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lonic Liquids as Advantageous Reaction Media for
Free Radical Polymerization

Veronika Strehmel,** Hendrik Wetzel? André Laschewskyz’3

Summary: lonic liquids are attractive solvents for polymer synthesis because their
properties can be easily and broadly tuned by varying the structure of both the
cation and the anion. Application of ionic liquids as reaction medium for free radical
polymerization of vinyl monomers, such as methacrylates or styrene, results in high
yields and high molecular weights of the polymers. Reasons for these effects
are only partially due to the high viscosity of ionic liquids, which may reduce
bimolecular termination of the propagating chains, but are also due to solvent cage
effects that differ from those in traditional organic solvents because of strong ionic
interactions between the individual ions of the ionic liquids. Furthermore, the high
dissolving power of ionic liquids for both weakly polar as well as highly polar
monomers makes ionic liquids interesting as solvents for statistical copolymeriza-
tion. Interestingly, variation of the alkyl chain length of substituents at the cation of
the ionic liquid allows altering of copolymer composition.

Keywords: copolymerization; degree of polymerization; ionic liquid; polymethacrylates;

polystyrene; radical polymerization; structure-property relations; viscosity

Introduction

Free radical polymerization is the mostly
applied mechanism to manufacture polymers
because of high polymerization rate and
tolerance to many functional groups bound
at monomers.''l Often, a solvent is used to
avoid the Trommsdorff-Norrish effect.l*~!
Solvents do not only reduce the polymeriza-
tion rate and improve heat transfer during
polymerization, they also may strongly
influence both the polymerization process
and the polymer structure.[**!

Ionic liquids have received increased
interest among modern solvents virtue of
their negligible vapor pressure, and of the
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possibility to tailor their dissolution capa-
bility by variation of the structures of either
one or both ions constituting the ionic
liquids.[6’8] The structure of ionic liquids
can be varied in a huge range covering
various anions, such as small anions,
e.g., tetrafluoroborate, hexafluorophosphate,
and dicyanamide, or anions with apolar
alkyl or aryl substituent, e.g., octyl sulfate or
tosylate, or anions with delocalized charge,
e.g., bis(trifluoromethylsulfonyl)imide. The
structure of the ionic liquid cation can be
varied analogously. This includes for exam-
ple imidazolium, pyridinium and ammoni-
um ions that are substituted with alkyl
groups of different lengths at the nitrogen,
or with additional substituents at the carbon
atoms of the aromatic rings. Structure
variation results in changes of viscosity
and polarity of ionic liquids.”"!] This opens
a high application potential of ionic liquids
on the one hand, but renders the selection
of appropriate ion pairs intricate for a given
application, if the structure property rela-
tions are not well known.
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Ionic liquids have been investigated in
radical polymerization since several
years[lz'SS] as summarized and discussed
in several reviews.’*>°! Compared to the
use of traditional solvents, rates of poly-
merization are mostly higher in ionic
liquids, and molecular weights are often
increased.”®?*3 In certain cases, the
achieved molecular weights are even higher
when polymerized in ionic liquids than
when prepared in bulk.***3 Furthermore,
molecular weights and molecular weight
distributions were found to be sensibly
affected by variation of the cation or the
anion of the ionic liquid employed.[34] For
instance, the increase of the length of alkyl
substituents at the nitrogen of imidazolium
cations typically increases viscosity and
decreases polarity and micropolarity, re-
spectively.l”!°l Furthermore, an additional
methyl substituent at the 2-position of the
imidazolium ring increases viscosity as
well. Nonetheless, hydrogen bonding be-
tween the acidic hydrogen atom at the
2-position at the imidazolium ring and any
hydrogen acceptor is thus reduced in
comparison to simple 1-alkyl-3-methylimi-
dazolium based ionic liquids.[m] The varia-
tion of the behavior of ionic liquids is more
difficult to predict when the nature of the
anion is varied, as cation-anion interactions
affect the properties much more than a
simple change of the substituent size at the
cation.l®“®! Electrostatic interactions, hy-
drogen bonding, and van der Waals inter-
actions in ionic liquids contribute to the
solubilization behavior of monomers, which
is important for copolymerization of mono-
mers of strongly differing polarity, e. g.
of hydrophilic and hydrophobic mono-
mers.2?33# Moreover, solvent cage effects
may be important regarding the efficient
formation of initiating radicals in free
radical polymerization. Investigation of
photogenerated model radicals and their
recombination in the dark as function of
both ionic liquid structure and temperature
gives information about the influence of
radical diffusion and solvent cage on radical
recombination in ionic liquids.*>®3! The
understanding of these effects may help to
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select the most suitable ionic liquids for
radical polymerization processes.

