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ABSTRACT: Dynamic aspects of a polymerized ionic liquid, poly(1-ethyl-3-vinylimidazolium bis(trifluoro-
methanesulfonylimide)), were investigated using a broadband dielectric spectroscopy method in the frequency
range of 10mHz to 2MHz and temperatures ranging from-90 toþ90 �C. The polymerized ionic liquid shows
three relaxation modes including the relaxation mode due to the effect of electrode polarization behavior. We
attribute the slow relaxationmode to the segmental motion of the polymer main chain and the fast mode to the
rotational motion of the polymer side chain. Relaxation times of these relaxation modes and the specific direct
current conductivity showed an Arrhenius-type temperature dependence at temperatures above and below the
glass transition temperature of the polymer. In order to explain the less fragile property of the polymerized ionic
liquid, we propose that the ion transport mechanism is achieved by the formation and dissociation of ion-pairs
formed between a positively charged 1-ethyl-3-vinylimidazolium monomer unit in a polymer chain and a
negatively charged bis(trifluoromethanesulfonylimide).

Introduction

Ionic liquids (ILs) are organic molten salts consisting of a pair
of soft cationic and anionic species. They display unique proper-
ties such as nonvolatility, nonflammability and high electric
conductivity.1-3 Many scientists and engineers have studied ILs
for use as media in chemical reactions2,4 or constituent materials
for optical/electronic devices.5 Recently, physicochemical studies
of ILs have also been much investigated.6,7

Ohno and his co-worker were the first to synthesize polymeri-
zed ionic liquids (PILs) made from IL monomers.8 Since PILs
are not liquid but solid, they lose the special characteristics of
liquids. For example, PILs have lower conductivity than low-
molecular weight ILs due to a large increase in bulk viscosity.8

However, PILs retain such special properties as the nonflamm-
ability or stability of ILs and have higher conductivity than
electrically neutral polymers like polystyrene. Since solid state
polymer materials are easily downsized and molded to make
products, PILs have also receivedmuch research interest for their
potential applications.9,10 At the present time, there are reports
about the synthesis and characterization of PILs11-13 and a few
reports about the physicochemical properties of PILs.14,15

PILs can be classified as one of the polyelectrolyte species;
typified by sodiumpolystyrenesulfonate or poly(acrylic acid);in
the sense that they consist of an electrolyte monomer unit. Since
most polyelectrolytes are soluble in water and dissociate into a
charged polyelectrolyte chain and oppositely charged counter-
ions, physicochemical properties of polyelectrolytes in water
media have been the main focus of studies.16,17 On the other
hand, physicochemical features of linear polyelectroltyes in the
solid state have been less thoroughly investigated due to their
hygroscopic nature.16

It is well-known that ILs bearing hydrophobic counterions like
PF6

- are insoluble in water.2,3 PILs also become water-insoluble
if hydrophobic ions are chosen as a counterion at the synthetic
stage. In contrast, PILs are soluble in polar organic solvents and
transparent films can be made by solution casting; as is the case

for ordinary polymer casting.18 These properties of PILs led us to
speculate that PILs can be regarded as model substances of solid
state polyelectrolytes to study the bulk nature of polyelectrolyte
systems. In the first step of this project, we focused on the kinetics
of bulk PILs by investigating the dielectric relaxation (DR)
behavior of poly(1-ethyl-3-vinylimidazolium bis(trifluorometh-
anesulfonylimide)) (PC2VITFSI) (Figure 1), which is a typical
PIL species and water-insoluble because its counteranion, bis-
(trifluoromethanesulfonylimide) (TFSI-), is hydrophobic.8,10,18

DR techniques are powerful tools to investigate the motion of
molecules or substituent groups over a broad time range, on the
order of 10-11-102 s. If the molecules or substituent groups bear
electric dipolemoments, thenDRprovides useful information on
the sizes of dipoles and the time scale of their molecular motions.
Therefore, DRmeasurements have been widely employed for the
study of either polymer or low molecular weight systems.19-21 In
polymer systems, the relaxationmodes concerning their dynamics,
e.g. segmental or side chain motions, were observed in the fre-
quency range on the orders of mHz to MHz. On the other hand,
low molecular weight substances (liquid state); whose molecular
motions are faster than that of macromolecular system, exhibit
relaxation modes around the frequency region on the orders of
MHz to GHz.

