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ABSTRACT: Propagation rate coefficients, k,,, of methyl methacrylate, MMA, homopolymerizations in
ionic liquids (ILs) with widely varying structures and physical properties were determined applying the so-
called PLP-SEC technique, which combines pulse-laser initiation of the polymerization (PLP) with molecular
weight analysis via size-exclusion chromatography (SEC). For all ILs a strong enhancement of k, and a
decrease in the activation energy of k, compared to the bulk system were observed. Depending on the IL
structure, the increase in k, is between a factor of 2 and 4. Both the cation and the anion are responsible for the
enhancement of k;,. The smaller the ions of the ILs, the stronger the enhancement of k,. Investigations into the
solvent properties of ILs using a solvatochromic dye and infrared spectroscopy suggest that electron pair
acceptor—electron pair donator interactions and nonspecific (Coulomb) interactions contribute strongly to
the solvent influence, whereas contributions from H bonding are negligible. The knowledge of normalized
polarity values of the ILs allows for a rough estimate of the IL-induced variation of k.

Introduction

The solvent influence on polymerization kinetics was discussed
in a large number of publications, e.g., in refs 1 —12. It was shown
that the solvent may increase or lower k, and that the extent
of change may vary from a few percent to more than 1 order of
magnitude. With the development of the PLP-SEC method,
which combines pulsed laser initiated polymerization (PLP) with
subsequent polymer analysis via size-exclusion chromatography
(SEC), by Olaj and co-workers" reliable propagation rate
coefficients were accessible. The PLP-SEC technique was recom-
mended as the method of choice for the determination of k, by the
IUPAC Working Party on “Modeling of Polymer1zat1on
Kinetics and Processes”. k is derived according to eq 1:

L; = ikpemty i=1,273,.. (1)
where ¢y is the monomer concentration, ¢, the time between two
successive laser pulses, and L; is the number of propagation steps
between two pulses. Ly is calculated according to Li= M/ Myima,
where Mynva is the molar mass of the monomer and M may be
identified by the first inflection point of the molecular welght
distribution (MWD)."*!> To derive reliable ky, values, the exi-
stence of a second or even a third inflection po1nt at degrees of
polymerization around L, =2L; and L3 = 3L, is required. These
higher order inflection points serve as a consistency criterion for
k, determination via PLP-SEC."°

Since the introduction of PLP-SEC, in particular propagation
rate coefficients of methyl methacrglate, MMA, were studied in a
wide variety of solvents.® Up to now, the strongest
influence of convent1onal organic solvents on k, was reported
for dimethyl sulfoxide* and benzyl alcohol,* where k, was by a
factor of 2 h1gher than the associated bulk value. Recently, the
influence of ionic liquids, ILs, on polymerization kinetics was
investigated.”” % In all cases a strong enhancement of MMA ke
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was found, e.g., for polymerizations in 1-ethyl-3-methylimidazo-
lium ethylsulfate, [EMIM][EtSOg]; kj, is 4 times as high as the
associated bulk value.” The diffusion- controlled MMA termina-
tion rate coefficients decreased by up to 1 order of magnitude as
the concentration of 1-butyl-3-methylimidazolium hexafluoro-
phosphate, [BMIM][PFg], was raised to 60 vol %.*' A recent
study on the IL influence on polymerizations of poly(ethylene
glycol) methacrylate monomers reports an enhancement of the
propagation rate and a decrease in termination rate.” In addi-
tion, several studies showed that polymer molecular weights are
srgmﬁcantly increased when polymerizations are carried out
in ILs 4%

Woecht et al.? reported that the IL influence on ky, strongly
depends on the type of monomer and IL used. IL polarity was
suggested to be the most probable origin of the k,, enhance-
ment.”?? To be able to fully exploit the IL 1nﬂuence on
polymerization processes and to optimize and model polymeri-
zation reactions, a deeper understanding of the IL-induced &,
enhancement is required.

Apart from their influence on polymerization kinetics, ILs
exhibit many other interesting characteristics, e.g., high thermal
stability, liquid salts consisting of mobile ions, and a broad
temperature range where the substances are liquid.**** The
solvent properties may be tuned by changing the nature of cation
and/or anion. Moreover, frequently ILs are cons1dered as green
solvents due to their negligible vapor pressure.’’ As reviewed by
Kub1sa various types of polymerization may be carried out in
ILs.** Advantages of ILs as reaction media are seen in easy
removal of catalyst™® and the suppression of side reactions.
Particularly interesting are applications toward functional poly-
mers, e.g., polymer gels based on ILs, ILs as scaffolds for porous
materials, or electrochemical polymerizations in ILs.>*

This publication reports a systematic study on the influ-
ence of ILs with widely varying cation and anion structures
on the propagation kinetics of MMA. The following ILs were
chosen: 1-hexyl-3-methylimidazolium chloride, [HMIM]-
Cl, I-ethyl-3-methylpyridinium nonafluorobutylsulfonate,
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Scheme 1. Ionic Liquids Used as Solvent for MMA Polymerizations
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[EMPYR][C4F9SO;], 3-methyl-1-octylpyridinium tetrafluoro-
borate, [MOPYR][BF,], trioctylmethylammonium bis(trifluoro-
methylsulfonyl) imide, [OMA][Tf,N], 1-butyl-3-methylimidazo-
lium n-octylsulfate, [BMIM][OctSQy], 1-ethyl-3-methylimidazo-
lium n-octylsulfate, [EMIM][OctSOy], and 1-methyl-3-octylimi-
dazolium tetrafluoroborate, [MOIM][BF,]. The structures of
these ILs are depicted in Scheme 1.

To explain the origin of the IL-induced k,, enhancement,
intermolecular interactions in monomer/solvent mixtures are
investigated by Fourier-transform infrared spectroscopy (FT-
IR). UV—vis spectra of a solvatochromic dye dissolved in ILs and
mixtures of MMA and IL are recorded to measure the polarity.
Unlike consideration of a single physical parameters such as
dielectric constant, dipole moment, or refractive index, the
employment of solvatochromic dyes was recommended for ob-
servation of the solvation capabilities of ILs.*>*® The method
allows for taking into account specific and nonspecific intermo-
lecular forces between solvent and solute.