In this context, the results presented shall
contribute to a better understanding of the
role of ionic liquids in free radical polymeri-
zation. Methacrylates of both low and high
polarity, as well as styrene were selected as
model monomers for polymerization in
ionic liquids. The ionic liquids employed
comprise imidazolium based ionic liquids
with tetrafluoroborate, hexafluorophos-
phate, triflate, octylsulfate, dicyanamide,
tosylate and bis(trifluoromethyl)sulfonyl-
imide anions as well as pyrrolidinium and
tetraalkylammonium  bis(trifluoromethyl-
sulfonyl)imides. Additionally, one alkyl
substituent of the imidazolium, pyrrolidi-
nium or tetraalkylammonium cations was
varied. These structural variations modulate
both viscosity and polarity of the ionic
liquids. This paper focuses on the influence
of the ionic liquid structure on molecular
weight and polydispersity of the model
homopolymers, and on the influence on
the composition of the statistical meth-
acrylate copolymers combining both hydro-
philic and hydrophobic comonomers, i.e.,
of copolymers of marked amphiphilic
character.

Polymethacrylate Synthesis in
lonic Liquids

Tonic liquids bearing bis(trifluoromethyl-
sulfonyl)imide or dicyanamide as anion
(Figure 1) belong to room temperature
ionic liquids exhibiting rather low vis-
cosity.[63’64] Therefore, such ionic liquids
seemed particularly suitable for free radical
polymerization of methacrylates, and thus
were primarily engaged. Indeed, such ionic
liquids proved to be useful reaction media,
and give rise to high molar mass polymers,
as exemplified in Figure 2 for polybenzyl-
methacrylate. As common feature, samples
made in the ionic liquids 1-4 show rather
broad molecular weight distributions.
Apart from that, significant differences in
the molecular weight distributions of poly-
benzylmethacrylate are observed between
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Chemical structure of ionic liquids and of the monomers used in the free radical polymerization studies: (1-
butyl-3-methylimidazolium (1), 1-alkyl-1-methylpyrrolidinium (2a (n=4); 2b (n=38)), tetraalkylammonium
based ionic liquids 3a and 3b bearing bis(trifluoromethylsulfonyl)imide as anion, and 1-butyl-3-
methylimidazolium dicyanamide (4); monomers: (benzylmethacrylate (M1), n-butylmethacrylate (M2), styrene
(M3), and zwitterionic methacrylate bearing a sulfobetaine moiety (M4)).

polymerizations conducted in the imidazo-
lium (1, 4) or pyrrolidinium (2a, 2b) based
ionic liquids, and those based on tetraalky-
lammonium cations (3a, 3b) although
comparable reactions conditions (1 mole-
% azobis(isobutyronitrile) (AIBN); 70°C;
24 h polymerization time) were used for all
polymerization experiments. The tetraalky-
lammonium  bis(trifluoromethylsulfonyl)-
imides 3a and 3b result in pronounced
bimodal distributions with more or less
separated higher molecular weight frac-
tions, which are absent in the case of

Differential Weight Fraction dW/d(logM)

10 10°

10°
Molecular Weight (g/mol)

Figure 2.

GPC elugrams of polymer samples obtained by free
radical polymerization of M1 in selected ionic liquids
(1; 2a; 2b; 3a; 3b; 4) using AIBN (1 mole-% relative to
the monomer) as initiatior at 70°C for 24 h.
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imidazolium (1 and 4) and pyrrolidinium
(2) based ionic liquids. According to the
values listed in Table 1, viscosity cannot
explain the occurence of higher molecular
weight fractions when using the aliphatic
ammonium based ionic liquids. In fact, the
viscosity of 3a is relatively low while the
viscosity of 3b is at the upper end of the
viscosity range covered by the various ionic
liquids investigated. Nevertheless, the av-
erage degree of polymerization obtained by
free radical polymerization in ionic liquids
tends to correlate more or less with their
viscosity (Figure 3).5¢) We note also that
polymer yields differ substantially under
otherwise identical conditions when using
ionic liquids 1-4, as summarized in Table 1.
Yields were particularly high if butyl
substituted imidazolium or pyrrolidinium
bis(trifluoromethylsulfonyl)imides (1 and 2a)
were used for polymerization, while the use
of the other ionic liquids gave considerably
lower yields although reaction conditions
were identical. Despite the differing yields,
weight average molecular weights (M,,) are
surprisingly similar when using 1, 2, and 4 as
reaction media (Table 1).

Although differences in viscosity alone
cannot explain the differences in the
molecular weight of the polymers obtained,
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Table 1.