Some DR studies on ILs have previously been reported.22-24

According to these studies themain relaxationmodes observed in
IL system were related to the rotational motion of ions or ion-
pairs formed between a cation and an anion in the IL molecules.
Alternately, there are fewstudies forDR25or impedancebehavior26

of PILs. Shen has studied the DR behavior of the PIL series of
poly(1-(p-vinylbenzyl)-3-butylimidazolum) with various coun-
teranions in the frequency ranged from 50 MHz to 10 GHz.25

They focused on the dielectric constants of PILs and ion-pair
motions. As mentioned above, it is difficult to observe macro
dynamics of polymers in this frequency range. Impedance analy-
sis studied by Ohno focused on the transport properties of Liþ

ions in a neat PIL or cross-linked PIL matrix and focused less on
the dynamics of PILs.26 Our DRmeasurement frequency ranged
from 10 mHz to 2 MHz corresponded to the time scale of macro
dynamics of polymers. In order to discuss the essential dynamics
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of PILs; we compared DR behavior and dynamics of PILs with
those observed in ILs22-24 or ionomer polymers,27-29 which
possess a few electrolyte monomer units on the polymer chain
backbone.

Experimental Section

Materials. 1-Vinylimidazole was purchased from Tokyo Kasei
(Tokyo). Bromoethane and 2,20-azobis(isobutyronitrile) (AIBN)
were purchased from Wako Pure Chemicals (Osaka). Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)was purchased from
Kanto Chemical (Tokyo). DMSO-d6 and acetone-d6 were pur-
chased from ISOTEC Inc. (Cambridge) and used as a solvent
for NMR measurements. All of the reagents were used without
further purification.

Synthesis. 1-Ethyl-3-vinylimidazolium bromidewas prepared
by refluxing themixture of 1-vinylimidazole (7.1 g, 75mmol) and
excess bromoethane (12.3 g, 113 mmol) in an ethanol solution
(8 mL) at 50 �C for 4 days.8 After the ethanol and unreacted
bromoethane were completely evaporated from the solution,
1-ethyl-3-vinylimidazolium bromide was dried under vacuum at
70 �C (97% yield). 1-Ethyl-3-vinylimidazolium bromide (14.9 g,
73mmol) was dissolved in aqueous solution (70mL) with a slight
excess of LiTFSI (25.7 g, 90mmol) and stirred for 4 days at room
temperature. The resultant ionic liquid phase of 1-ethyl-3-vinyli-
midazoliumbis(trifluoromethanesulfonyl)imide (C2VITFSI)was
separated from the aqueous phase and washed with water five
times.After completely evaporating the remainingwater,C2VITF-
SI was dried under vacuum at 50 �C (88% yield). The purity of
C2VITFSI was confirmed using 1H NMR measurements in
DMSO-d6 (Figure S1 in the Supporting Information).18 The
absenceofAgBrprecipitationafter anadditionof aqueousAgNO3

solution indicated that bromide salts were eliminated from the
C2VITFSI.

PC2VITFSI was synthesized via the free radical polymeriza-
tion ofC2VITFSI (10.1 g, 25mmol); polymerizationwas initiated
byAIBN (41mg, 0.25mmol) inDMSO (35mL) solution at 60 �C
for 16 h. PC2VITFSI was precipitated by pouring the resultant
solution into an excess ethanol solution. Repeating the precipita-
tion from DMSO to ethanol solution purified the crude PC2-
VITFSI (67% yield). The purity of PC2VITFSI was confirmed
using 1H NMR measurements in acetone-d6 (Figure S1 in the
Supporting Information).18

Measurements. The intrinsic viscosity ([η]) of PC2VITFSI was
measured using an Ubbelode-type viscometer at 30 �C inmethyl-
ethylketone (MEK) containing 75 mM LiTFSI and estimated as
[η] = 10.95 cm3g-1. The value of the viscosity average molecular
weight (Mv) for PC2VITFSI was estimated asMv = 4.2� 104 by
employing the Mark-Houwink-Sakurada equation, [η] =
KMv

a, with parameters of K = 2.3 � 10-2 cm3 g-1 and a =
0.62. These parameters were determined in the system of poly-
styrene/MEK solution at 30 �C.30,31

1H NMR measurements were performed using a NMR
spectrometer (JNM-ECA-400, JEOL, Tokyo, Japan) with a
proton resonance frequency of 400 MHz to characterize the
synthesized ILs and PILs at 30 �C.

