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ABSTRACT: Pulsed laser initiated polymerizations ofmethyl methacrylate (MMA) in the presence of ionic
liquids (ILs) resulted in a strong enhancement of the propagation rate coefficient, kp, compared to the bulk
system. To correlate the IL influence onMMA kp with IL solvent properties, theKamlet-Taft parametersR,
β, and π* of the ILs were derived. A correlation in the form of ln(kp/kp,bulk)= ln(kp/kp,bulk)

0þ sπ*þ aRþ bβ
was obtained from a linear solvation energy relationship (LSER) analysis of a data set consisting
of polymerizations in 11 ILs, as well as in DMSO, in THF, and in bulk. The coefficients are s = 1.72,
a=0.63, b=0.37, and ln(kp/kp,bulk)

0=-1.27. The data indicate that dipolarity, polarizability, and electron
pair accepting ability of the IL, associated with the π* parameter, contribute to a large extent to the variation
in kp, whereas electron pair donating and hydrogen bond accepting ability, accounted for by β, are of lesser
importance. The hydrogen bond donating ability, related to R, of the IL has no significant influence on kp.

Introduction

The ability of ILs to dissolve a wide range of organic and
inorganic compounds, their ionic nature, and their ability to
undergo numerous solvent-solute interactions make them an
interesting medium for various reactions.1 Furthermore, due
to environmental concerns, there is an increasing requirement
to replace volatile organic compounds (VOC). Thus, because
of their generally negligible vapor pressure, ILs are considered as
attractive replacements for VOCs.

ILs have already been used as reaction media for numerous
chemical synthesis. Of particular interest are cases where the
presence of ILs increases yield, rate of reaction, and selectivity or
significantly facilitates product separation due to different solu-
bilization of catalysts, reagents, and products.1 IL applications in
polymer science are investigated for about a decade. In addition
to being used as a novel polymerization medium, ILs were
employed, e.g., for the preparation of functional polymers, as
components of polymer matrices or gels, or as templates for
porous polymers.2-8

Investigations into radical polymerizations in ILs revealed
significant changes in polymerization rates and molecular
weights when compared to conventional solvents.9-14 In parti-
cular, propagation rate coefficients, kp, ofMMA in ILs obtained
from pulsed laser initiated polymerizations (PLP) with subse-
quent polymer analysis via size-exclusion chromatography (SEC)
showed a kp enhancement in all cases. For example, MMA kp in
[EMIM][EtSO4]

12 and [HMIM]Cl14 is 4 times as high as the
associated bulk value. Because of the high viscosity of ILs, the
diffusion-controlled MMA termination rate coefficients were
reported to decrease by an order of magnitude.11 In a homo-
logous series of ILsMMA kp increases as the size of cation and/or
anion decreases.14 Polaritywas suggested to be themost probable
origin of the kp enhancement observed.11-14 Further, ILs were

found to influence the monomer reactivity ratios in free-radical
copolymerizations.15-18

Nowadays, ILs of widely differing physicochemical properties
are available. Bearing in mind the ability of ILs to significantly
influence radical polymerization kinetics, ILs may be considered
as “designer solvents”. However, such a successful utilization
of ILs requires a detailed understanding of the origin of the
IL influence on polymerization rate coefficients. Ideally, the
IL influence should be expressed by a mathematical correlation
of the rate coefficients with IL-specific physicochemical para-
meters allowing for a prediction of individual rate coefficients for
polymerizations in ILs.

Previous attempts to correlateMMA kp for polymerizations in
ILs with normalized polarity values,ET

N, of the ILs only allowed
for a rough estimate of kp. It was concluded that a more rigorous
approach has to be applied to account for polarity effects.14 Such
an approach is Kamlet-Taft’s linear solvation energy relation-
ship (LSER).19 While ET

N values are representative of both
nonspecific dye/solvent interactions and specific Lewis acid/base
interactions, the LSER breaks down polarity into dipolarity and
polarizability, hydrogen bond donating (HBD) acidity, and
hydrogen bond accepting (HBA) basicity. Generally, LSER is
used to identify and quantify the individual solute-solvent
interactions that determine the solvent effect on a particular
physicochemical property or kinetic data. One of the most
common forms of the Kamlet-Taft LSER is given by eq 1:19

XYZ ¼ XYZ0 þ sðπ� þ dδÞ þ aR þ bβ ð1Þ

where XYZ represents a solvent-dependent physicochemical
property or reactivity parameter in a given solvent. XYZ0

representsXYZ under gas phase conditions or in an inert solvent.
β is a measure of HBA basicity of a solvent or its ability to accept
a hydrogen bond. Moreover, β is a measure of the electron-pair
donating (EPD) ability of solvents. π* represents the solvent
dipolarity/polarizability, which measures the ability of a solvent*Corresponding author. E-mail: sabine.beuermann@uni-potsdam.de.
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to stabilize a neighboring charge or a dipole by virtue of
nonspecific dielectric interactions. If a set of data for a number
of solvents with considerably different polarizabilities is analyzed
by LSER, a polarizability correction term, δ, is preferably used.
For aromatic solvents δ = 1.00, for polychlorinated aliphatic
solvents δ = 0.50, and for all other aliphatic solvents δ = 0.00
were reported.20 The electron-pair accepting (EPA) ability of a
solvent, as one of the potential interactions of interest with ILs, is
accounted for by π*. The R parameter is associated with the
ability to donate a hydrogen for H bonding (HBD). a, b, s, and
d are coefficients that describe the sensitivity ofXYZ towardR, β,
π*, and δ. It should be noted thatXYZ0, a, b, s, and d are solvent-
independent coefficients, which are derived from a multipara-
meter fit to a number of solvent-dependent observations and
which are characteristic for the process under investigation.

