chemical
recycling of poly(bisphenol-A carbonate) through phase transfer-catalysed alkaline hydrolysis
under microwave irradiation. ] Hazard Mater 241-242:137-145

Kim D, Kim BK, Cho Y, Han M, Kim BS (2009) Kinetics of polycarbonate glycolysis in
ethylene glycol. Ind Eng Chem Res 48:685-691

Nikje MMA (2011) Glycolysis of polycarbonate wastes with microwave irradiation. Polimery/
Polymers 56:381-384

Nikje MMA, Nikrah M (2007) Chemical recycling and liquefaction of rigid polyurethane foam
wastes through microwave assisted glycolysis process. J Macromol Sci Part A Pure Appl
Chem 44:613-617

Nikje MMA, Nikrah M, Haghshenas M (2007) Microwave assisted “split phase” glycolysis of
polyurethane flexible foam wastes. Polym Bullet 59:91-104

Nikje MMA, Nikrah M (2007) Microwave assisted glycolysis of polyurethane cold cure foam
wastes from automotive seats in “split phase” condition. Polym-Plast Technol Eng 46:409-415
Nikje MMA, Mohammadi FHA (2010) Polyurethane foam wastes recycling under microwave
irradiation. Polym-Plast Technol Eng 49:818-821

Nikje MMA, Nikrah M, Mohammadi FHA (2008) Microwave-assisted polyurethane bond
cleavage via hydroglycolysis process at atmospheric pressure. J Cellular Plastics 44:367-380
Nikje MMA (2012) Polyurethane foams produced from components received in microwave
assisted recycling of PUR waste and starch liquefaction. Polimery/Polymers 57:11-17

Klun U, Krzan A (2000) Rapid microwave induced depolymerization of polyamide-6. Polymer
41:4361-4365

Klun U, Krzan A (2002) Degradation of polyamide-6 by using metal salts as catalyst. Polym
Adv Technol 13:817-822

Achilias DS (2007) Chemical recycling of poly(methyl methacrylate) by pyrolysis. Potential
use of the liquid fraction as a raw material for the reproduction of the polymer. Eur Polym J
43:2564-2575

Lin C-C, Guo G-L, Tsai T-L (2009) A bi-order kinetic model for poly(methyl methacrylate)
decomposition in HNO; using microwave irradiation. AIChE J 55:2150-2158

Tsai T-L, Lin C-C, Guo G-L, Chu T-C (2008) Chemical kinetics of poly(methyl methacrylate)
decomposition assessed by a microwave-assisted digestion system. Ind Eng Chem Res
47:2554-2560

Tsai T-L, Lin C-C, Guo G-L, Chu T-C (2008) Effect of microwave-assisted digestion on
decomposition behaviour of poly(methyl methacrylate). Mater Chem Phys 108:382-390
Marimuthu A, Madras G (2008) Continuous distribution kinetics for microwave-assisted
oxidative degradation of poly(alkyl methacrylates). AIChE J 54:2164-2173

Marimuthu A, Madras G (2008) Effect of oxidizers on microwave-assisted oxidative degra-
dation of poly(alkyl acrylates). Ind Eng Chem Res 47:7538-7544

Sivalingam G, Agarwal N, Madras G (2003) AIChE J 49:1821

Petrova N, Evtushenko A, Chikhacheva I, Zubov V, Kubrakova I (2005) Russ J Appl Chem
78:1158

Alekseeva N, Evtushenko A, Chikhacheva I, Zubov V, Kubrakova I (2005) Mendeleev
Commun 14:170



346 D.S. Achilias

62. Bernal A, Kuritka I, Kasparkova V, Saha P (2013) The effect of microwave irradiation on poly
(vinyl alcohol) dissolved in ethylene glycol. J Appl Polym Sci 128:175-180

63. Vijayalakshmi SP, Chakraborty J, Madras G (2005) Thermal and microwave-assisted oxida-
tive degradation of poly(ethylene oxide). J Appl Polym Sci 96:2090-2096

64. Ghaffar A, Verschuren PG, Geenevasen JAJ, Handels T, Berard J, Plum B, Dias AA,
Schoenmakers PJ, van der Wal SJ (2011) Fast in vitro hydrolytic degradation of polyester
urethane acrylate biomaterials: structure elucidation, separation and quantification of degra-
dation products. J Chrom A 1218:449-458