The glass-transition temperature (Tg) of PC2VITFSI was
estimated using a differential scanning calorimeter (DSC)
(EXSTAR DSC6000, SII, Chiba, Japan) at a heating and cool-
ing rate of 10 K/min. The measurement temperature range was

from-110 toþ140 �C. The glass-transition temperature Tg was
determined from the midpoint of the total heat flow curve in the
thermal transition region.

Dielectric relaxation measurements were performed using
two measuring systems. The LCR meter (E4980A, Agilent,
CA, USA) was used for the angular frequency (ω) range from
1.36 � 102 to 1.36 � 107 rad s-1. The impedance analyzer,
(SI1260, Solartron Instruments, Hampshire, U.K.) including
the dielectric measurement interface (SI1296, Solartron Instru-
ments, Hampshire, U.K.), was used for theω range from 6.28�
10-2 to 6.28� 106 rad s-1. The obtained real and imaginary part
of electric capacitance (C0 andC0 0) were converted to the real and
imaginary part of the relative electric permittivity (ε0 and ε00)
using the relationships ε0 = C0C0

-1 and ε00 = C0 0C0
-1, with a

vacant capacitance (C0).
The sample film for dielectric relaxation measurement was

prepared as follows. Bulk PC2VITFSI polymer was molded by
use of a hot press at 120 �C to make a plane film. The resulting
PC2VITFSI film was transparent with a slight orange tinge and
had a film thickness of 86 μm. Next, Au was vacuum deposited
onto both faces of the film to serve as electrodes. The sample film
was then mounted inside the homemade sample cell, in which
the temperature was controlled by the combination of a heater
(DSSP23, Shimaden, Tokyo, Japan) and a chiller (UT-2000,
EYELA, Tokyo, Japan). The measurement temperature ranged
from -90 to þ90 �C.

Results

Differential Scanning Calorimetry.Figure 2 shows theDSC
profiles of bulk PC2VITFSI sample. The upper and lower
curves represent the total heat flow during the cooling and
heating processes, respectively. Thermal transitions were ob-
served at 56 �Con both the cooling and heating curves. Aweak
thermal transitionwas observed in the heating curve at-72 �C.

In Ohno’s early study, the Tg of PC2VITFSI was reported
as -75.4 �C.8 On the other hand, Vygodskii reported that
PC2VITFSI exhibited a glass transition at 60 �C.11 Both Tg

values reported by Onho and Vygodskii are respectively
similar to the temperatures of -72 and 56 �C, at which
thermal transitions are observed in our DSC measurement.
In our experimental observation, bulk PC2VITFSI seemed
to become soft for temperatures over 100 �C, and they were
successfully molded to make films using a hot press techni-
que at 120 �C. Therefore, we conclude that the Tg of PC2-
VITFSI is 56 �C. The origin of the thermal transition
observed at -72 �C would concern with local motions of
PC2VITFSI. However, we cannot further discuss the transi-
tion from our DSC and DR data.

Figure 1. Chemical structure of poly(1-ethyl-3-vinylimidazolium bis-
(trifluoromethanesulfonylimide)) (PC2VITFSI).

Figure 2. DSC profile of PC2VITFSI. The upper and lower curves
represent the total heat flow during the cooling and heating process,
respectively. Arrows indicate the temperature showing thermal
transition.
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Dielectric Relaxation Behavior. Figure 3a shows DR spec-
tra, ε0 and ε00, as functions of angular frequency ω for
PC2VITFSI at various temperatures. Three DR modes were
observed in this system. First, the ε00 spectrum at -90 �C
reveals a broad relaxation over 103 rad s-1. This relaxation
mode, labeled β, shifts to a higher frequency regime with
increasing temperature, and finally moves out of the mea-
surement frequency range at over 0 �C. Second, remarkably
sharp increases in the ε0 and ε00 curves were observed in the
lower frequency regime at over 40 �C. This increase in the
ε0 and ε00 curves was due to the electrode polarization effect
and the direct current conductivity of the sample, respec-
tively. At 90 �C, clear DRwith amagnitude of the relaxation
strength of ca. 105 is observed due to the electrode polariza-
tion behavior.We label this relaxationmodeEP. Third, the ε0
spectrum at 40 �C reveals a rather broad relaxation, labeled
R, in the frequency regime 102<ω<105 rad s-1. The effect
of direct current conductivity was so strong that it masks
R relaxation mode in the ε00 spectrum.