LSER analyses were already successfully applied to under-
stand solvent effects onmany types of physicochemical properties
and reactivity parameters in organic reactions.19,21-27 The use of
LSER does not only provide information on relative contribu-
tions of each parameter; moreover, the sign of the coefficients a,
b, s, and d indicates whether the reactants or the transition state is
preferably stabilized by the solvent.21,25,27-29 First attempts to
apply LSER to understand the solvent influence on propagation
rate coefficients by Czerwinski suffered from the fact that at that
time reliable PLP-SEC derived rate coefficients were only
scarce.30 Moreover, the solvent induced variations in kp were
rather low.

In this publication, MMA kp data for polymerizations in ILs
are correlated with IL or MMA/IL solvatochromic parameters
applying the LSER approach. To extend the existing data set,14

kp data for polymerizations in 1-ethyl-3-methylimidazolium
n-hexylsulfate, 1-butyl-3-methylimidazolium tetrafluoroborate
and hexafluorophosphate, and 1-hexyl-3-methylimidazolium
hexafluorophosphate and bromide were determined.

Experimental Section

Materials. Methyl methacrylate (MMA, Aldrich, 99%),
the photoinitiator 2-methyl-40-(methylthio)-2-morpholino-
propiophenone (MMMP, Aldrich, 98%), the solvatochro-
mic dyes 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridinio)phenolate
(Reichardt’s dye, Fluka, techn g90%), N,N-diethyl-4-nitroani-
line (Fluorochem, 97%), and 4-nitroaniline (Aldrich, g99%),
dimethyl sulfoxide (DMSO, Roth,g99%), and the ionic liquids
1-hexyl-3-methylimidazolium chloride ([HMIM]Cl, Solvent
Innovation, 98%), 1-butyl-3-methylimidazolium n-octylsulfate
([BMIM][OctSO4], Fluka, g95%), trioctylmethylammonium
bis(trifluoromethylsulfonyl)imide ([OMA][Tf2N], IoLiTec,
99%), 3-methyl-1-octylpyridinium tetrafluoroborate ([MOP-
YR][BF4], Solvent Innovation, 99%), 1-ethyl-3-methylimidazo-
lium n-octylsulfate ([EMIM][OctSO4], Solvent Innovation,
98%), 1-methyl-3-octylimidazolium tetrafluoroborate ([MO-
IM][BF4], Solvent Innovation, 99%), 1-ethyl-3-methylimi-
dazolium n-hexylsulfate ([EMIM][HexSO4], Solvent Innova-
tion, 98%), 1-hexyl-3-methylimidazolium hexafluorophosphate
([HMIM][PF6], IoLiTec, 99%), 1-hexyl-3-methylimidazolium
bromide ([HMIM]Br, IoLiTec, 98%), 1-butyl-3-methylimi-
dazolium tetrafluoroborate ([BMIM][BF4], IoLiTec, 99%), and
1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]-
[PF6], IoLiTec, 99%) were used as received. The ILs, THF,
DMSO, and MMA were used as received for the UV measure-
ments, since free radical polymerizations are generally very
robust and do not require special purification of the compo-
nents. Methanol (VWR, 99%) containing trace amounts of
hydroquinone (Fluka, 98%) was used to precipitate the poly-
mer. N,N-Dimethylacetamide (Acros, 99%) containing LiBr
(Riedel-de Haen, 99%) was used as eluent for SEC.

Pulsed Laser Initiated Polymerization. Pulsed laser initia-
ted polymerizations were carried out at 25 ( 2 �C using a

thermostated cuvette (Hellma 165 QS, 10 mm path length).
Experimental details are given in ref 14. As a representative
reaction temperature, the arithmetic mean temperature, T, of
the sequentially registered temperatures was considered. The
difference between the initial and the final temperature during
PLP ranges from 0.3 to 2.0 �C depending on IL type and
concentration as well as on the initial temperature. The impor-
tance of monitoring the temperature during PLP was pointed
out byGarcı́a et al. previously.31MMA kp bulk data from ref 31
were taken for comparison with the kp values determined in this
study as the majority of PLP experiments were conducted under
the same experimental conditions as in ref 31.

Monomer-IL solutions with MMMP concentrations ran-
ging from 0.5 to 7.1 mmol L-1 were prepared. Initiator decom-
position was induced using a Q-switched Nd:YAG laser (B. M.
Industries, 5000 series) operating at 355 nm with a repetition
rate, νrep, of 5Hz, a pulse energy,Ep, of∼6mJ, and a pulsewidth
in the range of 10 nm. The number of pulses was chosen such
that the conversion of monomer did not exceed 10%. The
polymer was precipitated in methanol containing traces of
hydroquinone to prevent further polymerization, washed twice
with methanol to remove the ionic liquid, and dried in vacuum
prior to SEC analysis.

