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Abstract

Ionomeric polymer transducers (sometimes called ‘‘ionic polymeremetal composites,’’ or ‘‘IPMCs’’) are a class of electroactive polymers
that are able to operate as distributed electromechanical actuators and sensors. Traditionally, these transducers have been fabricated using water-
swollen Nafion membranes. This work seeks to overcome the hydration dependence of these transducers by replacing water with an ionic liquid.
In the current work, two ionic liquids are studied as diluents for ionomeric polymer transducers based on Nafion membranes. The two ionic
liquids used are 1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EMI-Tf) and 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfo-
nyl)imide (EMI-Im). These two ionic liquids were chosen for their low viscosity and high conductivity. Furthermore, although many of the phys-
ical properties of the two ionic liquids are similar, the EMI-Tf ionic liquid is water miscible whereas the EMI-Im ionic liquid is hydrophobic.
These important similarities and differences facilitated investigations of the interactions between the ionic liquids and the Nafion polymer.

This paper examines the mechanisms of electromechanical transduction in ionic liquid-swollen transducers based on Nafion polymer mem-
branes. Specifically, the morphology and relevant ion associations within these membranes are investigated by the use of small-angle X-ray
scattering (SAXS), Fourier transform infrared (FTIR) spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy. These results reveal
that the ionic liquid interacts with the membrane in much the same way that water does, and that the counterions of the Nafion polymer are the
primary charge carriers in the ionic liquid-swollen films. The results of these analyses are compared to the macroscopic transduction behavior in
order to develop a molecular/morphological model of the charge transport mechanism responsible for electromechanical coupling in these
membranes.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In the late 1940s it was discovered that ion containing poly-
mers could be used as electrochemomechanical transducers.
The pioneering work in this field was performed by Kuhn
et al. [1,2] of the University of Basle (Switzerland) and Katch-
alsky et al. [2,3] of the Weizmann Institute of Science (Israel).
More recently, several researchers have shown that Nafion
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ionomer membranes can function as electromechanical trans-
ducers [4e6]. DuPont’s Nafion is one of the most common
ion-exchange polymers in use today.

Nafion consists of a Teflon-like backbone chain with pen-
dant side chains that are terminated in neutralized sulfonate
exchange sites. The chemical structure of Nafion is shown in
Fig. 1. In this figure, m is typically 1 and n varies from 5 to
11. The value of n is related to the degree of sulfonation of
the polymer, which is reported as the equivalent weight
(EW) of the membrane. The equivalent weight is defined as
the weight of dry polymer per mole of exchange sites and
for Nafion is typically in the range from 900 to 1500. Lower
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values of EW are equivalent to higher ion content in the poly-
mer. In Fig. 1, the ionomer is shown in its proton form. How-
ever, the hydrogen ion can be exchanged for any other cation.

If coated on both sides with a conductive electrode and
swollen with a suitable diluent, a Nafion membrane can be
made to act as an electromechanical transducer. The mem-
brane bends towards the anode upon application of an electric
field. It is believed that this bending is due to the motion of
the mobile cations and diluent within the polymer matrix.
Mallavarapu and Leo [7] and Kothera and Leo [8] have shown
that feedback may be used effectively to control the motion of
these actuators in a free bender configuration. Nafion mem-
branes also exhibit the converse behavior of sensing mechan-
ical deformation. It is believed that macroscopic motion of the
membrane produces microscopic motion of the mobile cat-
ions, resulting in a charge imbalance across the electrodes.
Several researchers have demonstrated that the quasi-static
displacement of the polymer is correlated with the voltage
that is produced by the membrane [6,9,10]. More recently,
Newbury and Leo demonstrated that the current induced in
the membrane is proportional to the rate of the mechanical
deformation [11,12].

One of the obstacles to widespread use of ionomeric poly-
mer transducers is their hydration dependence. In order for
the transduction to occur, the cations must be mobilized by
swelling the polymer with a diluent, which has typically been
water. The use of water as a diluent has limited the commercial
applications of these transducers. One possible solution to this
problem is to utilize a barrier coating to contain the water
within the membrane. Bar-Cohen et al. reported that a trans-
ducer coated with a barrier layer was able to operate in air
for four months [13,14]. However, such a barrier coating will
add passive stiffness to the actuator device and reduce the
amount of strain that the device can generate [15]. Also,
the small electrochemical stability window of water limits
the maximum operating voltage and the amount of strain and
stress that the actuators can generate.