In order to eliminate the contribution of the direct current
conductivity from the ε00 spectrum,we employed the following

derivative relationship.

ε00der ¼ -
π

2

∂ε0ðωÞ
∂½ln ω� ð1Þ

This provides an approximately conduction-free ε00 spec-
trum in the frequency range where ε0 contains no electrode
polarization effects.32,33 Figure 3(b) shows the dependence of
ε0, ε00 and ε00der on ω for PC2VITFSI at 60 and 10 �C. ε00
continued to rise with a decrease in ω due to the strong
contribution of direct current conductivity. However, ε00der
spectra showed a peak in the frequency region, where the R
relaxation mode is observed in terms of the ε0 spectrum. In
order to confirm the validity of ε00der, we also evaluated
another conduction-free ε00, Δε00, by subtracting the contri-
bution of the direct current conductivity from ε00 as

Δε00 ¼ ε00 -
K
ωε0

ð2Þ

where ε0 is the permittivity of a vacuum and κ is the specific
direct current conductivity evaluated from the plateau value
of κ(ω) =C00ωε0C0

-1. Figure 3b also shows the relationship
between Δε00 and ω for PC2VITFSI. The correspondence
between ε00der and Δε00 strongly supports the validity of
regarding ε00der as the conduction-free ε00 spectrum and the
presence of a R relaxationmode. Essentially the same behavior
between ε00der and Δε00 was observed at all the measurement
temperatures. The ε00 and ε00der spectrum are similar at
temperatures of less than -40 �C, at which the contribution
of the direct current conductivity is weakened significantly.
In the following discussion, we used ε00 as the dielectric loss
spectra to fit the total relaxationmodes includingR,β andEP
and use ε00der as the loss spectra to fit the sum of R and β
relaxation modes.

Master curves of ε00 and ε00der for PC2VITFSI are shown in
parts a and b of Figure 4, respectively. Dielectric loss curves
at any given temperature are superimposed on data at a refe-
rence temperature T0, using a frequency scale multiplicative
shift factor aT and a permittivity scale multiplicative shift
factor bT. Figure 4a, in which T0 is set at-90 �C, focuses on
the β relaxation mode. It seemed that bTε00 spectra were well
superimposed each other in the frequency range of aTω >
10 rad s-1 where β relaxation mode is present. Alternately,
the ε00 spectra failed to superimpose in the frequency range
of aTω < 10 rad s-1. We fit the master curve around the
β relaxation mode by assuming a simple relaxation mode,
which was expressed as the imaginary part of Havriliak-
Negami type relaxation formula as

Δε� ¼ Δε

ð1þðiaTωτÞpÞq ð3Þ

whereΔε and τ are the relaxation strength and time constant,
respectively, and p and q represent the broadening factors of
spectrum. Figure 4a also shows the best fit curve of the
β relaxation mode using eq 3 with parameters of Δε= 2.00,
τ = 0.80 ms, p = 0.35, and q = 0.17.

We set T0 at 50 �C for the ε00der master curve shown in
Figure 4b to focus on the R relaxation mode. bTε00der spectra
superimpose well over each other in the frequency range of
aTω< 106 rad s-1, however they deviate from each other in
the frequency range of aTω>106 rad s-1 due to the overlap
of the β relaxation mode.We fit the R relaxation mode in the
same manner as the β relaxation mode. Figure 4b also
includes the best fit curve of the R relaxation mode using

Figure 3. (a) Dependence of the real and imaginary parts of electric
permittivities, ε0 and ε0 0, on angular frequency, ω, for PC2VITFSI at
various temperatures. (b) Dependence of ε0 and ε0 0 onω for PC2VITFSI
at 60 and 10 �C. This figure also includes the dependence of the
permittivities following elimination of the contributions of direct current
conductivity, ε0 0der andΔε0 0, calculated using eqs 1 and 2, respectively, on
ω for PC2VITFSI at 60 and 10 �C.
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eq 3 with parameters of Δε = 5.50, τ = 0.32 ms, p = 0.90,
and q = 0.45.