Size-Exclusion Chromatography. Molecular weight distribu-
tions (MWDs) were obtained by size exclusion chromatography
using anAgilent 1200 isocratic pump, anAgilent 1200 refractive
index detector, and threeGRAMcolumns (8� 300mm, particle
size 10 μm, pore sizes 100 and 2 � 3000 Å) from PSS. N,N-
Dimethylacetamide containing 0.1%LiBr at 45 �Cat a flow rate
of 1mLmin-1 was used as eluent. The SEC setup was calibrated
against PMMA standards of narrow polydispersity (MW be-
tween 500 and 1 � 106 g mol-1, PSS).

UV/vis Measurements. Absorption spectra of the solvato-
chromic dyes dissolved in MMA, THF, DMSO, ILs, and in
MMA/solvent mixtures were recorded on a Perkin-Elmer
Lambda 750 absorption spectrometer. The spectra were re-
corded in Hellma QS quartz cuvettes with 1 mm path length in
the wavelength range from 300 to 1000 nmat room temperature.
The concentration of the solvatochromic dye was chosen to
yield absorbances of the observed absorption bands in the range
from 0.4 to 2.

As Reichardt’s dye is sensitive to the presence of acid, a few
microliters of triethylamine were added to [EMIM][HexSO4],
[HMIM]Cl, [HMIM]Br, and [BMIM][BF4] to scavenge acid
that may protonate the phenoxide form.32 Control experiments
showed that even addition of 5 wt % of triethylamine did not
shift the absorption maximum in the above-mentioned ILs.

Random samples were chosen to check for reproducibility of
UV/vis measurements. Based on the spectroscopic data, mean
absolute deviations forπ*,R, andβwere calculated to be atmost
(0.02 and for ET

N (0.01.

Results and Discussion

To gain a better understanding of MMA kp enhancement due
to the presence of ILs and to obtain the most reliable LSERs, the
existing data set from ref 14was extended by the determination of
MMA kp at∼26 �C inDMSO, [EMIM][HexSO4], [BMIM][BF4],
[BMIM][PF6], [HMIM]Br, and [HMIM][PF6] for concentrations
between 2.11 and 2.16mol L-1. To investigate the influence of IL
concentration on the propagation kinetics, additionallyMMA kp
values for polymerizations in [HMIM][PF6] were estimated for
cMranging from2 to7molL-1 atT∼ 26 �C.Note that previously
determined kp values in the before-mentioned solvents refer to
different cM or temperatures. As kp/kp,bulk varies with monomer
concentration and the activation energy of kp is affected by the
presence of ILs, only MMA kp obtained under ostensibly the
same experimental conditions were considered here.

MMA kp was derived applying the PLP-SEC technique deve-
loped by Olaj and co-workers,33 which was recommended as the
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method of choice for the determination of kp by the IUPAC
Working Party on Modeling of Polymerization Kinetics and
Processes.34 kp is calculated according to eq 2:

L1 ¼ kpcMt0 ð2Þ

where cM is the monomer concentration, t0 the time between two
successive laser pulses, and L1 the number of propagation steps
between two pulses.L1 is calculated asM1/MMMA, whereMMMA

is the molar mass of the monomer and M1 may be identified by
the first inflection point of the molecular weight distribution
(MWD).33,35 To derive reliable kp values, the existence of a
second or even a third inflection point at degrees of polymeriza-
tion around L2 = 2L1 and L3 = 3L1 is required. These higher
order inflection points serve as a consistency criterion for
kp determination via PLP-SEC.36,37 Details of each experiment
and associated kp values are listed in Table 1. In all cases the ratio
M1/M2 is close to 0.5, indicating that the PLP consistency
criterion is fulfilled. The data for duplicate experiments inTable 1
demonstrate excellent reproducibility with deviations being smal-
ler than 5% for experiments at ostensibly the same conditions.

In Figure 1, MMA kp for polymerizations in ILs from this
work and from refs 11 and14 are plotted as a function of cM.
Further, MMA kp values for polymerizations in DMSO
and THF38 are contained. All data are given relative to the

corresponding bulk value. All kp/kp,bulk refer to 25 ( 2 �C, with
the exception of kp from polymerizations in THF, which were
carried out at 40 �C.38 To use the latter data is justified because
the activation energies of kp for polymerizations in THF and
in bulk are not significantly different.38 For clarity of presenta-
tion, arithmetic mean values are given for each cM.

Figure 1 demonstrates that kp is increased by up to a factor of
2-4 due to the presence of ILs.For [HMIM][PF6], [BMIM][PF6],
[OMA][Tf2N], and [MOPYR][BF4] the variation of kp with
cM was studied in more detail.11-14 While a linear dependence of
kp on cM is found for polymerizations in [OMA][Tf2N] and in
[MOPYR][BF4], a slightly curved dependence is found with
[HMIM][PF6] and [BMIM][PF6]. For [HMIM]Cl, [HMIM]Br,
and [BMIM][BF4] resulting in the strongest enhancement of
kp the entire cM range could not be studied due to homogeneity
issues.