Experimental Section

Materials. Methyl methacrylate (MMA, Aldrich, 99%) for
pulsed laser initiated polymerizations was distilled under high
vacuum before use to remove the inhibitor. The photoinitia-
tor, 2-methyl-4’-(methylthio)-2-morpholinopropiophenone
(MMMP, Aldrich, 98%), 2.6-diphenyl-4-(2,4,6-triphenyl-1-
pyridinio)phenolate (Reichardt’s dye, Fluka, techn >=90%),
and the ionic liquids 1-hexyl-3-methylimidazolium chloride
((HMIM]CI, Fluka, =97%, or Solvent Innovation, 98%), 1-
butyl-3-methylimidazolium #n-octylsulfate ([BMIM][OctSOy],
Fluka, 295%), trioctylmethylammonium bis(trifluoromethyl-
sulfonyl)imide ((OMA][Tf,N], Fluka, >99%, Solvent Innova-
tion, 98%, or IoLiTec, 99%), 3-methyl-1-octylpyridinium tetra-
fluoroborate ((MOPYR][BF,4], Solvent Innovation, 99%), 1-
ethyl-3-methylpyridinium nonafluorobutylsulfonate (([EMPY-
RJ[C4F4SOs], Solvent Innovation, 99%), 1-ethyl-3-methylimi-
dazolium n-octylsulfate ((EMIM][OctSOy,], Solvent Innovation,
98%), and 1-methyl-3-octylimidazolium tetrafluoroborate
(IMOIM][BF,], Solvent Innovation, 99%) were used as re-
ceived. The kinetic parameters derived are independent of the
IL supplier. Methanol (VWR, 99%) containing trace amounts
of hydroquinone (Fluka, 98%) was used to precipitate the
polymer and tetrahydrofuran (Scharlau, GPC grade) as eluent
for SEC. The initiator 2,2’-azobis(isobutyronitrile) (AIBN,
Fluka, 98%) was purified by recrystallization from methanol
prior to use.

Pulsed Laser Initiated Polymerization. Pulsed laser initiated
polymerizations were carried out at temperatures ranging from
10 to 60 °C using a thermostated cuvette (Hellma 165 QS, 10 mm
path length). Temperature was controlled via a thermostat with
a recirculating mixture of water and ethylene glycol. The
temperature was monitored during laser irradiation using a
digital thermometer (Testo 735-2) equipped with a 1 mm
diameter external probe placed inside the cell and located at
the center of the laser beam pathway. The response time and the
precision of the instrument are 1 s and +0.1 °C, respectively.
(Note: irradiation of the thermometer at the same conditions as
the PLP experiments in an inert medium did not result in a
variation in temperature.) As a representative reaction tempera-
ture, the arithmetic mean temperature, 7, of the sequentially
registered temperatures was considered. The difference between
the initial and the final temperature during PLP ranges from 0.4
to 2.5 °C depending on IL type and concentration as well as on
the initial temperature. The importance of monitoring the
temperature during PLP was pointed out by Garcia et al.”’
MMA k, data from ref 37 were taken for comparison with the &,
values determined in this study as the majority of PLP experi-
ments were conducted under the same experimental conditions
as in ref 37.

Monomer/IL solutions with MMMP concentrations ranging
from 0.3 to 5 mmol L™ were prepared. Polymerization was
induced using a Quanta-Ray Nd:YAG laser (Spectra-Physics)
operating at 355 nm with a pulse repetition rate, v,p, of 5 Hzand
a pulse energy, £, of ~17 mJ. A Stanford DG 535 pulse delay
generator was used to adjust the pulse repetition rate. The
pulsing time was chosen such that the conversion of monomer
does not exceed 10%. The polymer was precipitated in methanol
containing traces of hydroquinone to prevent further polymeri-
zation, washed twice with methanol to remove the ionic liquid,
and dried in vacuum prior to SEC analysis.

A small number of polymerizations were carried out at room
temperature without monitoring temperature during irradiation
(protocol B). The polymerization was initiated using a Q-
switched Nd:YAG laser (B.M. Industries, 5000 series) operating
at 355 nm with v,, of 5 or 10 Hz and pulse energies of 6 or 36 mJ.
The IL was removed from polymer either by washing the sample
twice with methanol or using cellulose dialysis tubing (Spectra/
Por 6, molecular weight (MW) cutoff 2000). The work-up did
not influence the k,, values. Thus, the majority of samples were
washed with methanol. Polymers purified by dialysis are marked
with an asterisk in Tables S1—S6in the Supporting Information.

Size-Exclusion Chromatography. Molecular weight distribu-
tions, MWDs, were obtained by size-exclusion chromatography
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Table 1. Density Parameters py and b (Eq 2) of Neat MMA and
MMA/IL Mixtures with the Monomer Concentration, ¢y, at 25 °C

em (25°C) Po b x 10*
solvent (mol L™ (g mL™h (g mL~'eC™h)

bulk 0.966 11.70
[OMA][Tf,N] 2.1 1.090 8.268
[OMA][Tf,N] 3.2 1.073 8.730
[OMA][Tf,N] 5.0 1.043 9.462
[OMA][Tf,N] 7.0 0.998 10.50
[MOPYR][BF,] 2.1 1.086 9.084
[MOPYR][BF,] 33 1.068 7.989
[MOPYR][BF,] 5.2 1.040 8.940
[MOPYR][BF,] 7.1 1.010 10.10
[EMPYR][C4F¢SO5] 2.1 1.412 10.70
[EMPYR][C4FoSOs5] 3.2 1.324 11.10
[EMPYR][C4F9SO5] 52 1.229 11.20
[EMPYR][C4F¢SOs5] 7.1 1.113 11.60
[HMIM]CI 2.1 1.040 7.170
[BMIM][OctSO4] 2.1 1.059 7.387

using a Waters 1515 HPLC pump, a Waters 2414 refractive
index detector, and a set of three Waters columns with nominal
pore sizes of 102, 10%, and 10° A. Tetrahydrofuran at 35°C and a
flow rate of 1 mL min~" was used as eluent. The SEC setup was
calibrated against polystyrene, PS, standards of narrow poly-
dispersity (MW between 580 and 5 x10° g mol™!, Polymer
Standards Services (PSS)). Absolute molecular weights of the
polymer samples were calculated via the principle of universal
calibration using the Mark—Houwink parameters K = 11.4 x
10°dL g " and a=0.716 for PS*® as well as K=9.44 x 107> dL
¢ 'and a=0.719 for PMMA.¥

Polymers prepared according to protocol B were analyzed
using an Agilent 1200 isocratic pump, an Agilent 1200 refractive
index detector, and two GRAM columns (10 gm, 8 x 300 mm,
pore sizes 100 and 1000) from PSS. N,N-dimethylacetamide
(Acros, 99%) containing 0.1% LiBr at 45 °C at a flow rate of
1 mL min~' was used as eluent. The SEC setup was calibrated
against PMMA standards of narrow polydispersity (MW be-
tween 500 and 1x10° g mol ™!, PSS). Generally excellent agree-
ment of data from both SEC setups was observed. The
deviations in kj, were at most 8%.