The goal of this work is to replace water with an ionic liq-
uid. Ionic liquids are a class of unique solvents that contain
only charged species and have many interesting properties
that make them attractive for application in ionomeric polymer
transducers. The vapor pressure of ionic liquids is immeasur-
ably low, so they will not evaporate out of the ionomeric poly-
mer transducer when it is operated in air. Bennett and Leo
have previously demonstrated transduction in ionic liquid-
swollen Nafion membranes [16]. They showed that an ionic
liquid-swollen transducer could be operated for over 250,000
cycles in air with less than 30% decrease in the free strain gen-
erated. In contrast, a water-swollen transducer stopped work-
ing after only 3000 cycles under the same conditions.
Among others, Lu et al. [17], Ding et al. [18], and Vidal
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Fig. 1. The chemical structure of Nafion polymer.
et al. [19] have also shown that ionic liquids may be used as
electrolytes for conducting polymer actuators. By replacing
the traditional organic and aqueous electrolytes with ionic
liquids, these authors demonstrated stable operation of con-
ducting polymer actuators in air. In addition to their low
volatility, ionic liquids are also inherently very thermally
stable. Therefore, ionic liquid-swollen transducers can with-
stand high temperature processing that would not be possible
with their water-swollen counterparts. Ionic liquids also have
a larger electrochemical stability window than water, meaning
that the transducers can be operated at higher voltages.

The focus of this research is the development of a model of
the transduction mechanisms in ionic liquid-swollen Nafion
membranes. This model is based on observations of the mor-
phology of the membranes by small-angle X-ray scattering
(SAXS), observations of the ion associations by Fourier trans-
form infrared (FTIR) spectroscopy and nuclear magnetic
resonance (NMR) spectroscopy, and observations of the elec-
tromechanical transduction behavior. The results of these
studies are combined to explain the interactions of the ionic
liquid with the ionomer and the role of the ionic liquid in
transduction.

2. Sample preparation

Previous investigations into the use of ionic liquids as dil-
uents for ionomer membrane transducers have been performed
by Bennett and Leo [16,20]. Based on the results of these
initial studies, the ionic liquids 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate and 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide were chosen for this work.
These will be abbreviated as ‘‘EMI-Tf’’ and ‘‘EMI-Im,’’ re-
spectively. These ionic liquids were chosen primarily for their
low viscosity and high conductivity. The structures of these
ionic liquids are shown in Fig. 2 and the properties are pre-
sented in Table 1. As can be seen, the properties of the ionic
liquids are relatively similar except for their hydrophobicity
and viscosity. Whereas the EMI-Tf ionic liquid is water mis-
cible, the EMI-Im ionic liquid is hydrophobic. Also, the
EMI-Im ionic liquid is slightly less viscous than the EMI-Tf
ionic liquid. The anion of the EMI-Im ionic liquid is also
larger than the anion of the EMI-Tf ionic liquid, and more
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Fig. 2. Chemical structure of (a) 1-ethyl-3-methylimidazolium trifluorometha-

nesulfonate ionic liquid, and (b) 1-ethyl-3-methylimidazolium bis(trifluoro-

methanesulfonyl)imide ionic liquid.
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Table 1

Properties of the two ionic liquids

Ionic liquid Viscosity

(cP at 25 �C)

Density

(g/cm3)

Melting point

(�C)

Conductivity

(mS/cm at 25 �C)

Sat. water

content (mass% at 20 �C)

Electrochemical stability

window (V)

EMI-Tf 45 [21] 1.390 [21] �9 [21] 8.6 [21] Soluble [21] 4.1 [21]

43 [22] 1.383 [22] �10 [22] 9.3 [22]

EMI-Im 34 [21] 1.520 [21] �3 [21] 8.8 [21] 1.4 [21] 4.3 [21]
highly fluorinated. This contributes to the higher molecular
weight of the EMI-Im ionic liquid (331.25 g/mol for EMI-
Im as compared to 260.23 g/mol for EMI-Tf) and is also likely
related to its more hydrophobic character.