If analogous series of ILs with the same cation are considered,
kp changes in the following order: [BMIM][OctSO4] < [BMIM]-
[PF6] < [BMIM][BF4] and [HMIM][PF6] < [HMIM]Br <
[HMIM]Cl. In accordance with the findings from refs 12 and14
an increase in kp is observed as the anion size decreases. kp values
for polymerizations in [EMIM][HexSO4] and [EMIM][OctSO4]
deviate from this trend. Within experimental accuracy MMA kp
values for reactions in both ILs coincide. The reasonmay be seen
in the rather small relative differences in size of the rather large
hexyl and octyl sulfate anions. For ILs having the same anion
the following order for the IL influence on kp is found:
[BMIM][OctSO4]< [EMIM][OctSO4], [MOPYR][BF4]< [MO-
IM][BF4] < [BMIM][BF4], and [HMIM][PF6] < [BMIM][PF6].
As observed for the correlation of kp with the anion size, the
smaller the cation, the higher the associated kp values. It is evident
that MMA kp is influenced by both anion and cation.

In previous PLP-SEC studies into the influence of supercritical
carbon dioxide or organic solvents, e.g., toluene and THF, on
methacrylate propagation kinetics the observed variation in kp
was assigned to the occurrence of local monomer concentrations
rather than to a true kinetic effect.38-40 This explanation was
supported by the finding that the activation energies and activa-
tion volumes of kp were not affected by the presence of the
solvents. Moreover, the observed variations in kp were compar-
ably small; e.g., the largest variation in kp due to the presence of
supercritical carbon dioxide was 40%. In contrast, the variation
in kp observed here amount up to a factor of 4. Since the reaction
mixtures stayed homogeneous and since the activation energies

Table 1. Experimental Details (Monomer Concentration, cM, Photoinitiator Concentration, cMMMP, Temperature, T, and Molecular Weights at
the First andSecond InflectionPoint,M1 andM2, Respectively), PropagationRateCoefficient, kp, andkp/kp,bulk (kp,bulk Being theRateCoefficient

for Bulk Reactions) for Polymerizations in the Indicated Solventsa

solvent cM/mol L-1 cMMMP/mmol L-1 T/�C M1/g mol-1 M2/g mol-1 M1/M2 kp/L mol-1 s-1 kp/kp,bulk

DMSO 2.14 0.5 25.8 28 400 55 500 0.51 662 2.2
DMSO 2.13 2.0 26.1 27 000 55 200 0.49 631 2.1
DMSO 2.13 2.0 26.0 27 400 56 300 0.49 642 2.1
[EMIM][HexSO4] 2.14 0.5 26.2 33 400 67 500 0.49 779 2.6
[EMIM][HexSO4] 2.14 0.5 26.3 33 900 66 800 0.51 790 2.6
[BMIM][BF4] 2.11 2.2 25.2 40 700 80 100 0.51 965 3.3
[BMIM][BF4] 2.11 2.2 25.4 41 800 79 300 0.53 992 3.4
[BMIM][PF6] 2.14 2.2 26.4 38 600 76 600 0.50 900 2.9
[BMIM][PF6] 2.14 2.2 26.4 38 800 76 500 0.51 904 3.0
[HMIM]Br 2.14 1.6 25.6 44 700 92 500 0.48 1041 3.5
[HMIM]Br 2.14 1.6 25.6 43 900 94 200 0.47 1023 3.4
[HMIM][PF6] 2.16 2.2 25.9 32 600 65 000 0.50 755 2.5
[HMIM][PF6] 2.16 2.2 26.0 33 100 66 000 0.50 766 2.5
[HMIM][PF6] 3.23 3.2 25.4 42 000 84 300 0.50 650 2.2
[HMIM][PF6] 3.23 3.2 25.0 41 700 83 500 0.50 645 2.2
[HMIM][PF6] 5.07 5.1 25.0 52 000 108 000 0.48 513 1.8
[HMIM][PF6] 5.07 5.1 25.1 52 800 108 000 0.49 521 1.8
[HMIM][PF6] 7.07 7.1 25.1 55 700 116 000 0.48 393 1.3
[HMIM][PF6] 7.07 7.1 25.8 57 700 121 000 0.48 408 1.4

aPulse repetition rate: 5 Hz; laser pulse energy: 6 mJ.

Figure 1. Propagation rate coefficients, kp, for MMA polymerizations
in ILs, DMSO at 25( 2 �C, and THF at 40 �C relative to the bulk rate
coefficient, kp,bulk, vs monomer concentration, cM: (a) ref 14; (b)
combined data set from ref 11 and from this work; (c) ref 38.
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are affected by the presence of the ILs,11,12,14 it appears highly
unlikely that such a strong variation in monomer concentration
throughout the reactionmixture occurs.Of course, the occurrence
of local concentrations cannot be excluded completely. However,
as discussed in more detail in ref 13, the contributions are
considered to be negligible. To explain the IL-induced variation
in kp in the following the properties of the ILs will be considered.

Recently, it was shown that the IL influence on kp cannot be
predicted by ET

N values of the pure ILs or mixtures of monomer
and IL. Itwas concluded that the solvent influence is highly complex
and involves both specific and nonspecific solvent-solute interac-
tions.14 To account for all these interactions Kamlet-Taft para-
meters were determined. In a number of studies several sets of dyes
were used to determine a set of Kamlet-Taft parameters. Fre-
quently, average values of these parameters were calculated. As the
goal of this study is not only to understand experimentally obtained
kp values but also to identify a simple way to predict MMA kp, the
Kamlet-Taft parametersR,β, andπ*werederived froma single set
of commercially available, commonly used solvatochromic dyes:
Reichardt’s dye,N,N-diethyl-4-nitroaniline, and 4-nitroaniline. The
structures of these dyes are depicted in Scheme 1.