Density Measurements. Densities of monomer/IL mixtures
required for calculation of the monomer concentration were
determined in a temperature range from 10 to 70 °C using an
Anton Paar SVM 3000 instrument for various monomer con-
centrations used in PLP. The experimental density data were fit
by a linear relation according to eq 2:

p/(gmL™") = py—bT/°C (2)

Monomer concentrations of the MMA/IL mixtures at 25 °C
and the corresponding density parameters ppand b fromeq 2 are
listed in Table 1.

As the density measurements of MMA/IL mixtures showed
negligible excess volumes for the systems in Table 1, in case of
MMA/IL mixtures with [EMIM][OctSO4] and [MOIM][BF,]
ideal mixing was assumed and densities of the pure compounds
were used to calculate cy.

FT-IR/NIR Spectroscopy. To monitor monomer conversion,
NIR spectra were recorded on a Bruker Vertex 70 spectrometer
equipped with a tungsten lamp, a CaF, beam splitter, and a
liquid nitrogen cooled InSb detector with a resolution of 2cm ™,
a zero-filling factor of 2, and coaddition of 100 scans. The
spectrometer is operated by OPUS 6.0 software.

To evaluate solvent—solute interactions, the spectrometer’s
globar source and a DTGS detector were used to record IR
spectra between 1200 and 4000 cm ™! with a resolution of 2cm ™!,
a zero-filling factor of 2, and coaddition of 32 scans per
spectrum. Film spectra of pure MMA and MMA/IL mixtures
were measured between two CaF, windows.

Jelici¢ et al.

UV —vis Measurements. Absorption spectra of Reichardt’s
dye dissolved in MMA, ILs, and in MMA/IL mixtures were
recorded on a Perkin-Elmer Lambda 750 absorption spectro-
meter. The spectra were recorded in Hellma QS quartz cuvettes
with 1 mm path length in the wavelength range from 300 to
1000 nm at room temperature. The concentration of the solva-
tochromic dye was chosen such that the absorbance of the
longest wavelength intramolecular charge—transfer 7—s* ab-
sorption band is in the range from 0.5 to 2. Normalized polarity
values, Et, which range from 0.0 for tetramethylsilane to 1.0
for water, were calculated using eq 3:*°

N Er(30)-30.7

Ex 324

©)
where E1(30) is the molar transition energy of the standard
betaine dye no. 30 (Reichardt’s dye) and is given by eq 4:%

28591

ET(30) (kCal mOl_l) = m

)

Amax 18 the wavelength of the maximum of the longest wave-
length intramolecular charge—transfer 7—x* absorption band
of Reichardt’s dye.

As Reichardt’s dye is sensitive to the presence of acid, a few
microliters of triethylamine was added to [EMIM]EtSO,],
[EMIM][HexSOy4], [HMIM]CI, and [EMPYR][C4F,SOs] to sca-
venge acid that may protonate the phenoxide form.*® Control
experiments showed that even addition of 5 wt % of triethyla-
mine did not shift the absorption maximum.

Chemically Initiated Polymerizations. Inhibitor-free MMA
and the solvent (IL or toluene) were purged separately to avoid
loss of volatile MMA from the mixture. AIBN was dissolved in
MMA under a nitrogen atmosphere. The solution of 1 wt %
AIBN in MMA was mixed with the required amount of solvent.
The polymerization solution was filled into an optical cell
(Specac, liquid cell 20510 series) with CaF, windows, a 1 mm
Teflon spacer, and a heating jacket (Specac, 20730) fitted with a
low-voltage heater powered by a 4000 Series temperature con-
troller. Prior to filling, the cell was flashed with argon. The
thermostated cell at 60 °C containing the reaction mixture was
inserted into the sample compartment of the FT-IR/NIR spec-
trometer, and a series of NIR spectra was recorded. The first
overtone of the C—H stretching vibration of the C=C double
bond at around 6168 cm ™' was used to monitor and calculate
MMA conversion as a function of polymerization time.*' To
eliminate contributions from absorptions of the solvent, the
spectrum for complete MMA conversion was subtracted from
each spectrum recorded during the course of polymerization. ¢y
was calculated by integration over the high wavenumber half-
band from the maximum at around 6168 cm ™! over a range of
70 cm~! toward higher wavenumbers, against a horizontal
baseline at 6300 cm ™.

Results

Monomer Conversion vs Time. Solution polymerizations of
MMA were carried out in an optical cell allowing for in-line
monitoring of monomer conversion via FT-NIR spectros-
copy. Figure 1 gives the conversion—time data for MMA
polymerizations in [OMA][Tf,N] and [MOPYR][BF,4]. For
comparison data from a polymerization in toluene are
included, too. In all cases ¢y was 5 mol L™, and the initiator
concentration, caipn, Was 1.0 wt % relative to the monomer.

Figure 1 shows that MMA polymerizations in [OMA]-
[Tf,N] and [MOPYR][BF,4] may be carried out up to com-
plete monomer conversion in the homogeneous phase. In
case of heterogeneity the detection of monomer conversion
via FT-NIR would have failed. This finding is remarkable,
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Figure 1. Conversion vs time for MMA polymerizations at 60 °C in
toluene, [OMA][Tf,N], and [MOPYR][BF,] with ¢;y = Smol L', and
casN = 1.0 wt % relative to the monomer.

since polymer solubility in ILs is often rather low;*>* e.g.,
butyl methacrylate polymerizations in 29 ILs always re-
sulted in precipitation of the polymer,”> and PLP-SEC
experiments of glycidyl methacrylate were largely restricted
by polymer solubility in ILs.** It is also obvious that the
initial slope of the conversion—time curves for MMA
polymerizations in ILs is steeper than for MMA polymer-
ization in toluene, indicating a higher polymerization rate
in the presence of ILs. Moreover, at around 20% conver-
sion an increase in slope is observed for reactions in ILs,
whereas the data from MMA polymerization in toluene do
not show any significant change in the slope and conse-
quently in rate. Complete conversion was reached in 80 and
110 min for the MMA polymerizations in [MOPY R][BF4]
and [OMA][Tf,N], respectively, whereas only about 30%
MMA conversion is found for polymerization in toluene
after 110 min. The higher initial polymerization rate for
reactions in [OMA][Tf,N] and in [MOPY R][BF,4] as well as
the occurrence of the gel effect at around 20% conversion
may be explained by the influence of the IL-induced higher
viscosity on the diffusion-controlled termination rate coef-
ficient. Further, the anticipated enhancement of k,, due to
the presence of the ILs will contribute to the higher polym-
erization rate.