Yield number average molecular weight (M,), weight average molecular weight (M), and polydispersity
(PDI) of polybenzylmethacrylate synthesized in the ionic liquids depicted in Figure 1 (1 mole-% AIBN
relative to the monomer; 70 °C; 24 h polymerization time) including viscosity of the ionic liquids at a

shear rate of 105~ ' at 70°C

lonic o (MPa-s) yield Mn Mw PDI
liquid at 70°C (%) (g/mol) (g/mol)

1 13 92 73000 311000 43
2a 18 89 106000 351000 33
2b 26 57 87000 290000 33
3a 18 34 127000 1024000 8.1
3b 61 39 122000 596000 4.9
4 13 43 87000 344000 3.9

a general trend exists between ionic liquid
viscosity and the degree of polymerization
(X,) made by free radical polymerization in
ionic liquids (Figure 3). In any case, X, is
higher when ionic liquids are used as media
for polymerization in comparison with
using organic solvents, such as toluene or
dimethylsulfoxide (Figure 3). As expected
from theory, X, is significantly lower in the
case that organic solvents were used in
radical polymerization than for polymer-
izations conducted in bulk. Still, polymeri-
zation in certain ionic liquids, in particular
in such with increasing viscosity causes a
general increase in the degree of polymeri-
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* toluene (M1) X toluene (M2) : :
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2000 g without solvent (M2) » CgHyySO, (M1)
<
>
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*
o
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Figure 3.

Degree of polymerization of polybutylmethacrylate and
polybenzylmethacrylate obtained by free radical poly-
merization of M1 or M2 in ionic liquids (imidazolium
based ionic liquids bearing a variation of the alkyl
group bound at the nitrogen atom of the cation and
tetrafluoroborate (BF, "), hexafluorophosphate (PFs™),
octylsulfate  (CgH,,SO, "), bis(trifluoromethylsulfonyl)-
imide (NTf,”) or dicyanamide (N(CN),”) as anion;
pyrrolidinium and ammonium  bis(trifluoromethyl-
sulfonyl)imides (NTf,)) and organic solvents (toluene,
dimethylsulfoxide (DMSO)) as function of the reaction
medium viscosity. Furthermore, results obtained by bulk
polymerization are included as well.
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zation of the polymethacrylates. The two
notable exceptions of ionic liquids from
this general trend exist that have viscosities
higher than 50 mPa.s and longer alkyl
substituents either at the cation (V,N,N,N-
trioctylmethylammonium bis(trifluoro-
methylsulfonyl)imide) or at the anion (1-
butyl-3-methylimidazolium  octylsulfate).
All other ionic liquids investigated within
this row show a rough increase of the
degree of polymerization of the polymer
synthesized in the ionic liquids with increas-
ing ionic liquid viscosity. Increasing viscosi-
ty of ionic liquids seems to reduce the
bimolecular termination reaction of grow-
ing polymer chains, thus increasing the
degree of polymerization.[“] Additionally,
the propagation seems to be accelerated in
many ionic liquids.[*>*"]. Yet, ionic liquids
with extremely high viscosity may consid-
erably reduce diffusion of the monomer as
well. This may limit the degree of poly-
merization. Interestingly, similar results
were obtained for polybutylmethacrylate
and polybenzylmethacrylate made in ionic
liquids regarding molecular weight and
molecular weight distribution. This sug-
gests that the interaction of the meth-
acrylate moiety with various ionic
components of the ionic liquids plays an
important role.

Polystyrene Synthesis in lonic
Liquids

Hypothesizing that methacrylate moieties
can interact with the ionic liquid via
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hydrogen bonding, we explored the poly-
merization of styrene in selected ionic liquids
as hydrogen bonding is inherently absent in
the case of styrene. Results are exemplified
in Figure 4. We found that polystyrene
samples synthesized in 1-alkyl-3-methylimi-
dazolium tosylates show a high molecular
weight fraction, which exceeds the molecular
weight obtained in bulk polymerization
(Figure 4). This result supports the hypothe-
sis of protected radicals discussed in litera-
ture.**! This hypothesis may be applied
either on all radicals occuring during poly-
merization or just on the primary radicals
that initiate the polymerization. Investigation
on model radicals resulted in discussion of an
increase in radical recombination within the
solvent cage in ionic liquids to significantly
higher extent compared to traditional organ-
ic solvents.[6263:%] This effect may reduce the
concentration of active radicals that can start
polymer growth, thus increasing the molecu-
lar weight. These results may support the
hypothesis that increasing radical recombi-
nation within the solvent cage results in
reduced concentration of active radicals that
are able to start polymer growth. Extended
recombination reaction of primary radicals
within the solvent cage results in reduction of
primary radical concentration, and therefore,
in an increase in the molecular weight of the

solvent

Differential Weight Fraction dW/d(logM)

S 6
Molecu]é)r Weight (g/mol)1 0

Figure 4.