The poor agreement of the dielectric loss curves with the
data over some frequency regions in both parts a and b of
Figure 4 indicates that the temperature dependence of the
R relaxation mode is different from that of the β relaxation
mode. However, the agreement of the loss spectra around
each relaxation mode indicates that the broadening factors
p and q contained in eq 3 are less dependent on the tempera-
ture.

Asmentioned above, theR andβ relaxationmodes arewell
described by the Havriliak-Negami formula represented in
eq 3. It has been found that the DR mode attributed to the
electrode polarization behavior is well described usingmodi-
fiedMacdonald’s theory.34,35Macdonald’s theory is a classic
theory regarding the electrode polarization effect in materials
containing conductive ionic species.According toMacdonald’s
theory, DR spectra due to the electrode polarization effect are
essentially described with a modified Debye type relaxation
function:

εEP� ¼ εEP

ðiωτEPÞ1- n þ iωτEP
ð4Þ

where τEP and εEP is the relaxation time and strength due to
the electrode polarization and the exponent n (0 < n e 1)
reflects the electrode roughness.36,37 It is important to note
that further analyses of τEP and εEP in eq 4 usingMacdonald’s
theory provide the mobility and the free ion concentration of
an ionic species in the system.34 However this estimation is
only valid when there is one type charge carrier and low ion
contents in the system.29 Since PC2VITFSI system is concen-
trated ionic system, the estimation of themobility and the free
ion concentration of TFSI- using Macdonald’s theory must
fail. Consequently, we use eq 4 to describe the relaxation
spectra due to electrode polarization relaxation mode and
estimate the τEP and εEP in this study.

DR spectra, ε0 and ε00, of PC2VITFSI system were well
described as the summation of two Havriliak-Negami type
relaxation formulas and a relaxation mode predicted by a
modified Macdonald’s theory as follows.

ε� ¼ εEP�þ εR�þ εβ�þ ε¥ ¼ εEP

ðiωτEPÞ1- n þ iωτEP

þ εR
ð1þðiωτRÞpRÞqR þ þ εβ

ð1þðiωτβÞpβÞqβ þ ε¥ ð5Þ

Here εi and τi are the dielectric relaxation strength and time
for each relaxation mode i, respectively, and pi, qi are the
broadening factors for the spectrum of each relaxationmode
i. ε¥ is the high frequency limiting permittivity observed in
the ε0 spectra. We also reproduced ε00der spectra using eq 5
with the treatment of subtracting the first εEP* term.

Since the shape of the ε00 and ε00der master curves are less
dependent on the measurement temperature (Figure 4, parts
a and b), we fixed a portion of the variable parameters
concerning the broadening factor in eq 5 as pR = 0.90,
pβ = 0.35, and n = 0.90. We also attempted to describe
the DR spectra by varying ε¥, εi, and τi of each relaxation
mode and the broadening factors qR, qβ. Figure 5 shows a
typical example of the best fit curves for ε0, ε00, and ε00der
spectra with parameters ε¥ (þ εβ) = 6.93, εEP = 3.60� 105,
τEP= 1.4 s, εR=5.20, τR=60 μs, pR=0.90, and qR=0.48
for PC2VITFSI at 60 �C. The fitting curve is represented by a
red solid line and describes the ε00der spectrum around the R
relaxation mode well. The fitting curves represented by the
black solid lines also describes the ε0 and ε00 spectra well,
except in the frequency regime where ω< 10 rad s-1; in this
region the effect of electrode polarization is dominant. Since
the volume of bis(trifluoromethanesulfonylimide) (TFSI-)
ions are much smaller than that of poly(1-ethyl-3-vinyl-
imidazolium) (PC2VI

þ) polyions, the DR mode observed
around ω = 10 rad s-1 is attributed to the electrode polari-
zation behavior due to the translational diffusion of TFSI-

ions. Thus, the deviation between fitting curves and DR
spectra observed at ω < 10 rad s-1 implies the presence of
another relaxation mode, probably attributable to an elec-
trode polarization effect due to the diffusion of PC2VI

þ

polyions, in the lower part of the frequency regime. Other
DR spectra at any given temperature were also described
well by eq 5 with the broadening parameters qR ranging from
0.37 to 0.45 and qβ between 0.17 and 0.75.

Figure 4. Master curves of: (a) ε0 0 with the reference temperature, T0,
set at-90 �Cand (b) ε0 0der withT0 set at 50 �C forPC2VITFSI.aT and bT
mean the frequency and permittivity scale multiplicative shift factor,
respectively. Solid lines represent the best fit curves for (a) bTε0 0 and (b)
bTε0 0der calculated using eq 3.