In contrast to polymerizations in [OMA][Tf,N] and
[MOPYR][BF4], which proceed homogeneously until com-
plete monomer conversion, MMA polymerization in
[MOIM][BF4] may be performed in homogeneous phase
only for ¢py > 5 mol L', In polymerizations of all other
mixtures the solution turned heterogeneous at conversions
higher than 10%. In contrast to all other systems that
showed miscibility of monomer and IL at all concen-
trations, MMA/[HMIM]CI systems were homogeneous
for ep < 3 mol L™" only.

Variation of k, with Monomer Concentration. The varia-
tion of kj, with ¢y was investigated in detail for the MMA/
[OMA]Tf,N] and the MMA/[MOPYR][BF,] systems,
which allowed for polymerization in homogeneous phase
up to complete monomer conversion. In addition, the
MMA/[EMPYR][C4F¢SO3] system was investigated over
an extended range of monomer concentrations serving as a
representative of the systems that turned heterogeneous at
conversions above ~10% conversion. ¢y was varied between
2 and 7 mol L™'. Details of each experiment and kp values
derived in this work are listed in Tables S1—S6 in
the Supporting Information. The tables give the photoini-
tiator concentration, cymmp, the energy per pulse, £, the
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w(log M)

d(w(log M))/d(log M)

4.0 4.5 5.0 5.5
log M

Figure 2. Molecular weight distributions (a) and associated first deri-
vative curves (b) for PMMA obtained from MMA PLP in [OMA]-
[TE>N] with epg = 2.14mol L™ (full line) and 3.20 mol L™ (dotted line)
at 27 °C.

polymerization temperature, 7, and the molecular weights at
the first and second inflection point, M, and M,, respec-
tively. In all cases the ratio of M/M, is ~0.5, fulfilling the
PLP consistency criteria. In addition, variations in initiator
concentration, laser pulse energy, and pulse repetition rate
did not affect the kinetic results.

As an example, Figure 2 shows the MWDs (a) and the
associated first derivatives of the MWDs (b) of PMMA
obtained from PLP with 2.14 and 3.20 mol L™" of MMA
in [OMA][Tf,N]. The MWDs show two clear maxima and a
shoulder. The corresponding derivative curves clearly exhi-
bit three maxima indicative of inflection points of the
MWDs. The position of inflection points in Figure 2b is
indicated by M, M», and M3 for the lower cy;.

To allow for comparison of k, values determined
at slightly different temperatures between 23 and 27 °C,
Figure 3 presents k, values for polymerizations in ILs
relative to the corresponding bulk values. In addition, data
from Harrisson et al.?' for MMA polymerizations in
[BMIM][PF¢] at T~ 25 °C are depicted as a function of cy.
For clarity of presentation, arithmetic mean values at each
cvm are given. In all cases a strong enhancement of k,, with
increasing IL content is observed.

It is evident that kp/kp, pui is the lowest for MMA poly-
merizations in [OMA][Tf,N] over the entire range of mono-
mer concentrations. Differences in k, for MMA poly-
merizations in [EMPYR][C4FySOz] and [MOPYR][BF,]
may be observed at ¢y lower than 4 mol L™'. The highest
value for kp/k,,puic at ¢y = 2 mol L~ ! is observed for the
MMA/[HMIM]CI system, where k, is 3.8 times as high as
the associated bulk value. [OMA]Tf,N] has the weakest
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effect on kj, as ki, is only by a factor of 2 above MMA bulk
kp. kp values for polymerizations in [EMPYR][C4F¢SO5],
[MOPYR][BF,], and [BMIM][OctSQOy] are all very similar
and in between k, for systems containing [OMA][Tf,N] or
[HMIM]CI.

For comparison to the literature data, arithmetic mean
values for ky/kp, puik at ey = 2 mol L~! determined in this
study and kp/kp, pui data from ref 22 for MMA polymeriza-
tions in [EMIM][EtSO,], [EMIM][HexSOy], [BMIM][BF,],
and [BMIM][PF¢] are listed in Table 2. With the exception of
polymerizations in [HMIM]CI k,/ky, puic values from Table 2
show that the ratio is the highest for the ILs composed of
both small cation and anion. As either the size of cation
or anion increases, kp/kppuk is lowered. The smallest
kplkp puk value was derived for MMA polymerizations in
[OMA][Tf,N], which is significantly more bulky than the
other ILs.

Temperature Dependence of kj,. The temperature depen-
dence of k, was investl%dted for the lowest monomer concentra-
tion of oM = 2mol L. k;, values and full experimental details
are given in the Supporting Information in Tables S1—S6. The
data for MMA k,, in [OMA][Tf,N], [MOPYR][BF,], [HMIM]-
Cl, [BMIM][OctSOy), and [EMPYR][C4F¢SOs] together with

40
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Figure 3. Propagation rate coefficient, k,, for polymerizations in ILs at
25 £ 2 °C relative to the bulk rate coefficient, kppux, vs monomer
concentration, ¢y, for MMA polymerizations in [OMA][Tf,N], [MO-
PYR][BF,], [EMPYR][C4FsSOs], [BMIM][OCtSO4] [HMIM]CL, [EM-
IM][OctSO4], [MOIM][BF,], and [BMIM][PF].*'
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the bulk values®® are plotted in Figure 4 according to the
Arrhenius equation (eq 5):

Ink,=1InA—E,/RT (5)

with the pre-exponential factor 4 and the activation energy E,.
The dashed lines represent linear fits of each experimental data
set. The variation of k, with 1/T is similar for all MMA/IL
systems except for polymerizations in [EMPY R][C4F¢SO4], for
which a slightly lower variation is found.

To account for experimental uncertainties, 95% joint
confidence intervals (JCIs) of the Arrhenius parameters A
and E, were calculated using the program Contour.*® The
JCIs derived on the basis of estimated constant relative
errors are plotted in Figure 5. For clarity of presentation
the data are given in two separate graphs. The number of
data points obtained for each system, the temperature inter-
val for k,, determination, 4 and E, derived with the Contour
program, and kj, values at 25 °C calculated from the given A
and E, values are listed in Table 3. The JClIs for polymeriza-
tions in [OMA][Tf,N], [BMIM][OctSOy4], and [HMIM]CI in
Figure 5a do not overlap with the corresponding JCI for bulk
systems. Figure 5a indicates that the pre-exponential is only
slightly above the bulk value, whereas a clear decrease in E,
due to the presence of the ILs is observed. Similar results are

A [HMIM]CI
g0k A [BMIM][OctSO,]
- * [MOPYRI][BF,]
O [EMPYR][C,F,SO,]
751 A m [OMA][TN]
= 70}
=
&
2 65}
SQ
XS
55+
1

20 30 31 32 33 34 35 36
1000 77" /(K ™)

Figure 4. Temperature dependence of k,, for MMA polymerizations in
bulk*® and in [OMA][T£,N], [HMIMICI, [BMIM][OctSO4] [MOPYRJ-
[BF,], or [EMPYR][C4FySO;] with ¢y =2 mol L™ .