GPC elugrams of polystyrene obtained by free radical
polymerization of styrene (M3) using AIBN (1 mole-%
relative to the monomer) as initiator at 70°C in
various reaction media for 24 h: 1-alkyl-3-methylimi-
dazolium tosylates: n =1 (methyl); n =2 (ethyl); n =4
(butyl); n=6 (hexyl), and in bulk.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

polymer obtained. Interestingly, the content
on the higher molecular weight fraction
becomes smaller when the alkyl substituent
at the imidazolium ion is slightly longer. The
longer alkyl substituent reduces micropolar-
ity of the ionic liquids, and enhances the
compatibility of the solvent with the non-
polar monomer styrene (M3). Therefore, the
lower compatibility of M3 with imidazolium
tosylates bearing only small alkyl substitu-
ents is a further reason for the broad
molecular weight distribution. The higher
the compatibility of M3 is with the imidazo-
lium tosylate bearing one longer alkyl
substituent at the cation that smaller is the
molecular weight distribution.

Noteworthy, the use of a mixture of
1-ethyl-3-methylimidazolium tosylate and
1-dodecyl-3-methylimidazolium tosylate
(ratio wt:wt =1:2) as polymerization medi-
um narrows the extremely broad molecular
weight distribution, although the molecular
weight of the polystyrene sample remains
higher than when made by bulk polymeri-
zation (Figure 5). Obviously, the less polar
ionic liquid 1-dodecyl-3-methylimidazolium
tosylate is a more suitable solvent for
styrene than the ethyl substituted imidazo-
lium tosylate. Yet, as dodecyl substituted

. — ILmixturen=12andn=2
/ \ - Without solvent
/A ——n=2

Differential Weight Fraction dW/d(logM)

Figure 5.

GPC elugrams of polystyrene obtained by free radical
polymerization of styrene (M3) at 70°C using AIBN
(1 mole-% relative to the monomer) in various
reaction media for 24 h: 1-ethyl-3-methylimidazolium
tosylate (n =2), mixture of 1-ethyl-3-methylimidazo-
lium tosylate (n=2) and 1-dodecyl-3-methylimid-
azolium tosylate (n=12) using weight ratio of
wt: wt=1: 2, and in bulk.

www.ms-journal.de



Macromol. Symp. 2014, 342, 78-85

imidazolium tosylate is not useful alone
for polymerization at 70°C because its
melting point is higher compared to the
polymerization temperature, and crystal-
lization occurs at the polymerization
temperature even in the presence of
monomer, free radical polymerization of
M3 is best conducted in the mixture of the
two imidazolium tosylates. Clearly, fur-
ther studies are needed to clarify this
aspect.

Polarity effects of ionic liquids as
discussed for polymerization of M3 using
imidazolium tosylates as matrices do not
only influence the homopolymerization of
this non-polar monomer they also strongly
affect copolymerization of different polar
monomers bearing similar polymerizable
functional groups.

Copolymer Synthesis in lonic
Liquids

High solubilization power of ionic liquids
for both less polar and highly polar
monomers makes these solvents interesting
for copolymerization of markedly differing
polar monomers. This is instructively illus-
trated by the free radical copolymerization
of the hydrophobic M2 and the zwitterionic
monomer M4. Both methacrylate mono-
mers are immiscible with each other. In fact,
it is even difficult to find common solvents
that dissolve both monomers. The use of
acetonitrile as reaction medium results in
polymers that contain mainly the zwitter-
ionic moiety M4.2%333641 Noteworthy, the
composition of the polymers obtained is
independent on the feed ratio of the
monomers M2 and M4 if the copolymeriza-
tion is conducted in acetonitrile. In contrast
to this, many ionic liquids do well dissolve
both monomers, and copolymers are
obtained that contain both monomer units.
Interestingly, the precise ionic liquid struc-
ture, especially the length of alkyl sub-
stituents at the imidazolium ion, can
influence copolymer composition beyond
the comonomer ratio. For example, the
mole fraction of M2 in the copolymer

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

increases from about 0.46 when using 1-
butyl-3-methylimidazolium tetrafluorobo-
rate as solvent for copolymerization to 0.7
when the analogous ionic liquid bearing a
decyl substituent served as reaction medi-
um, though the monomer feeds contained
stoichiometric amounts of M2: M4 in both
experiments. This clearly demonstrates that
the polarity of ionic liquids is a crucial
parameter for their use as reaction medium,
and may be advantageously exploited to
tune, e.g., the composition of copolymers of
a given comonomer pair.

Conclusion

The results presented demonstrate that a
number of factors such as viscosity, polarity,
and solvent cage effects strongly influence
the structure of polymers made in ionic
liquids. Accordingly, the broad variability
of the structure of ionic liquids opens huge
possibilities in the field of polymer synthe-
sis. However, the rational and successful
application of ionic liquids as reaction
media for synthesizing new homopolymers
and copolymers requires thorough knowl-
edge of structure-property relations of ionic
liquids and of their interaction with the
monomers. While certain relationships
have been elucidated now, it is evident
that the current state of knowledge is yet far
from complete.
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