The experimental parameters that were varied in the current
study were the counterion of the Nafion membrane, the structure
of the ionic liquid, and the content of the ionic liquid within the
membrane. Nafion-117 membranes (EW 1100, nominal thick-
ness 183 mm) in the protonated form were utilized and were
pretreated by boiling in 1.0 M sulfuric acid followed by boiling
in DI water. The membranes were then exchanged from the
proton form to one of the six neutralized forms by soaking in
0.5 M aqueous chloride salt solutions. The six cation forms of
the membrane studied were lithium, sodium, potassium, cesium,
1-ethyl-3-methylimidazolium (EMI), and tetraethylammonium
(TEA). After soaking in the chloride salt solutions for several
days, the membranes were thoroughly rinsed and soaked in DI
water for 3 h to remove any excess salt. They were then dried
overnight at 110 �C under vacuum. The dry weight of the mem-
branes was recorded and they were then swollen with ionic
liquid.

Following the pretreatment described above, the mem-
branes were swollen with one of the two ionic liquids. In order
to facilitate the incorporation of the ionic liquids by the Nafion
membranes, they were mixed with methanol and different
combinations of time and temperature were used for the
soak. For the samples that were tested by FTIR and NMR,
the pretreated and dried membranes were swollen by soaking
in a mixture of two parts ionic liquid (by volume) to one part
methanol. Five different uptakes were targeted and the amount
of time that the dry membranes were allowed to soak in the
ionic liquid/methanol mixture was varied from less than
1 min to over 2 h at room temperature. For the highest uptake,
the membranes were soaked for 2.5 h at 65 �C. Following the
swelling of the membranes with ionic liquid, they were dried
under vacuum at 110 �C for 3 h to remove the methanol. For
the samples that were tested by SAXS, the dry membranes
were swollen with ionic liquid by soaking in a mixture of
one part ionic liquid (by volume) and one part methanol for
3 h at either 25 �C, 70 �C, or 90 �C. After this soak the mem-
branes were dried under vacuum at 110 �C for 3 h. By holding
the membranes at an elevated temperature following the ionic
liquid incorporation step, uniform dispersion of the ionic liq-
uid within the membranes is ensured. This is especially impor-
tant for those membranes where the uptake of ionic liquid is
very low.

The loading of ionic liquid within the Nafion membranes
was determined from the weight gain during the swelling pro-
cess. In this paper, the uptake of ionic liquid will be reported
in two forms: as a volumetric percentage normalized by the
dry volume of the membrane, and as a molar ratio relative
to the number of sulfonate exchange sites in the membrane.
The volumetric uptake of ionic liquid was determined from

V ¼ 100

�
ðws�wÞr

wri

�
ð1Þ

where ws is the swollen weight of the membrane, w is the dry
weight of the membrane, r is the density of the dry membrane,
and ri is the density of the ionic liquid. The dry density of the
membranes was determined from weight and volume measure-
ments of dried samples. A minimum of four density measure-
ments was averaged for each data point. The ratio of number
of moles of ionic liquid to moles of exchange sites was deter-
mined from

f ¼ ðws�wÞ
�

1100

wMi

�
ð2Þ

In this equation, 1100 is the equivalent weight of the
Nafion-117 membrane, in grams of dry polymer per mole of
exchange sites, ws is the weight of the swollen film, w is the
weight of the dry film, and Mi is the molecular weight of
the ionic liquid (260.23 g/mol for EMI-Tf and 331.25 g/mol
for EMI-Im).

For the samples that were tested by SAXS, FTIR, and
NMR, no electrodes were deposited onto the membranes.
However, for the membranes that were investigated as electro-
mechanical transducers, electrodes were deposited onto each
surface of the films using one of two methods. Several re-
searchers have shown that the actuation mechanism in iono-
meric polymer transducers is related to the formation of
a charge imbalance across the thickness of the film [23e25].
Akle et al. have related the free strain generated by an iono-
meric transducer to the capacitance of the device [26]. There-
fore, a critical feature of the electrodes is the interfacial area
between the ionomer and the metal. As this area is increased,
the charge capacity of the membrane is increased, thus in-
creasing the strain generation potential. A common method
for fabricating high surface area electrodes for ionomeric
transducers involves the electroless reduction of platinum on
the surfaces of a Nafion membrane [27e29].