Figure 5. Dependence of ε0, ε0 0, and ε0 0der onω for PC2VITSFI at 60 �C.
Black solid lines indicate the best fit curves for ε0 and ε0 0 calculated by
eq 5 and red solid line indicates the best fit curve for ε0 0der calculated
using eq 5 without the εEP* term.
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Figure 6 shows the temperature dependence of dielectric
parameters, εi and ε¥, obtained from the fitting procedure for
PC2VITFSI. Since the β relaxation mode is present in a
higher frequency region than our measurement frequency
range at over 60 �C, the values of ε¥ mean the sum of ε¥ and
εβ at their temperature (shown as filled symbol in Figure 6).
εR, εβ, and ε¥ increase with increasing temperature but εEP
seems constant with respect to temperature. The relationship
between fitting parameters of τi for each relaxation mode
i and temperature is summarized in Figure 7 as an Arrhenius
plot profile. Figure 7 also includes an Arrhenius Plot of the
specific direct current conductivity, κ, for PC2VITFSI. All
τi and κ show an Arrhenius-type temperature dependence,
which can be represented as

τi
- 1 or K� exp -

E

kT

� �
ð6Þ

where k is the Boltzmann coefficient and E is the activation
energy. The values of E for all the relaxation modes are
summarized in Table 1.

Discussion

Glass Transition Dynamics. It has been known that certain
DR modes, like segmental motion observed in polymer
systems, exhibit Vogel-Fulcher-Tamman (VFT) tempera-
ture dependence. This dependence can be represented by

τi
- 1 or K� exp

U

T -T0

� �
ð7Þ

where U is the activation temperature and T0 is the Vogel
temperature at which τi or κ goes to infinity or zero, res-
pectively. Thus, T0 generally correlates to Tg and is typically
about 50 K below Tg. In ionomer systems, relaxation modes
due to segmental motion and motion of the ion-pairs formed
between a charge unit in a polymer chain and a counterion
are observed.28,29 The relaxation times of these relaxation
modes and κ of the ionomer system exhibit VFT temperature
dependence.27-29,38 In an IL system with a glass transition
temperature, DR times due to the electrode polarization beha-
vior and κ also show the VFT temperature dependence.39,40

Figure 6 shows the crucial findings that temperature
dependences of all τi and κ are unable to be reproduced by
the VFT equation (eq 7). If certain relaxation modes or
conductivity in a PC2VITFSI system are VFT temperature
dependent, then their relaxation times or κ should converge
to the asymptotic value of 0.0036 K-1 (=(Tg - 50)-1). A
similar, less fragile relationship between temperature and
conductivity were observed in other PIL systems.15 Elabd
et al. investigated the conductivity of some PILs, poly(1-[(2-
methacryloxy)ethyl]-3-butylimidazolium tetrafluoroborate)
(Tg = 71.5 �C) or poly(1-[(2-methacryloxy)ethyl]-3-butyli-
midazoliumbis(trifluoromethanesulfonyl)imide) (Tg=-15 �C)
and others.15 The temperature dependence of their conductivity
were well reproduced using either Arrhenius or VFT equations.

Consequently, we believe that the less fragile behavior is
an essential property for PILs. One might suppose that how
PILs transport TFSI- ions below Tg contrasts with such
fragile materials as ionomers and ILs. We have included a
speculative interpretation of the TFSI- transport mechan-
ism for PC2VITFSI in Figure 8. Bulk PC2VITFSI is filled by
charged 1-ethyl-3-vinylimidazolium (C2VI

þ) units on poly-
mer chains and TFSI- ions, and the distance between plural
C2VI

þ units is closer than the distance between charged units
in an ionomer system. Therefore, a TFSI- ion forming an
ion-pair with a charged C2VI

þ unit may change its interac-
tion partner to another C2VI

þ unit neighboring the TFSI-

ion. This process is associatedwith the rotation of side chains
including the ion-pair around the main chain (side chains are
able to move below Tg). TFSI

- ions would be transported
upon repetition of the ion-pair formation and dissociation
processes, therefore PC2VITFSI will be conductive at tem-
peratures below Tg.