65. Moriwaki S, Machina M, Matsumoto H, Kuga M, Ogura T (2006) J Anal Appl Pyrolysis
76:238

66. Moriwaki S, Machina M, Matsumoto H, Otsubo Y, Aikawa M, Ogura T (2006) Appl Therm
Eng 26:745

67. Ito M, Ushida K, Nakao N, Kikuchi N, Nozaki R, Asai K, Washio M (2006) Polym Degrad
Stab 91:1694

68. Pistor V, Scuracchio CH, Oliveira PJ, Fiorio R, Zattera AJ (2011) Devulcanization of ethylene-
propylene-diene polymer residues by microwave-influence of the presence of paraffinic oil.
Polym Eng Sci 51:697-703

69. Achilias DS (2009) Chemical recycling of waste plastics by pyrolysis: effect of polymer type
on products distribution, chapter 14. In: Donahue WS, Brandt JC (eds) Pyrolysis: types,
processes, and industrial sources and products. Nova Science, New York, pp 359402

70. Holland KM (1995) Apparatus for waste pyrolysis. US Patent 5,387,321 A

71. Holland KM (1994) Process of destructive distillation of organic material. US Patent
5,330,623A

72. Ludlow-Palafox C, Chase HA (2001) Microwave induced pyrolysis of plastic wastes. Ind Eng
Chem Res 40:4749-4756

73. Hussain Z, Khan KM, Perveen S, Hussain K, Voelter W (2012) The conversion of waste
polystyrene into useful hydrocarbons by microwave-metal interaction pyrolysis. Fuel Proc
Technol 94:145-150

74. Hussain Z, Khan KM, Basheer N, Hussain K (2011) Co-liquefaction of Makarwal coal and
waste polystyrene by microwave-metal interaction pyrolysis in copper coil reactor. J Anal
Appl Pyrol 90:53-55

75. Achilias DS, Kanellopoulou I, Megalokonomos P, Antonakou E, Lappas AA (2007) Chemical
recycling of polystyrene by pyrolysis: potential use of the liquid product for the reproduction
of polymer. Macromol Mater Eng 292:923-934

76. Russell AD, Antreou EI, Lam SS, Ludlow-Palafox C, Chase HA (2012) Microwave-assisted
pyrolysis of HDPE using an activated carbon bed. RSC Adv 2:6756-6760

77. Andersson M, Wedel MK, Forsgren C, Christeen J (2012) Microwave assisted pyrolysis of
residual fractions of waste electrical and electronic equipment. Miner Eng 29:105-111



Index

A
Acrylamide (AM), 96, 138-142, 277, 282
Acrylic resins, 261
Acrylonitrile butadiene styrene (ABS), 342
Agarose, amino-functional, 218
Aldol condensation, 21
Alginic acid, 220
Alkenes, 11, 228
hydrogenation, 22
metathesis, 11
Alkoxycarbonylation, 22
Allyl phenyl ether, 16
Amino alcohols, 73, 186
Aminolysis, 187, 313, 322
2-Amino-4-nitrophenol (4-NAP), 108
3-Aminophthalic anhydride, 60
Amylopectin, 215
Anomerization, 21
2-Arylpyridine, 13
Atom transfer radical polymerization (ATRP),
90, 131, 134, 139, 230
Atrazine, 108
Azalumazines, 26
Azides, 28
cycloaddition, 14, 230

B

Bacterial cellulose (BC), 278
Baeyer—Villiger reaction, 77
Batch reactors, 295
Baylis-Hillman reaction, 21
Beckmann rearrangement, 29
Benzimidazole, 72