Representative of all systems, Figure 2 depicts UV/vis spectra
of all three dyes in MMA and in [HMIM]Cl. For clarity of
presentation, UV/vis spectra of Reichardt’s dye in MMA and
[HMIM]Cl are not shown below 450 nm to avoid overlapping
with spectra of 4-nitroaniline and N,N-diethyl-4-nitroaniline,
and because this spectral range is not used for derivation of the
Kamlet-Taft parameters.29 Figure 2 indicates that only a rather
small shift of the absorption lines of 4-nitroaniline and N,N-
diethyl-4-nitroaniline in MMA and in [HMIM]Cl occurs. Con-
trary, the absorption spectra of Reichardt’s dye in MMA and in
[HMIM]Cl are strongly different. The peak maximum of the
absorption is shifted by 174 nm in [HMIM]Cl compared to
MMA, pointing at remarkable differences in the ability of
MMA and the ILs to undergo solute-solvent interactions with
Reichardt’s dye.

The Kamlet-Taft solvatochromic parameters are calculated
on the basis of eqs 5-7. ET(30) values are obtained by measuring
the wavelength corresponding to the maximum of the longest
wavelength intramolecularπ-π* absorption band ofReichardt’s
dye, λ(3)max.

41

ETð30Þ=ðkcal mol-1Þ ¼ 28591

λð3Þmax=nm
ð3Þ

ET(30) is the energy required topromoteReichardt’s dye from the
ground to the excited state. The normalized ET

N polarity is
calculated according to

ET
N ¼ ETð30Þ=ðkcal mol-1Þ-30:7

32:4
ð4Þ

The Kamlet-Taft parameter π* is obtained by measuring the
wavenumber at maximum absorbance, ν~(2)max, of N,N-diethyl-
4-nitroaniline:42

π� ¼ ~νð2Þmax=ð1000 cm-1Þ-27:52

-3:182
ð5Þ

Note, the use of wavelengths andwavenumbers in parallel results
from the decision to give the original equations for R, β, and
π* from refs 42 and 43. The parameter R was determined
according to eq 6:19

R ¼ ðETð30Þ=ðkcal mol-1Þ-14:6ðπ�-0:23Þ-30:31Þ
16:5

ð6Þ

The parameter β was calculated based on the wavenumbers
at maximum absorbance of 4-nitroaniline, ν~(1)max, and of
N,N-diethyl-4-nitroaniline, ν~(2)max.

43

β ¼ 1:035~νð2Þmax=ð1000 cm-1Þ- ~νð1Þmax=ð1000 cm-1Þ þ 2:64

2:8

ð7Þ

R, β, and π* parameters as well as ET
N of DMSO, THF, MMA,

and the ILs are listed in Table 2.
While ET

N values of [BMIM][PF6], [HMIM]Cl, [HMIM]-
[PF6], and [MOIM][BF4] as well as R, β, and π* parameters of
[BMIM][PF6] are in a good agreement with literature values,44,45

ET
N values of [BMIM][BF4] differ by up to 10% from the values

reported in refs 44 and 45. Because R is closely related to ET
N

(eq 6), R also deviates from literature data: R is about 10%higher

Scheme 1. Structures of Solvatochromic Dyes Used for Calculating
Solvatochromic Parameters: 4-Nitroaniline (1), N,N-Diethyl-4-nitroa-

niline (2), and Reichardt’s Dye (3)

Figure 2. UV-vis absorption spectra of 4-nitroaniline (1), N,N-
diethyl-4-nitroaniline (2), and Reichardt’s dye (3) in MMA and in
[HMIM]Cl.



Article Macromolecules, Vol. 42, No. 22, 2009 8805

than the literature value, while π* and β are in good agreement
with previously reported literature data.44 Deviations inET

N and
R are probably a consequence of impurities contained in
[BMIM][BF4]. It cannot be excluded that the addition of Et3N
to [BMIM][BF4] to scavenge the acid that protonates the phen-
oxide form of Reichardt’s dye and to recover its color is the
reason for the differences. However, addition of Et3N to
[HMIM]Cl, [HMIM]Br, and [EMIM][HexSO4] did not lead to
significant differences in ET

N or the Kamlet-Taft parameters
compared to literature data.

Although the π* values of all ILs are rather similar and both
anion and cation have an influence on π*, Table 2 indicates that
in particular the size of the anion affects polarity and dipolariz-
ability. The highest π* values were derived for ILs with rather
compact anions, such as halogen anions, hexafluorophosphate,
or tetrafluoroborate. The R parameter is also affected by both
cation and anion; in contrast, the β parameter is clearly domi-
nated by the natureof the anion. The trendsobserved in this study
are in agreement with previously reported conclusions.44,46

In addition to the solvatochromic parameters for pure ILs
listed in Table 2, ET

N, R, β, and π* were also measured for
MMA/IL mixtures at different cM to enable the prediction of kp
as a function of cM on the basis of LSER analyses. The
solvatochromic parameters of the mixtures are listed in Table 3.