Assignment of Relaxation Modes. The PC2VITFSI system
exhibited three relaxation modes, R, β, and EP.We conclude
that the EP relaxation mode is attributed to electrode
polarization behavior because themagnitude of the dielectric

Figure 6. Dependence of the relaxation strength, εEP, εR, and εβ, for each
relaxation mode and high frequency limiting permittivity, ε¥, on tempera-
ture, T, for PC2VITFSI. At temperatures higher than 60 �C, ε¥ (filled
symbols) includes the contributionof εβbecause theβ relaxationmodewas
not observed in the measurement frequency regime at these temperatures.

Table 1. Activation Energy, E, Obtained from the Arrhenius
Plot (Figure 7) of Reciprocal Relaxation Times, τEP, τr, and τβ, for
each Relaxation Mode and Specific Direct Current Conductivity, K,

Calculated Using eq 6 for PC2VITFSI

E/kJ mol-1

EP 129
R 119
β 56
κ 123

Figure 7. Arrhenius plot of reciprocal of relaxation time, τEP, τR, and
τβ, and specific direct current conductivity, κ, for PC2VITFSI.
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strength is the order of 105. In this section, we attempted to
assign R and β relaxation modes.

We first survey what relaxation modes would be observed
in PIL system. Ionomer system shows relaxation modes
attributable to segmental motion of polymer chain and
ion-pair motion formed between a electrolyte monomer unit
and a counterion.28,29 According to the dielectric studies of
ionomer system studied by Runt et al., ion-pair relaxation
mode appears at a frequency lower than that of polymer
segmental relaxation mode.29 The DR mode attributed to
the ion-pair dynamics is also observed in aqueous dilute
polyelectrolyte solution.41 Therefore, reorientation dy-
namics of ion-pairs would be the common DR mode in the
polyelectrolyte system. In an IL system, DR modes due to
the rotational motions of the polarized anions and cations
are observed when anions or cations in IL molecules have
asymmetric chemical structures. For example, 1-ethyl-3-
methylimidaozlium bis(trifluoromethanesulfonylimide),
whose chemical structure is similar to that of the PC2VITFSI
monomer unit, shows DR modes due to the rotational
motion of the 1-ethyl-3-methylimidaozlium in the GHz
frequency region.22,24 This fact indicates that the DR mode
due to the rotational motion of C2VI

þ side chain on the axis
of polymer backbone would be observed in the PC2VITFSI
system. Accordingly, we regard the following molecular
motions, in the order of slow dynamics, as the candidates
for the DR mode of PC2VITFSI (Figure 9): ion-pair, seg-
mental motion, rotational motion of C2VI

þ side chains and
rotational motion of TFSI- anions.

The magnitude of the relaxation strength of the R relaxa-
tion mode (3.5-6.6) in PC2VITFSI is similar to that of the
segmental relaxationmotion (2-7) but is very different from
that of the ion-pair relaxation mode (20-120) observed in
ionomer systems.28,29 It has been shown that the relaxation
strength due to the ion-pair relaxation mode increases with
an increasing number of electrolyte units on the polymer
chain.29,41 If the R relaxation mode in PC2VITFSI derives
from the ion-pair relaxation mode, then the relaxation
strength of R relaxation mode must be higher than that of
the ionomer systems; because the number of electrolyte units
per unit volume in the PC2VITFSI system is much higher
than that of the ionomer systems. The fact that the magni-
tude of the relaxation strength of R relaxation mode in
PC2VITFSI is lower than that of the ion-pair relaxation
mode in an ionomer system strongly suggests that the R
relaxation mode in PC2VITFSI should be attributed to
polymer segmental motion (Figure 9). We emphasize again
that PIL system has a less fragile property, thus it seems
reasonable to attribute the R relaxation mode to either an
ion-pair or segmental relaxation mode, though these relaxa-
tion modes exhibit VFT temperature dependence in an
ordinary polymer or ionomer system.