Biginelli reaction, 20

Biodegradability, 310

Biomaterials, crosslinked, 337

3,3-Bis(chloromethyl)oxetane (BCMO), 59

Bis(2-hydroxyethyl) terephthalamide
(BHETA), 313

Bisphenol-A (BPA), 59, 73, 175, 254, 326

Bisphenol-F/epichlorohydrin epoxy resin, 246

BODIPY, 122

Borylation, 10

N-p-Bromophenylmaleimide (BrPMI), 97

Buckminsterfullerene, 272

Butyl acrylate (BA), 108, 290

C

Carbohydrates, 14, 212, 220

Carbon black, 241, 245, 340

Carbon dots, 211

Carbon nanomaterials, 209

Carbon nanotubes (CNTs), 121, 245, 250, 272

Carboxymethylation, 218

Carboxymethyl cellulose (CMC), 272

Carrageenan, 215

Cationic ring-opening polymerization

(CROP), 185

C-C coupling, 45, 76

Cellulose, 214, 215, 222, 272
bacterial, 278

C-H bonds, 12

Chemical recycling, 309

Chitin, 170, 215, 222

Chitosan, 215, 219, 272

Chitosan-graft-(PDLA-stat-PLLA), 160

Cinchona alkaloids, 21

Citalopram, 30

347



348

Claisen rearrangement, 16, 17
Click reactions, 14, 197, 233, 296
Combinatorial chemistry, 1, 24
Composites, 241, 246
Condensation reactions, 17
Continuous-flow processing, 31

organic synthesis, 1, 4
Controlled radical polymerization (CRP), 133
Copoly(2-oxazoline)s, 185, 195, 299
Copper, 13
Coumarins, Pechmann synthesis, 20
Coupling reactions, 10, 25, 49, 76, 288
Cyanopyridines, 26
Cycloaddition, 1, 15, 21, 26, 188, 230, 233

D
Dean—Stark trap, 18
Deazalumazines, 26
Dehydrochlorination, 339
Depolymerization, PET, 175, 313, 320-324
PLLA, 157
polycarbonate, 327, 328
PU, 330
Devulcanization, 340
Dextrins, 214
Diallyldimethylammonium chloride
(DADMAC), 136
Diamines, 65
Dieckmann condensations, 17
Diels—Alder reaction, 15, 22, 27, 223, 230
Dienyne ring-closing metathesis, 12
Diglycidyl ether of bisphenol A
(DGEMA), 260
1,4-Dihydropyridines (DHPs), 23
N,N-Dimethylacetamide (DMAc),
66, 275, 285
N,N-Dimethylacrylamide (NDMAM),
96, 137
Dimethylamine, 228
N,N-Dimethylaminoethyl acrylate (DMA),
100, 137, 141
Dimethylaminoethyl methacrylate
(DMAEMA), 97
1,3-Dimethylbutadiene, 17
Dimethylformamide (DMF), 5, 100, 169, 187
Dimethylfulvene, 15
1,3-Dimethylimidazolidone (DMI), 50, 56
Dimethylsulfoxide (DMSO), 5, 60, 66,
169, 214
Dimethyl terephthalate (DMT), 258, 313, 321
Dioxanone, 172
3,6-Di(pyridine-2-yl)pyridazine, 230
Direct ethanol fuel cells (DEFCs), 271
Dopamine, 71

Index

E

Electrodeless discharge lamps (EDLs), 23

Enhanced microwave synthesis (EMS), 135

Epibrassinolide, 108

Epoxy/MMT, 259

Epoxy resins, 246, 259-261

Esterification, 18, 32, 216, 225

Ethyl acetate, 6

Ethylene glycol dimethacrylate (EDMA),
264, 267

Ethylene-propylene-diene rubber (EPDM-r), 340

2-Ethylhexyl acrylate (EHA), 96

2-Ethyl-2-oxazoline, 299

Fe;0,4/poly(styrene-co-acrylamide), 284

Flow reactors, 295

Fluorination, 13

Free radical polymerizations, 87, 91, 134,
222,296

Fullerenes, 16, 241, 272

Functionally graded materials (FGMs), 249

G
Gases, 21
Gas-loading accessory, 22
Gellan gum, 120
Glass/epoxy laminates, 246
Glycolysis, 313, 329
Glycopeptides, 233
Gold, 14
Graphene, 213, 261

oxide, 252

sheets (GS), 121
Graphite, 5, 212, 245, 248, 286, 311
Graphite oxide, 261
Guar gum-graft-PCL, 171