The variation of ET
N and the Kamlet-Taft parameters with

cM is depicted in Figure 3 for mixtures of MMA with
[OMA][Tf2N], [MOPYR][BF4], and [HMIM][PF6]. It is evident
that the addition of small amounts of IL to MMA causes an
abrupt increase in ET

N. This observation can be explained by a
strong preferential solvation of the dipolar betaine dye by the IL,
which is the more polar component of the binary mixture.29,47

The same behavior is observed for the R parameter: addition of
small amounts of IL to MMA results in an abrupt increase of R,
whereas R remains almost constant for cM below 8 mol L-1.
Moreover, Figure 3 shows a continuous increase in π* upon
additionof IL,whereasβ increases slightly upon additionof small
amounts of IL followed by a modest decrease for cM below 7mol
L-1. This observation, and eq8 taken fromref 45, suggest that the
abrupt increase in ET

N upon addition of small amounts of IL is
mainly the consequence of HBD interactions.

ET
N ¼ 0:01 þ 0:36π� þ 0:47R ð8Þ

Figures 1 and 3 already point out that MMA kp cannot solely be
influenced by ET

N or R values because MMA kp increases
continuously rather than abruptly with IL content, contrary to
the observations for ET

N and R. Since the IL influence onMMA
kp is too complex to be represented by a single parameter
correlation, the linear solvation energy relationship approach
was used to interpret MMA kp enhancement.

To correlate the IL influence with the Kamlet-Taft para-
meters, a multiparameter analysis was applied, more specifically,
the linear solvation energy relationship (LSER) of Kamlet and
Taft. The LSER approach is used to identify and to quantify
multiple solvent effects on MMA kp. Here, LSER is applied to
kp/kp,bulk data:

lnðkp=kp, bulkÞ ¼ lnðkp=kp, bulkÞ0 þ sπ� þ aR þ bβ ð9Þ

where ln(kp/kp,bulk)
0 refers to a theoretical value in an inert

solvent.19 As the π* values for all ILs are rather similar,
the polarizability correction term δ from eq 1 is not considered.
The LSER analyses were carried out using OriginPro 8 or
Microsoft Excel 2003 applyingmultiple linear regression analyses

Table 2. ET
N
, π*, r, and β of Neat Solvents Used for MMA

Polymerizations at Ambient Conditions

solvent ET
N π* R β

[EMIM][HexSO4]
a 0.66 0.98 0.65 0.71

[EMIM][OctSO4] 0.63 0.93 0.65 0.77
[BMIM][BF4]

a 0.75 1.04 0.77 0.39
[BMIM][PF6] 0.69 1.02 0.68 0.21
[BMIM][OctSO4] 0.64 0.89 0.69 0.79
[HMIM]Cla 0.59 1.02 0.48 0.94
[HMIM]Bra 0.61 1.09 0.45 0.74
[HMIM][PF6] 0.66 1.02 0.63 0.24
[MOIM][BF4] 0.65 0.98 0.62 0.41
[MOPYR][BF4] 0.60 1.02 0.51 0.44
[OMA][Tf2N] 0.47 0.91 0.35 0.37
DMSO 0.44 1.04 0.18 0.71
THF 0.21 0.59 0.11 0.61
MMA 0.23 0.59 0.16 0.44

aEt3N added.

Figure 3. Variation of ET
N, π*, R, and β parameters with cM inMMA

mixtures with (A) [HMIM][PF6], (B) [OMA][Tf2N], and (C)
[MOPYR][BF4] at ambient conditions (T: 23-25 �C).

Table 3. ET
N, π*, r, and β of MMA/Solvent Mixtures at Ambient

Conditions

solvent cM/mol L-1 ET
N π* R β

[EMIM][HexSO4]
a 2.14 0.64 0.91 0.68 0.79

[EMIM][OctSO4] 2.15 0.61 0.87 0.66 0.79
[BMIM][BF4]

a 2.11 0.73 1.00 0.77 0.36
[BMIM][PF6] 2.14 0.66 1.00 0.64 0.23
[BMIM][OctSO4] 2.15 0.61 0.83 0.69 0.84
[HMIM]Cla 2.13 0.56 0.95 0.49 0.98
[HMIM]Bra 2.15 0.59 1.00 0.49 0.83
[HMIM][PF6] 2.16 0.64 0.98 0.61 0.28
[HMIM][PF6] 3.23 0.62 0.95 0.61 0.30
[HMIM][PF6] 5.07 0.60 0.89 0.61 0.36
[HMIM][PF6] 7.07 0.56 0.77 0.65 0.48
[MOIM][BF4] 2.14 0.62 0.93 0.62 0.48
[MOPYR][BF4] 2.14 0.59 0.96 0.53 0.48
[MOPYR][BF4] 5.19 0.55 0.87 0.54 0.52
[MOPYR][BF4] 7.07 0.52 0.75 0.58 0.58
[OMA][Tf2N] 2.14 0.45 0.85 0.36 0.46
[OMA][Tf2N] 3.19 0.44 0.81 0.38 0.48
[OMA][Tf2N] 5.03 0.42 0.77 0.37 0.50
[OMA][Tf2N] 7.11 0.40 0.71 0.38 0.52
[OMA][Tf2N] 9.00 0.39 0.61 0.45 0.50
DMSO 2.14 0.43 0.96 0.22 0.75
THF 2.14 0.22 0.59 0.13 0.58

aEt3N added.
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on correlations of experimental kp/kp,bulk values withR, β, andπ*
(eq 9). The resulting coefficients a, b, and s for MMA polymer-
izations in ILs at cM=2mol L-1 based on solvent parameters of
the neat ILs from Table 2 are given as LSER 1 in Table 4. The
standard error of each coefficient (given in parentheses), number
of data sets used in LSER, N, coefficient of determination, R2,
and standard error of estimate, S, are also listed in Table 4.