Table 2. Arithmetic Mean Values of kp/k,, pux for MMA Polymerizations in ILs with MMA Concentrations of 2 mol L™ L, FTIR Peak Positions of
the Carbonyl, v,,,,(C=0), and the Olefinic Vibration, v,,,,(C=C), Half-Width of the Carbonyl Peak, I, E~N Calculated According to Eqs 3 and
4, Anion Volume, V,, and Cation Volume, V',

IL ko/Kppui Vimax(C=0)/em”! Ly vm(C=O)fem™ Apg/am B VAT VA
[EMIM][EtSOy,] 3.9¢ 1720 9.7 1636 545 0.67 147¢ 182¢
[EMIM][HexSOy4] 3.1 1722 9.9 1637 549 0.66 2594 182¢
[EMIM][OctSO4] 2.8 1723 9.8 1638 559 0.63 3154 182¢
[BMIM][BF,] 3.8¢ 1720 10.1 1637 546° 0.67° 73¢ 238¢
[BMIMI][PF] 3.5¢ 1720 10.7 1637 549° 0.66" 107°¢ 238¢
[BMIM][OctSO4] 2.4 1724 8.9 1638 557 0.64 3154 238¢
[HMIM]CI1 3.8 1721 9.7 1637 574 0.59 47¢ 294¢
[MOIM][BF,] 2.8 1722 9.7 1638 554 0.65 73¢ 350¢
[MOPYR][BF,] 2.5 1721 9.6 1637 569 0.60 73¢ 370°¢
[EMPYR][C4FoSO;] 2.8 1721 10.7 1638 2024
[OMA][Tf,N] 2.0 1721 11.7 1639 621 0.47 230¢ > 6007
MMA 1.0 1726 9.1 1639 748 0.23

“Data from ref 22. Determined at 40 °C. ® Er™ range covering the data from refs 35 and 43. “ Taken from ref 44. ¢ Calculated according to ref 45.
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Figure 5. 95% joint confidence intervals and A4 and E, indicated by the marker. The bulk data were taken from ref 37.

Table 3. Pre-exponential Factors, 4, and Activation Energies, E,, for MMA k,,, Number of k,, Values, N, Temperature Range, T, and k,, Values for
MMA Polymerizations at 25 °C and cy; =2 mol L'

solvent N T (°C) E, (kJ mol™") Ax 107 (L mol 's™") kp(25°C) (L mol ™' s™h
bulk” 16 10.3—64.0 24.1 4.8 288
[OMA][Tf,N] 13 13.1-56.4 22.8 5.7 577
[MOPYR][BF,] 6 10.9—55.5 21.9 5.0 728
[BMIM][OctSO4] 8 11.9-55.6 22.1 5.4 725
[EMPYR][C4F4SO5] 12 11.1-55.8 20.4 3.0 800
[HMIM]CI 11 9.7-55.2 21.6 6.5 1068
“Bulk data from ref 37.

found for MMA/[EMPYR]C4F¢SOs] as shown in
Figure 5b. Although the JCI for MMA/[MOPYR][BF,] is
very large (smallest number of data points), the system
follows the same trend as the other data.

Furthermore, E, values are lowered by up to 3.7 kJ mol ™!
when replacing the monomer by ILs, while the pre-exponen-
tial factors with exception of [EMPYR][C4F¢SOs] are at
most 35% higher than for the bulk system. Although a small
difference between pre-exponential factors exists, the JCIs in
Figure 5 suggest that it is the activation energy rather than
the pre-exponential factor that causes the k,, enhancement
for MMA polymerizations in ILs. The observed decrease in
E, for all polymerizations in ILs is in good agreement with
literature data, where k;, values and Arrhenius parameters
for MMA polymerizations in [BMIM][PF4] and [BMIM]-
[BF,4] were reported.21’22 The decrease in E, with the intro-
duction of ILs as solvents in comparison to the bulk was also
observed for glycidyl methacrylate polymerizations in
[BMIM][BF,] and [EMIM][EtSO,].**

Discussion

Several theories were developed to explain the influence of
organic solvents on propagation kinetics.'*”*134774% For non-
aqueous systems, the most discussed are the “bootstrap” effect,”
radical—solvent or monomer—solvent complexatlon 1848 and
polarity effects.™*> The bootstrap effect is characterized by a
significant difference in local and bulk monomer concentration
due to differences in solvation of the polymer molecules by
monomer and solvent. The occurrence of a local monomer
concentration in the vicinity of the polymer radicals would result
in an apparent variation in k, as the bulk monomer concentration
used to calculate k, would deviate from the true value. For
example, if the polymer is better solubilized by the monomer, the
local monomer concentration would be higher than the overall

monomer concentration in the system. If this difference is not
accounted for, k;, values calculated are below the true k;, value.
However, it was shown that even in the presence of the poor
solvent Supel’CI’lthdl carbon dioxide the maximum decrease in kj,
is40%.” Since MMA ky, for polymerizations in ILs increases by at
least 100% compared to the bulk value (Table 2), the bootstrap
effect does not seem to be a likely explanation for the k,
enhancement. Radical—solvent complexation may also be ruled
out because complexed radical species are only expected to be
formed if the complex is more stable than the radical itself. A
stabilization of the radicals would lead to an increase in E, and a
lowering in k,. However, the opposite effect is observed.

That leaves monomer—solvent complexation and polarity
effects as possible explanations for the enhancement of MMA
ky, due to the presence of ILs. To distinguish between these two
theories, understanding of specific and nonspecific solvent—
solute interactions is required. Moreover, the observed decrease
in E, in the presence of ILs suggests electronic effects to be
responsible for the IL influence on MMA k. The rate coefficients
may be affected by specific (such as hydrogen bonding and
electron pair acceptor (EPA)—electron pair donator (EPD)
interactions) and nonspecific (ion—dipole, dipole—dipole, di-
pole—induced dipole, and instantaneous dipole—induced dipole
forces) solvent—solute interactions. To identify potential inter-
action sites between IL and monomer units, Figure 6 depicts an
imidazolium, a pyridinium, and a trialkylammonium cation as
well as a sulfate anion. In addition, Figure 6 illustrates which kind
of interactions the ions may undergo. Scheme 2 gives canonical
structures of the monomer and indicates possible interactions
with the medium. The IL cations are able to interact not only with
the associated anions via EPA—EPD, weak H—bond, and ion—
ion interactions but also with the monomer through EPA/EPD,
weak H-bond, and ion—dipole interactions. The nucleophilic
anion may also interact with partially positively charged carbon
atoms in MMA. Moreover, the C—H acidity of imidazolium
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Figure 6. Structures and possible solvent—solute interactions of imidazolium, pyridinium, ammonium, and sulfate ions. The circles indicate the most
acidic C—H bonds. EPA: electron pair acceptor; EPD: electron pair donator; HBA: H bond acceptor.