H

Hantzsch reaction, 20

Heating, aids (passive heating elements), 5

conventional, 87, 324

Hemicellulose, 217

Hetero-Diels—Alder cycloadditions, 16

Heterogeneous polymerization, 87

Hexadecyl trimethyl ammonium bromide
(HDTMAB), 318

High impact polystyrene (HIPS), 342

High-density polyethylene (HDPE), 51, 248,
311, 340-342

Homogeneous polymerization, 87

Homopoly(2-oxazoline)s, 185, 189, 193

Huisgen cycloaddition, 14

Humic acids, 290

Hybrids, 241



Index

I

Imines, solvent-free synthesis, 20

Inorganic materials, 241

Inulin, 218

Todoarenes, 12

Tonic liquids, 5, 17, 23, 53, 101, 167, 174, 193,
214, 277, 299

Iridium, 13

K

Knoevenagel condensations, 17

L

Lactams, 28, 151, 188

Lactic acid, 64, 152, 155, 298, 300, 304, 337, 339
esterification, 32

Layered double hydroxides (LDHs), 245, 258

M

MACOS (microwave-assisted continuous-flow
organic synthesis), 27

Magnetic nanoparticles, 284

Mannich reaction, 21

Metal catalysis, 1, 10

Methacryloxypropyltrimethoxysilane, 266

Methanolysis, 160, 312, 313, 323, 330

Methyl acrylate (MA), 96

Methyl ethyl ketone, 6

Methyl methacrylate (MMA), 96, 136, 267, 334

N-Methyl pyrrolidinone (NMP), 6

8-Methylquinoline, 13

Methyltrimethoxysilane (MeTMOS), 122

Michael addition, 21, 30, 288

Microcapillary reactors, 28

Microwave-assisted ring-opening
polymerization (MROP), 256

Modes, 4, 6, 132, 135, 144, 217

Molybdenum, 14

Monomode microwave unit, 4, 7

Montmorillonite, 159, 166, 246, 254

Multicomponent reactions (MCRs), 19-26

Multimode microwave unit, 4, 29, 92, 118,
134, 188, 247, 300

Multiwalled carbon nanotubes (MWCNTSs),
54, 115, 260, 272, 279

N

Nafion, 269-272

Nanotubes, 16, 121, 245, 250, 272

Nitroxide-mediated radical polymerization
(NMP), 90, 131, 134, 138

Non-thermal microwave effects, 3, 9, 149, 183

349

(0]
Oligonucleotides, 14
Open-vessel mode, 7, 18

batch, 28, 29
Organic light-emitting diode (OLED), 262
Organocatalysis, 1, 21
1-Oxa-2-oxocyclooctanone, 77
2-Oxazolines, 151, 155, 183, 185

P

Palladium, 10, 13, 27, 30, 76

Parallel processing, 24

PBIOXA, 317

Pechmann synthesis, 20

Pectin, 217
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PEO-PPO-PEO, 211