The same set ofMMA kp values obtained in ILs at cM=2mol
L-1 were also correlated with solvent parameters of MMA/IL
mixtures for cM = 2 mol L-1 (Table 3), resulting in LSER 2.

Experimentally obtained MMA ln(kp/kp,bulk) values vs those
calculated fromLSER 1 and 2 are depicted in Figure 4A. The full
line represents a linear fit of the data points. For both analyses no
differences can be seen. The positive and negative deviations of
the experimental data from the predictions appear to be random;
e.g., [HMIM]Cl and [HMIM]Br having the strongest influence
on kp show a positive deviation and a negative deviation from the
fit, respectively. Interestingly, the coefficients of LSER 1 and 2
are very similar despite LSER 1 is based on pure IL parameters
accounting for IL interactions only and LSER 2 is based on
parameters for MMA/IL mixtures accounting for interac-
tions with monomer and IL. All coefficients from LSER 1 and
2 have a positive sign, suggesting that all the interactions
represented by the corresponding parameters contribute to a
stabilization of the transition state structure of the propagation
step and resulting in a kp increase.29 However, due to a high
standard error, the influence of the R parameter cannot be
determined precisely.25,27,28 Furthermore, relative contributions
of R, β, and π* to the LSER are significantly different. The
percentage contributions of each parameter to the LSERs are
calculated from the coefficients s, a, and b. The relative contribu-
tions listed in Table 5 indicate the importance of the π* para-
meter, which accounts for polarity/polarizability and the ability
to undergo EPA interactions, for MMA propagation kinetics.
The HBD and HBA/EPD ability of the ILs represented by the
R and β parameters, respectively, have a significantly lower
influence on MMA kp.

LSER 1 clearly suggests that the transition state is better
stabilized than the reactants and that this is primarily a conse-
quence of solute-solvent interactions expressed byparameterπ*.
The result obtained from LSER 2 is almost identical to LSER 1.
This may be explained by the fact that addition of small amounts
of MMA (2 mol L-1) does not result in a significant change
in LSER parameters of the ILs (Figure 3 and Tables 2 and 3).
This was also reported by Mellein at al.,47 who determined
LSER parameters for numerous IL/organic solvents mixtures.

Therefore, the result of LSER 2 is still mainly governed by IL
properties.

Since the standard error of the a coefficient is rather high
indicating that R is not well-determined, it was tested whether the
datamaybe represented by two-parameter correlations excluding
theR parameter. The results are presented inTable 4 asLSERs 1a
and 2a. The advantage of using LSERs 1a and 2a to predict
MMA kp values is that only two parameters are required, while
LSERs 1 and 2 include all three parameters. A disadvantage
of using LSERs 1a and 2a instead of LSERs 1 and 2 is a
lower accuracy, indicated by lower values ofR2 in case of LSERs
1a and 2a.

As all ILs investigated have a very narrow range ofπ* values, it
appeared important to extend the range of π* values and to
confirm the importance of π* for MMA propagation kinetics by
including some other solvents in the analyses. Therefore, the
LSER was extended for MMA kp values determined in THF,38

DMSO, and for MMA bulk. Addition of these data to LSER 1
resulted in LSER 3. Including these systems to LSER 2 yielded
LSER 4. The coefficients and statistics of LSERs 3 and 4 are
given in Table 4. Because of the small number of additional data,
we refrained from including the δ parameter into the analysis.

Of course, an extension of the range of values for the
solvatochromic parameters including THF, DMSO, and MMA
into the data set also extended the kp range significantly,
contributing to an improvement of the fits. Statistical data from
Table 4 show that all parameters are significant. Even with these
improvements, relative contributions of π* (Table 5) remain
distinctively higher than the contributions of the other para-
meters. The R parameter in LSERs 3 and 4 is now determined
since the standard error ofR is significantly lower than for LSERs

Table 4. LSER Coefficients Obtained byMultiple Linear Regression
Analysesa

LSER ln(kp/kp,bulk)
0 s a b N R2 S

1 -1.74 2.34 0.37 0.41 11 0.80 0.098
(0.55) (0.51) (0.25) (0.13)

2 -1.89 2.60 0.28 0.53 11 0.81 0.095
(0.54) (0.53) (0.26) (0.13)

1a -1.46 2.30 0.38 11 0.74 0.11
(0.56) (0.55) (0.13)

2a -1.75 2.64 0.51 11 0.78 0.096
(0.54) (0.53) (0.13)

3 -1.27 1.72 0.63 0.37 14 0.94 0.11
(0.20) (0.25) (0.18) (0.14)

4 -1.43 1.94 0.62 0.44 14 0.94 0.11
(0.23) (0.29) (0.19) (0.13)

5 -1.59 2.68 5 0.99 0.014
(0.053) (0.070)

6 -1.42 2.31 5 0.97 0.076
(0.20) (0.24)

aThe values in parentheses are standard errors of the coefficients. N:
number of data sets, R2: coefficient of determination, S: standard error
of the estimate. Details for all LSER analyses are given in the text.