Scheme 2. Canonical Structures of MMA and Potential Sites for
HBA (Hydrogen Bond Acceptor), HBD (Hydrogen Bond Donor), EPD
(Electron Pair Donor), and EPA (Electron Pair Acceptor) Interactions
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cations was discussed.** > The H atoms circled in Figure 6 are
somewhat capable of undergoing weak H bonding.

The importance of H bonding for the kinetics of radical poly-
merizations was discussed in previous publications. 1533738 T ]|
aqueous systems a particular strong variation of &, with mono-
mer concentration by up to 1 order of magnitude is found.>* > The
results were explained to be due to a competition between associa-
tion of the carbonyl group of the growing chain with either
monomer or water molecules. Association of the carbonyl groups
with water results in less hindered rotational modes of the transition
state structure due to the lower mass of water. As a consequence, the
pre-exponential A is significantly enhanced in aqueous systems
compared to the bulk systems. For a detailed discussion the reader
is referred to the publications of Buback and co-workers, e.g., refs
53 and 57.

In nonaqueous systems the occurrence of H bonds involving
OH groups resulted in an enhancement of k, by at most 80%. It is
well-known that ILs consisting of 1,3-dialkylimidazolium and to
a lesser extent pyridinium cations may act as weak H-bond
donors because of the weak acidic C(2)—H hydrogen atom at
the heterocyclic ring.*>> It might be anticipated that H bonds are
responsible for the variation of k;, for MMA polymerizations in
IL. To probe for such H bonds involving carbonyl O atoms,
vibrational spectroscopy is well-suited.*® If H bonds are opera-
tive, a bimodal absorption peak occurs in the carbonyl region of
the IR or Raman spectra. The peak indicative of nonassociated
MMA carbonyl groups occurs at 1726 cm ™', whereas associated
carbonyl groups give rise to an absorption peak at lower
wavenumbers around 1700 cm ™' .2+

FTIR spectra recorded for the MMA/IL systems studied in
this publication were measured at ¢yy =2 mol L' and are shown
in Figure 7. The IR spectra exhibit a monomodal peak assigned to

1.2
——MMA
—— [BMIM][OctSO, ]
1.0+ - - = [HMIMICI
===+ [MOPYR][BF ]
sl ‘i‘ - = =[EMPYR][CFSO,]
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Figure 7. IR absorption band of the C=0 stretching vibration of neat
MMA and MMA/IL mixtures at ¢y; = 2 mol L™" recorded at room
temperature.

the carbonyl group in the absence of H bonds. Contributions
from associated species giving rise to a peak at 1700 cm ™! are not
seen. The finding is in agreement with previously reported data
and confirms that H bonding is not responsible for the IL-
induced enhancement of kp.22

Besides being able to abandon the idea that H bonding is
responsible for the IL influence on k, it needs to be tested
whether information on other interactions between monomer
and IL may be derived from the position of the absorption bands
in the vibrational spectra. Previously, spectral data for a rather
small number of systems only revealed that [EMIM][EtSO,],
[BMIM][BF,], and [BMIM][PF¢] have the same influence on the
carbonyl vibration of MMA and that the IL-induced shift of the
carbonyl peak is stronger than for [EMIM][HexSO,].%*> With a
larger number of spectral and kinetic data at hand, it seems
rewarding to check for a correlation between changes in spectral
data and in the kinetic rate coefficients.

Table 2 shows that the peak maximum of the carbonyl
vibration, v, (C=0), is shifted toward lower wavenumbers in
the presence of ILs. A maximum shift of up to 6 cm ™' was
detected. If v, (C=0) of MMA in [BMIM][OctSO,4] is com-
pared to V1, (C=0) of MMA in [BMIM][BF,] and [BMIM]-
[PFg), it is clear that the shift of the carbonyl peak strongly
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depends on the anion. v,,,,,(C=0) of MMA in [BMIM][OctSO4]
is shifted by only 2 cm ™' compared to the bulk MMA spectrum,
whereas ¥, (C=0) of MMA is 4 cm ™' higher than in mixtures
with 1-butyl-3-methylimidazolium-based ILs with the smaller
anions BF;~ and PF4 . The same is observed for the series of
1-ethyl-3-methylimidazolium-based ILs, [EMIM][EtSO,4], [EM-
IM][HexSO4], and [EMIM][OctSO,], where v.,.(C=0) gra-
dually increases (1720, 1722, and 1723 cm™', respectively) with
increasing anion chain length. This suggests that interactions of
MMA and ILs become somewhat hindered as the anion size
increases. For comparison, molar volumes of anions and cations
taken from ref 44 or calculated according to ref 45 are contained
in Table 2.

Similarly, the spectral data for ILs containing identical anions
are compared. Generally, for the systems considered here the
variations in v,,,(C=0) are less pronounced than the above-
discussed anion-induced variations. The carbonyl peak maxi-
mum for MMA dissolved in [BMIM][BE4] occursat I and 2 cm ™
lower wavenumber than for MMA/[MOPYR][BF,] and MMA/
[MOIM][BF,] mixtures, respectively. This finding implies that the
smaller the cation, the stronger the variation of the carbonyl peak
position.

The shift of the MMA carbonyl stretching vibration may be
explained by alteration of the electron density of the C=0 bond.
The charge-separated canonical structures depicted in Scheme 2
are associated with slightly different energies of the carbonyl
vibration and should be favored in the presence of ILs. In
addition, electron density of the C=C will also be changed by
the presence of ILs as C=0 and C=C bonds form a conjugated
system. However, in agreement with previous findings,”> only
small shifts of v, (C=C) by one or two wavenumbers were
observed (see Table 2). Moreover, for MMA/[OMA][Tf,N]
mixtures no variation in v,,,,(C=C) is found. At first sight this
finding may be surprising. However, it needs to be considered
that the extinction coefficient of the C=C bond is much lower
than that of the carbonyl peak, which was indicated by the MMA
spectrum given by Woecht et al.* Therefore, it is more difficult to
identify changes of the weak peak assigned to C=C vibration.
Because of the conjugated C=0 and C=C double bond, how-
ever, the electron density of the C=C bond should also be affected
by the presence of ILs. The alteration in electron density of the
double bond results in changes of the monomer reactivity toward
radical attack. It was stated that ester-substituted radicals are on
the borderline between nucleophilic and electrophilic behavior
and that the reaction with an alkene is enhanced due to either
strong electron—acceptor or electron—donor substituents.®!¢>
As a consequence, both cation and anion of the IL may
contribute to an increase in k,, as both are able of favoring charge
separated MMA resonance structures (see Scheme 2).