Peptides, synthesis, 26

PHA-block-(PDLA-stat-PLLA), 159

Phase-transfer catalysis (PTC), 59

o-Phenylenediamine (oPD), 252

Phenylethynyl-terminated polyimide, 249

2-Phenyl-2-oxazoline, 191

PLLA-block-PEG-block-PLLA, 162

Polyamides, 149, 175, 309, 332

polyamide-6 (PA-6), 332

Polyamidoamine (PAMAM), dendrimers, 287

Polycarbonates, 173, 254, 309, 326

Polycinnamamide (PCMA), 288

Polydioxanone, 172

Polyesters, 149, 309

Polyethylene, 51, 223, 248, 250, 309

Polyethylene glycol, 75

Polyimide—(carbon fiber) composites, 249

Polymer degradation, 309

Polymer modification, 209

Polysaccharides, 209, 214

Polystyrene (PS), 25, 223, 309, 334, 342

Polythiophenes, sequential borylation/Suzuki
coupling, 10

Polyurethanes (PU), 246, 309, 330

Poly(acrylamide-aniline)-grafted gum ghatti, 283

Poly(acrylic acid) (PAA), 225

Poly(acrylic)/SiO,/TiO,, 264

Poly(alkyl methacrylate)s, 309, 334

Poly(alkylene hydrogen phosphonate)s, 64

Poly(amide)s (PA)s, 50

Poly(amide-ester)s, 73

Poly(amide-ether-urethane)s, 75

Poly(amide-imide)s (PAIs), 67, 285

Poly(amide-imide-urethane)s (PAIUs), 75

Poly(butyl acrylate) (PBA), 108, 335



350

Poly(butyl methacrylate) (PBMA), 114, 335
Poly(e-caprolactone)s (PCL), 149, 151,
163, 256
Poly(carbazole), 267
Poly(2,5-dibutoxy-1,4-phenylenevinylene), 77
Poly(ester-imide)s (PEIs), 73
Poly(ester)s, 63
Poly(ether-ester)s, 73
Poly(ether-imide)s, 73
Poly(ether)s, 59
Poly(ethyl acrylate) (PEA), 335
Poly[ethylene-co-(acrylic acid)]
(PE-co-PAA), 225
Poly(ethyleneglycol), 263
Poly(ethylene imine), 209, 223
Poly(ethylene oxide), (PEO) 254, 337
Poly(ethylene terephthalate) (PET),
258, 309, 312
Poly(ethylene terephthalate-
co-isophthalate), 175
Poly(ethyl methacrylate) (PEMA), 335
Poly(2-ethyl-2-oxazoline) (PEtOx), 228
Poly(glycolic acid), 153
Poly(3-hydroxy alkanoate)s (PHAs), 159
Poly(2-hydroxyethyl methacrylate)
(PHEMA), 337
Poly(imide)s (PI)s, 56
Poly(lactic acid)s, 66, 149, 155
Poly(lactide-co-glycolide) (PLGA), 339
Poly(methyl acrylate) (PMA), 335
Poly(methyl methacrylate) (PMMA),
92,98, 100, 109, 113, 263, 311, 334
Poly(2-methyl-2-oxazoline) (PMeOx), 228
Poly(methyl vinyl ether-alt-maleic
anhydride), 228
Poly(2-n-nonyl-2-oxazoline), 229
Poly(2-oxazoline)s (POx), 183, 228
Poly(o-phenylenediamine)/reduced graphene
oxide (PoPD/RGO), 252
Poly(m-phenyleneethynylene)s, 76
Poly(2-phenyl-2-oxazoline) (PPhOx), 229
Poly(propylene) (PP), 284
Poly(tetrafluoroethylene) (PTFE),
30, 249, 250, 269, 337
Poly(thiourea)s, 65
Poly(urea)s, 65
Poly(vinyl acetate) (PVAc), 92, 137
Poly(vinyl alcohol) (PVA), 158, 170, 336
Poly(vinyl carbazole), 267
Poly(vinyl chloride) (PVC), 228, 338
Poly(vinylpyrrolidone) (PVP), 263
Post-polymerization modification, 183, 209

Index

Proline, 21

Proteins, binding, 198
co-precipitation, 221
hydrolysis, 25
immobilization, 284

PTFE/C, 269

Pyrolysis, 309, 311, 334
microwave-assisted, 309, 340

R
Ractopamine, 108
Rearrangement, 1, 26, 29
Reversible addition-fragmentation chain
transfer (RAFT) polymerization, 90
Rhodium, 12, 23
Ring-closing metathesis (RCM), 11
Ring-opening polymerization, 3, 45, 87, 149,
183, 256, 296, 299, 302
Rubber, 225
devulcanization, 340
ethylene-propylene-diene rubber
(EPDM-r), 340
Ruthenium, 11