The results of the Arrhenius plot in Figure 6 provide
another possibility for the attribution of the R relaxation

mode. The value ofE for the EP relaxationmode is similar to
that of κ, ca. 120 kJ mol-1 (Table 1). This finding is reason-
able because the EP relaxation mode and direct current
conductivity derive from the same phenomenon, i.e. transla-
tional diffusion of mobile ions. However, the value of E for
the R relaxation mode is also similar to those for EP relaxa-
tion mode and κ. This finding implies that the origin of the
R relaxation mode may be electrostatic interaction or charge
transport behavior; these are the origin of the EP relaxation
mode or direct current conductivity. In other words, this
finding provides the possibility that the R relaxation mode
may derive from ion-pair motion rather than polymer seg-
mental motion. Since Runt et al. suggested that ion-pair
motion over the scale of a few angstroms must involves the
several rearrangements of the neighboring polymer segments
in the ionomer system,29 it seems natural that the value of
E for the segmental relaxation mode is similar to that of the
ion-pair relaxation mode in bulk polyelectrolyte systems
such as ionomers and PILs.

Onemight wonder at the absence of an ion-pair relaxation
mode inPC2VITFSI system.According to the ionomer study
by Runt et al.,29 an ion-pair relaxation mode occurs in the
ionomers at frequencies approximately 2 orders of magni-
tude lower than that of the polymer segmental relaxation
mode. Figure 5 shows that the effect of the electrode polari-
zation is dominant around the frequency of 4.0 � 102 rad
s-1, which is the 2 orders of magnitude lower than the peak
frequency of R relaxation mode (4.0� 104 rad s-1), at 60 �C.
Therefore, we cannot further discuss the presence of an ion-
pair relaxation mode in the PC2VITFSI system if its relaxa-
tion mode appears around the frequency regime from 102 to
103 rad s-1. If the TFSI- transport mechanism associated
with ion-pair reorientation actually occurs as schematically
represented in Figure 8, then the DRmode due to rotational
motion of ion-pair should be present.

The 56 kJ mol-1 value of E for the β relaxation mode
was lower than those for the κ, R and EP relaxation mode,

Figure 8. Schematic representation of the proposed anion transportmechanism forPC2VITFSI. Thismechanism is associatedwith the rotation of side
chain on the axis of the PC2VITFSI main chain and the formation and dissociation of ion-pairs formed between TFSI- and a charge unit of PC2VI

þ.

Figure 9. Schematic representation of the candidates for relaxation
modes observed in PC2VITFSI.
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ca. 120 kJmol-1 (Table 1). This indicates that the origin of the
β relaxation mode differs from those of R and EP relaxation
modes. Themolecular dynamics attributed to the β relaxation
mode is faster than that attributed to the R relaxation mode,
i.e. segmental relaxation mode. Therefore, the β relaxation
mode should be assigned to the rotational relaxation motion
ofC2VI

þ side chains attached to thepolymermain chain, or to
the rotational motion of TFSI- ion in the bulk. In our ex-
perimental frequency and temperature range, only one relaxa-
tion mode (β relaxation mode) is observed. The relaxation
mode due to the side chain motion must be slower than that
attributed to the rotational relaxationmode of the TFSI- ion,
consequentlywe assign theβ relaxationmode to the rotational
relaxation motion of polymer side chain (Figure 9). The DR
mode due to the rotational relaxation of TFSI- would be
present in a higher frequency range than the measurement
frequency regime used in this study.

Conclusion

We investigated thedielectric relaxationbehavior of polymerized
ionic liquid, poly(1-ethyl-3-vinylimidazolium bis(trifluorometh-
anesulfonylimide)) (PC2VITFSI) over a wide frequency, 10 mHz
to 2 MHz, and temperature range, -90 to þ90 �C. Three rela-
xation modes including that of electrode polarization were
observed. Relaxation times of these relaxation modes and the
specific direct current conductivity showed an Arrhenius-type
temperature dependence. This was so even if they crossed the
temperature corresponding to the glass transition temperature of
PC2VITFSI, 56 �C. We believe that less fragile behavior is the
essential property for the polymerized ionic liquids and suppose
that the charge transportmechanism is achieved by an anion relay
process, even at temperatures below the glass transition tempera-
ture; this is facilitated by the interaction between one and another
ion-pair through the rotational motion of side chains on the axis
of the polymermain chain.The slower relaxationmode is assigned
to the segmental relaxation mode of the polymer because the
magnitude of its dielectric strength is similar to that of segmental
relaxation mode observed in an ionomer system. The faster
relaxation mode is attributed to the rotational relaxation mode
of the polymer side chain.DRmodes due to an ion-pair relaxation
mode and rotational relaxation motion of TFSI- in the bulk
polymer should be observed in this system; however, these
relaxation modes were absent in the experimental data obtained
from the frequency and temperature regime used in this study.
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