Figure 7 shows that not only the peak position is affected by
the IL; to a larger extent the peak width of the carbonyl
absorption is varied, too. To quantify this change, higher
wavenumber half-band integrals of the C=0 bonds were calcu-
lated and listed in Table 2. The most pronounced peak broad-
ening occurs for MMA/[OMA][Tf,N] mixtures. To explain the
significant broadening, it should be considered that in case of
[OMA][Tf;N] both cation and anion are very bulky and the
charges are sterically shielded. In addition, the cation is also
highly unsymmetrical as it has three long octyl chains and one
methyl group attached to the nitrogen. Interactions between
ammonium cations and monomer molecules in the vicinity of
the N—CHj; bond will contribute to changes in electron density of
MMA carbonyl bonds, which result in a shift of v,,,,(C=0). In
addition, monomer molecules may be situated in the vicinity of
longer octyl chains of the cations and, thus, are not able to
strongly interact with the positive cation core. As a consequence,
Vmax(C=0) of these monomer molecules is the same as in the bulk
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Scheme 3. Molecular Structure and Potential Interaction Sites of
Reichardt’s Dye Taken from Ref 35
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system. The resulting broad peak associated with the carbonyl
vibration reflects a superposition of carbonyl peaks originating
from different interactions between monomer and cation. The
absorption peak related to the C=C double bond is generally
broader, and no clear trend in variation with the various systems
is found.

Comparison of v, (C=0) for a series of ILs containing the
same cation with the propagation rate coefficients derived from
PLP experiments in these ILs indicates that the lower the
Vmax(C=0), the higher the IL-induced enhancement of k;,. How-
ever, in case of polymerizations in [BMIM][BF,] and [BMIM]-
[PF¢] vimax(C=0) values are identical, while some differences in k,
occur. Moreover, the data listed in Table 2 show that a universal
correlation between vy,,(C=0) and kj, is not existing. The
carbonyl peak of MMA in solution with [HMIM]CI or [OMA]-
[TF,N] is seen at 1721 cm ™', but ky, 1s enhanced by a factor of 3.8
or 2.0, respectively. This example indicates that the IR data are
not sufficient to reliably estimate the solvent induced variation in
MMA k.

The data in Table 2 suggest that the variation in k,, scales with
the size of the ions: the larger the ions, the smaller the IL-induced
enhancement of kj,. The largest increase in kj, by a factor of 4 is
seen for polymerizations in [EMIM][EtSO,], [BMIM][BF,], and
[HMIM]CL. The findings suggest that polarity plays an important
role; however, a more sophisticated analysis is required. It should
be noted that the increase in MMA k;, with decreasing IL size in
this study and the enhancement of MMA k,, with increasing size
of organic solvent molecules reported in ref 10 are not in conflict.
In our previous work solvents were chosen that do not undergo
specific interactions with the monomer or macroradical. The
solvent induced-changes in k, were assigned to local monomer
concentrations being different from the overall monomer con-
centration. In the present work interactions between anions and
cations with monomer units are expected to occur (see below).
The different origin of the IL- and solvent-induced changes in k,,
is also reflected in the degree of enhancement: organic solvents led
to a maximum increase in k,, by 80%, whereas ILs may increase
ky, by a factor of 4 at comparable monomer concentrations.

As pointed out by Reichardt, often a single physical parameter
is not sufficient to characterize a substance with respect to
its solvent properties.*>*® To account for contributions from
Coulomb forces and from specific interactions such as hydrogen
bonding and electron pair donor (EPD)—electron pair acceptor
(EPA) interactions, the overall solvation capability of a solvent
should be considered. To probe for these interactions, UV—vis
spectra of solvatochromic dyes dissolved in the solvent of interest
may be recorded. Reichardt’s dye given in Scheme 3 is suitable
for registration of dipole/dipole and dipole/induced dipole
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Figure 8. Longest wavelength intramolecular charge-transfer m—m*
absorption band of Reichardt’s dye in MMA, [MOPYR][BF4]
[OMA][Tf,N], and [MOIM][BE,]. A: Ayax for dimethyl sulfoxide.®’

interactions as it exhibits a large permanent dipole. Moreover, it
has a large polarizable m-system being suitable for detection of
dispersion interactions, and the phenolate oxygen atom may
interact with H-bond donors and electron pair acceptors.

As an example, UV—vis absorption spectra of Reichardt’s dye
dissolved in MMA, [MOPYR][BF,], [OMA][Tf,N], and [MO-
IM][BF,] are presented in Figure 8. The UV—vis spectra mea-
sured in the ILs are significantly shifted to lower wavelength
compared to MMA. The weakest shift of around 127 nm is found
for [OMA][Tf,N], whereas [MOPYR][BF,] and [MOIM][BF,]
cause a stronger shift of 179 and 194 nm, respectively. The
position of the peak maxima in UV—vis spectra of all systems
investigated, .., and EN are contained in Table 2. The lowest
values of A, ranging from 545 to 549 nm were determined for
[EMIM][EtSO,], [EMIM][HexSO4], [BMIM][BF,], and [BM-
IM][PF¢). Table 2 shows that Er™ values for all imidazolium-
based ILs except for [HMIM]Cl are in the range from 0.63 to 0.68.
[HMIM]CI constitutes an exception because of the small anion
associated with a very high charge density. As a consequence, the
cation—anion interactions are stronger than in all other ILs used
in this work.%* Because of the stronger cation—anion interactions,
[HMIM]CI shows the highest viscosity of 8000 mPa-s at 25 °C,
which is about 7.5 times h1gher than the V1s0051ty of [BMIM]
[OctSO4], the second most viscous IL used in this study.®* The
stronger anion—cation interactions in case of [HMIM]CI influ-
ence its interactions with the dye and is finally reflected in the
significantly different Er™ value.