S

Safety, 9, 31, 89, 101, 132

Scale-up, 1, 28

Sealed-vessel batch processing, 30

Sebacic acids, 51, 73

Silicon carbide (SiC), 5, 17, 324

Simultaneous cooling, 4, 21, 139, 142

Single-walled nanotubes (SWCNTs),
16, 272

Solid-phase organic synthesis, 25

Solvent-free reactions, 20

Solvolysis, 309

Stable free radical polymerization
(SFRP), 134

Starch, 214, 217

Step-growth polymerization, 45, 49, 89,
174, 230

Suzuki coupling, 10, 25, 27, 76

T

Terephthalic dihydrazide, 316

Thiophenes, 10

Tipranavir, 14

Transesterification, 17, 63, 153, 160, 165,
221, 330



Index

Trimethylene carbonate (TMC), 173

Trioctyl methyl ammonium bromide
(TOMAB), 318

Triyne ring-closing metathesis, 12

U

Ugi reaction, 20
Upscaling, 295-305
Urazoles, 66

\%
Van’t Hoff rule, 89

X
Xanthates, 134

zZ

Zn-Mn ferrite, 339

ZnCl,, 333

Zn0, 314, 325
nanoparticles, 263
PMMA, 263

ZnS0y, 315

351



	Editorial
	Contents
	Microwave-Assisted Synthesis: General Concepts
	1 Introduction
	2 Frequently Used Terms
	2.1 Specific Microwave Effects
	2.2 Nonthermal Microwave Effects
	2.3 Multimode Microwave Unit
	2.4 Monomode Microwave Unit
	2.5 Simultaneous Cooling
	2.6 Microwave-Assisted Continuous-Flow Organic Synthesis
	2.7 Heating Aids

	3 Physical Chemistry Concepts
	4 Equipment
	5 Microwave Effects
	5.1 Introduction
	5.2 Specific Microwave Effects
	5.3 Nonthermal Microwave Effects

	6 Safety
	7 Metal-Catalyzed Reactions
	7.1 Coupling Reactions
	7.2 Alkene Metathesis
	7.3 Functionalization of Unactivated Carbon-Hydrogen Bonds
	7.4 Selected Additional Examples

	8 Cycloaddition and Rearrangement Reactions
	8.1 Diels-Alder Cycloaddition Reactions
	8.2 Clasien Rearrangements
	8.3 The Use of Heating Aids

	9 Carbonyl Chemistry
	9.1 Condensation Reactions
	9.2 Multicomponent Reactions
	9.3 Solvent-Free Reactions

	10 Organocatalysis
	11 Reactions Involving Gases as Reagents
	12 Use of Microwave Heating in Combinatorial Chemistry
	12.1 Introduction
	12.2 Parallel Processing
	12.3 Solid-Phase Organic Synthesis

	13 Microwave-Assisted, Continuous-Flow Organic Synthesis
	14 Scale-Up of Reactions Using Microwave Heating
	14.1 Introduction
	14.2 Open-Vessel Batch Processing
	14.3 Sealed-Vessel Batch Processing
	14.4 Continuous-Flow Processing

	15 Summary
	References

	Microwave-Assisted Step-Growth Polymerizations (From Polycondensation to C-C Coupling)
	1 Introduction
	2 Step-Growth Polymerization
	2.1 Poly(amide)s
	2.2 Poly(imide)s
	2.3 Poly(ether)s
	2.4 Poly(ester)s
	2.5 Poly(urea)s
	2.6 Poly(amide-imide)s
	2.7 Poly(amide-ester)s, Poly(ester-imide)s, Poly(ether-imide)s, and Poly(ether-ester)s
	2.8 Poly(amide-imide-urethane)s and Poly(amide-ether-urethane)s
	2.9 Polymerizations via C-C Coupling Reactions

	3 Conclusions
	References

	Microwave-Assisted Free Radical Polymerizations
	1 Introduction
	2 Microwave-Assisted Free Radical Polymerizations
	2.1 Homogeneous Free Radical Polymerizations
	2.1.1 Bulk Polymerization
	2.1.2 Solution Polymerization

	2.2 Heterogeneous Free Radical Polymerizations
	2.2.1 Suspension Polymerization
	2.2.2 Emulsion Polymerization
	2.2.3 Dispersion Polymerization
	2.2.4 Precipitation Polymerization
	2.2.5 Other Heterogeneous Polymerizations


	3 Conclusions and Outlook
	References

	Microwave-Assisted Controlled Radical Polymerization
	1 Introduction
	2 Apparatus and General Conditions
	3 Controlled Radical Polymerization
	3.1 CMS and EMS
	3.2 RAFT in CMS and EMS
	3.3 NMP in CMS and EMS
	3.4 ATRP in CMS and EMS

	4 Discussion
	5 Conclusion and Perspectives
	References

	Microwave-Assisted Synthesis of Polyesters and Polyamides by Ring-Opening Polymerization
	1 Introduction
	2 Poly(glycolic acid)
	2.1 Copolymers of PGA