Figure 4. Experimentally obtained ln(kp/kp,bulk)
exp vs ln(kp/kp,bulk)

LSER

predicted by LSERs. Lines represent LSER fits. Filled symbols refer
to solvatochromic parameters for neat solvents and open symbols to
parameters for MMA/solvent mixtures. Coefficients of LSER 1-4 are
contained in Table 4.

Table 5. Relative Contributions (P) of Kamlet-Taft’s Solvato-
chromic Parameters to the LSERs, e.g., Pπ* = s/(a þ b þ s)

LSER Pπ* PR Pβ

1 0.75 0.12 0.13
2 0.76 0.08 0.16
1a 0.86 n.a.a 0.14
2a 0.84 n.a.a 0.16
3 0.63 0.23 0.14
4 0.65 0.21 0.15

a n.a.: not applicable since LSER without R.
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1 and 2. The contribution of R (PR) is around 20% (Table 5). The
finding that R is not precisely determined (LSER 1 and 2) or is
only of minor importance (LSER 3 and 4) is in accordance
with previous findings from IR spectroscopy. IR spectra of
MMA/IL mixtures did not show significant contributions from
H-bonding.14

A simplification ofLSERs3 and4 to two-parameter (including
π* and R, or π* and β) and one-parameter equations (using only
π*) resulted in relatively successful correlations, but R2 being
significantly lower than for the three-parameter equation. The
importance of π* for the IL influence onMMA kp is reflected by
the fact that all LSER analyses including π* yield a reasonable
well description of the IL influence on kp. The introduction of the
δ term would probably somewhat improve the fitting precision
but at the same time would result in a more complex LSER
analysis.

Since both LSERs obtained with parameters for neat solvents
and MMA/solvent mixtures resulted in fits of similar high
quality, LSERs obtained on the basis of solvatochromic para-
meters for neat ILs should be advantageous for the prediction of
MMA kp, as literature data for pure ILs may be used. Contrary,
finding appropriate data published for MMA/IL mixtures is
rather unlikely.

LSER analysis was also applied to predict MMA kp values
obtained for different cM concentrations in a given IL. Correla-
tion of MMA kp determined for MMA/[OMA][Tf2N] mixtures
of different cM and MMA kp bulk with corresponding solvato-
chromic parameters at identical cM resulted in an LSER of
excellent precession. However, high standard errors of coeffi-
cients a and b in this correlation render the parameters R and β
statistically insignificant. Analyses employing a reduced number
of parameters are only successful if the π* parameter is consid-
ered. The resulting LSER 5 is given in Table 4. In Figure 5
experimental ln(kp/kp,bulk)

exp values for MMA polymerizations
in [OMA][Tf2N] were plotted vs ln(kp/kp,bulk)

LSER calculated
from LSER 5.

LSER 5 gives an excellent and very simple tool for the
prediction of MMA kp at different cM in [OMA][Tf2N]. The
resulting correlation with a single parameter in LSER 5 is not
surprising considering the fact that R and β parameters remain
almost the same over the entire range of different cM in
MMA/[OMA][Tf2N] mixtures (Figure 3).

To confirm that the results obtained by LSER 5 are not inci-
dental and a similar relationship can be obtained for other ILs,
the correlation of MMA kp with Kamlet-Taft solvatochromic

parameters at different cM via LSER was also employed for
MMA/[HMIM][PF6] mixtures. [HMIM][PF6] was randomly
chosen among the ILs showing homogeneous reaction mixtures
before and after PLP. As for polymerizations in [OMA][Tf2N] a
three-parameter LSER resulted in coefficients of R and β with
high standard deviation. The correlation obtained on the basis of
the π* parameter only was again successful. The one-parameter
LSER 6 and its statistical data are listed in Table 4.

Conclusions

Pulsed laser initiated polymerizations and subsequent polymer
molecular weight analyses showed a strong influence of the IL on
propagation rate coefficients in MMA radical polymerizations.
In an effort to predict the influence of an ILonMMA kp,multiple
linear solvation energy relationship analyses were applied to
correlate the IL-induced variation of MMA kp to the Kam-
let-Taft parameters of the neat ILs and ofMMA/ILmixtures. It
is shown that a wide range of data for ILs and organic solvents
such as DMSO or THFmay be represented by a single LSER fit.
The LSER coefficients of the Kamlet-Taft parameters indicate
that dipolarity/polarizability and electron pair accepting ability,
which is accounted for by π*, determine to a large extent how
much kp is varied due to the presence of a solvent. The contribu-
tions from the H-bond accepting and the electron pair donating
ability of ILs, as given by β, are of significantly less importance.
The H-bond donating ability of the ILs, associated with the
R parameter, has a minor influence on MMA kp. Further, it
was shown that the LSER analyses may be carried out with
Kamlet-Taft parameters of neat ILs. Thus, kp data for MMA
polymerizations in ILs may be estimated from tabulated
Kamlet-Taft parameters of neat ILs.
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