[MOPY R][BF,] has a slightly lower E{™ than the 1-butyl-3-
methylimidazolium- and 1-ethyl-3-methylimidazolium-based
ILs. The lowest E™ value among the ILs listed in Table 2 has
[OMA]Tf;N]. As already mentioned above, both cation and
anion of [OMA][Tf,N] are very bulky, which may significantly
hinder its interaction with other molecules. In addition, [OMA]-
[Tf,N] does not have a polarizable ring and has a lower H-bond
donating ability than imidazolim- or pyridinium-based ILs used
in this study. As a result, interactions between [OMA][Tf,N] and
MMA are of a lower intensity than in all other systems, which is
associated with the lowest enhancement in k, among the inves-
tigated ILs.

Even though EfN Values of all ILs were suggested to be
dominated by the cation,?® an influence of the amon is clearly
observed. The data listed in Table 2 show that ;™ decreases as
the anion size increases in the analogue series of for 1-butyl-3-
methylimidazolium- and 1-ethyl-3-methylimidazolium-based
ILs. This finding suggests that IL interactions with the dye are
being reduced with larger sizes of the anion. The same may apply
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Figure 9. EN values for mixtures of MMA with [OMA][Tf,N] or
[MOPYR][BF,] derived from UV—vis spectra. The inset gives the
variation of the corresponding kp/ky, pui values.

to IL interactions with MMA,, which may explain the finding that
kp/kp buik 1s the higher the smaller the anion.

If ILs composed of the Same anion, e.g., tetrafluoroborate, are
compared, the highest Er™ refers to [BMIM][BF4] [MOIM][BF,]
with the longest alkyl chain at the imidazolium ring has a slightly
lower Er" than the IL with 1-butyl-3-methylimidazolium cation.
The lowest Er™ corresponds to the pyridinium—based IL, [MO-
PYR][BF,]. Again, k,/k, v values follow the E1N changes—the
lower the Et, the lower the associated kp/kp,pux value. The
difference in Er™ between [EMIM][OctSO4] and [BMIM][Oct-
SO, is negligible as the cations are very similar and the anion is
rather large.

Although k,/kp, pux used for comparison were derived from
PLP at rather dilute solution, it seemed important to determine
ErN values of some MMA/IL mixtures. The variation of EN
with monomer concentration for MMA mixtures with [OMA]-
[szN] and [MOPYR][BF4] is depicted in Figure 9. For com-
parison, the inset glves the variation of kp/kp pui With ¢y It is
clearly seen that Er™ increases s1gn1f1cantly with the addition of
IL. While a linear variation of Ef with ¢y is found for
concentrations between pure IL and around 7 mol L™' MMA,
Er™ for bulk MMA is significantly lower than all other E{™
values. This finding is in agreement with studies on, e.g., mixtures
of ILs with 2-butanone.®® For both MMA/IL systems studied
here, linear fitting of the data for the mixtures results in paral-
lel lines. Contrary experimental kj, data may be well represented
by a linear fit including the pure MMA value (see the inset of
Figure 9).

Although there is a mismatch for the variation of EN with ey
and kp/kp, pu With ¢y at high monomer concentratlons it seemed
rewarding to test how kj, varies with ErN. Figure 10 gives the
variation of kj, for polymerlzatlons at ey =2 mol L™ with BN
derived from the pure ILs (open symbols) and for polymeriza-
tions in [OMA][Tf,N] and in [MOPYR][BF,] at different ¢y with
Er™ derived for the monomer/IL mixtures at ¢y, of the polym-
erization (filled symbols). The dotted line included in Figure 10 to
guide the eye shows that only a general trend of an increase in k,
with increasing E1" is found. Figure 10 indicates that a master
correlation for the predlctlon of k,, for polymerizations in ILs
cannot be given. Although E™ values account for different types
of interactions, the polarity influence on k, is still too complex to
be represented by a single parameter equdtlon based only onEr™.
As already discussed, MMA kj, for polymerizations in ILs 1s
influenced by both the anion and the cation. However, Er™
parameters may not be representative of the anion properties. 28,67
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Figure 10. Variation of ky/kp, by With EN. Open symbols refer to a
monomer concentration of 2mol L™ and Er™ determined for pure ILs
or MMA, filled systems to concentrations =2 mol L' and £ derived
for the MMA/IL mixtures.

Furthermore, Er™ reflects both specific (EPA-EPD, H bonding)
and nonspecific interactions. Each of them may contribute to the
observed enhancement of MMA £k, to a different extent. For a
quantitative understanding of the solvent dependent data, a more
rigorous approach to the treatment of polarity effects has to be
applied. For example, a linear solvation energy relationship
proposed by Kamlet, Abboud, and Taft breaks down polarity
into dipolarity and polarizability, HBD acidity, and HBA basi-
city.®® Using such a multiparameter equation for the correlation
of solvent properties and solvent induced variations in k, may
provide a tool for the description and in future prediction of the
propagation rate coefficients. Currently, these investigations are
underway.

It seemed rewarding to discuss the data from this study
together with previously published k,, values for solution poly-
merizations that differed strongly from the corresponding bulk
values. As IR of MMA/IL systems did not give any indication for
the presence of H bonds, the origin of MMA k, enhancement in
ILs seems to have some similarities with k, enhancement in
DMSO. For comparison with MMA/IL systems, the position of
Amax for DMSO®” was included in Figure 8 (marked by A in the
graph). Figure 8 shows that A,,,,x of DMSO is slightly higher than
Amax of [OMA][Tf,N]. Interactions between Reichardt’s dye and
DMSO are dominated by EPA—EPD interactions as well as on
nonspecific interactions. It is worth mentioning that both DMSO
and [OMA]TE;N] lead to a 2-fold increase in kp,. Another
example for EPA—EPD interactions being responsible for a
solvent induced increase in k, is MMA polymerizations in other
sulfur containing solvents such as 2,6-dithiaheptane and 1,5-
dithiacyclooctane.” The enhancement of k, amounts up to a
factor of 2, comparable to that in the presence of DMSO or
[OMA][T,N].

Conclusions

The studies into the IL influence on the propagation kinetics in
MMA polymerizations indicate a significant enhancement of k,
and a lowering of the associated activation energies compared to
the bulk systems in all cases. k, values for polymerizations with ¢y
=2mol L™ " increase by a factor of 2—4 depending on the type of
IL used. Generally, the enhancement of , is the larger the smaller
the ions of the IL. The increase in k, may qualitatively be
predicted by the polarity of the ILs, by considering vibrations
of the carbonyl group of the monomer, or from UV —vis spectra
of Reichardt’s dye dissolved in ILs. However, the single Er™
parameter is not sufficient to quantitatively correlate k, and the
solvent properties of the ILs. Currently, it is tested whether a
multiparameter representation of the solvent may allow for a
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better correlation between the kinetic data and the solvent
properties.
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