	3 Poly(lactic acid)
	3.1 Homopolymers of LA
	3.2 Copolymers of LA

	4 Poly(epsi-caprolactone)
	4.1 Homopolymers of CL
	4.2 Copolymers of CL

	5 Polydioxanone
	6 Polycarbonates
	7 Various ROPs for the Synthesis of Polyesters
	8 Polyamides
	References

	Microwave-Assisted Cationic Ring-Opening Polymerization of 2-Oxazolines
	1 Introduction
	2 Synthesis of 2-Oxazoline Monomers
	2.1 MW-Assisted Syntheses of 2-Oxazolines from the Reaction of Carboxylic Acids and Derived Compounds with Amino Alcohols
	2.1.1 Carboxylic Acids
	2.1.2 Acid Chlorides
	2.1.3 Amides
	2.1.4 Nitriles

	2.2 Other MW-Assisted Syntheses of 2-Oxazoline Monomers

	3 Homopoly(2-oxazoline)s: Detailed Investigation of the Polymerization Kinetics
	3.1 CROP of 2-Oxazolines with Aliphatic and Aromatic Side Chains
	3.2 2-Oxazolines with Functionalized Side Chains and Higher Homologs of 2-Oxazolines
	3.3 MW-Assisted Syntheses of Homopoly(2-oxazoline)s: Special Applications
	3.3.1 Renewable Resources
	3.3.2 CROP of 2-Oxazolines in Ionic Liquids
	3.3.3 MW-Assisted Scale-Up


	4 MW-Assisted Copolymerizations of 2-Oxazolines
	4.1 Block Copoly(2-oxazoline)s
	4.2 Statistical Copoly(2-oxazoline)s
	4.3 Gradient Copoly(2-oxazoline)s

	5 Post-Polymerization Modifications
	5.1 Click Chemistry
	5.2 Crosslinking
	5.3 Hydrolysis

	6 Summary, Conclusions, and Outlook
	References

	Microwave-Assisted Polymer Modifications
	1 Introduction
	2 Microwave-Assisted Formation of Carbon Materials from Polymeric Precursors
	3 Microwave-Assisted Modification of Polysaccharides
	3.1 Dissolution and Degradation
	3.2 Modification of Polysaccharide Hydroxyl Groups
	3.3 Modification of Chitosan Amine Moieties
	3.4 Modification of Carboxylic Acid Functional Polysaccharides
	3.5 Grafted Polysaccharides

	4 Microwave-Assisted Modification of Synthetic Polymers
	4.1 General Approaches for the Microwave-Assisted Modification of Synthetic Polymers
	4.2 Polymer Functionalization Using Nucleophilic Reagents
	4.3 Hydrolysis of Poly(2-Oxazoline)s
	4.4 Modification of Polymer End Groups
	4.5 Modification of Polymeric Resins

	5 Summary, Conclusions, and Outlook
	References

	Microwave-Assisted Synthesis of Hybrid Polymer Materials and Composites
	1 Introduction
	2 Composite Materials
	3 Nanocomposites and Hybrid Materials
	3.1 Polycarbonate and Poly(ethylene oxide)
	3.2 Poly(epsi-caprolactone)
	3.3 Poly(ethylene terephthalate)
	3.4 Epoxy Resins
	3.5 Acrylic Resins
	3.6 Poly(vinyl carbazole) and Poly(carbazole)
	3.7 Poly(tetrafluoroethylene) and Nafion
	3.8 Cellulose and Chitosan
	3.9 Other

	4 Summary
	References

	Upscaling Microwave-Assisted Polymerizations
	1 Introduction
	2 Upscaling Microwave-Assisted Polymerizations in Batch Mode
	3 Upscaling Microwave-Assisted Polymerizations in Flow Mode
	4 Summary, Conclusions, and Outlook
	References

	Polymer Degradation Under Microwave Irradiation
	1 Introduction
	2 Microwave-Assisted Chemical Degradation of Polymers
	2.1 Poly(ethylene terephthalate)
	2.2 Polycarbonate
	2.3 Polyurethanes
	2.4 Polyamides
	2.5 Poly[alkyl (meth)acrylate]s and Polystyrene
	2.6 Other Polymers
	2.6.1 Poly(vinyl alcohol)
	2.6.2 Poly(ethylene oxide)
	2.6.3 Crosslinked Polymeric Biomaterials
	2.6.4 Poly(vinyl chloride)
	2.6.5 Devulcanization of Rubber


	3 Microwave-Assisted Pyrolysis of Polymers
	Conclusions
	References

	Index