In this work the platinum plating process was carried out as
follows. A Nafion-117 membrane was first sanded on both sides
in a 90� cross-hatching pattern using 600-grit sandpaper. The
membrane was then pretreated by boiling in 1.0 M sulfuric
acid and DI water. The plating process was begun by soaking
the membrane in an aqueous solution of tetraammineplatinum
chloride (Pt(NH3)4Cl2). The membrane was then removed
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from the solution, rinsed thoroughly with DI water, and soaked
in an aqueous solution of 0.1% (by weight) sodium borohydride
(NaBH4) for 8 h, without stirring or agitation. The sodium bo-
rohydride reduced the absorbed Pt(NH3)4

2þ ions in the mem-
brane to metallic platinum, at the surface of the membrane
and also within the polymer, to a depth of about 10e20 mm.
The platinum electrode forms within the membrane as a uni-
formly dispersed layer of particles whose concentration de-
creases with increasing penetration depth. Following the
reduction process, the membrane was boiled in 1.0 M H2SO4

for 1 h to exchange it back into the proton form. In order to
increase the loading of platinum metal within the surfaces of
the membrane, the plating process was repeated a total of five
times. After the platinum plating process, the membrane was
again boiled in 1.0 M H2SO4 and was then cut into several
pieces. Each piece was then soaked for several days in a
0.5 M aqueous chloride salt solution to convert it into a desired
cation form. The membranes were then thoroughly rinsed with
DI water and dried at 110 �C under vacuum for 12 h before
being swollen with ionic liquid.

Electromechanical characterizations were also performed
on membranes that were plated using a newer ‘‘direct assem-
bly’’ process developed by Akle et al. [30]. In this process,
a mixture was prepared containing 87.4% (by weight) of
a commercially available Nafion dispersion (5% Nafion by
weight) and 12.6% (by weight) of ruthenium dioxide (RuO2)
powder. The RuO2 particles were dispersed by stirring and
sonication. This solution was then sprayed onto two fiberglass-
reinforced Teflon decals in many layers using an airbrush, with
each layer dried by heating under a lamp. The electrodes were
then transferred to a sodium-form Nafion membrane by hot-
pressing at 210 �C under a pressure of 14 MPa for 8 min.
Following the hot-pressing, the decals were peeled away.
With the RuO2 electrodes in place, the membranes were boiled
in 1.0 M H2SO4 and in DI water and were then cut into
several pieces. Each piece was soaked in 0.5 M aqueous chlo-
ride salt solutions in order to exchange the cation within the
membrane. For both of the plating processes that were used
in this work, the electrodes were applied to a large piece of
Nafion that was then cut into smaller pieces. This approach
helped to ensure that the electrodes were uniform and consis-
tent on each sample that was tested. After the smaller pieces
were exchanged into the appropriate cation form, they were
dried at 110 �C under vacuum for 12 h and swollen with ionic
liquid.

The membranes tested as electromechanical transducers
were swollen with ionic liquid using the methods described
previously. The uptake of ionic liquid within the membranes
was determined by measuring the weight gain of the mem-
brane during the swelling process and was calculated using
Eqs. (1) and (2). However, for the transducer samples, the den-
sity of the dry membranes was measured after the interpene-
trating (platinum or RuO2) electrode had been deposited.
This allowed for the additional weight of the electrode to be
accounted for in the determination of the uptake of ionic liq-
uid. For the transducer samples plated with RuO2 electrodes,
the swelling was carried out by soaking in a mixture of two
parts ionic liquid (by volume) to one part methanol for a prede-
termined amount of time at room temperature. For the highest
uptake, the membranes were soaked for 2.5 h at 65 �C. For the
platinum-plated transducers, the dry membranes were swollen
with ionic liquid by soaking in a mixture of one part ionic liq-
uid (by volume) and one part methanol for 3 h at either 25 �C,
70 �C, or 90 �C. After this soaking of the transducers in the
ionic liquid/methanol mixture, the membranes were dried
under vacuum at 110 �C for 3 h to remove the methanol.

The interpenetrating platinum and ruthenium dioxide elec-
trodes deposited using the procedures described possess a large
interfacial area with the Nafion polymer, an important consid-
eration for ionomeric transducers. However, the electrodes do
not possess a high electrical conductivity along the length of
the transducer strips, resulting in large Ohmic losses and a de-
crease in the performance of the devices. In order to overcome
this problem, a second surface electrode was applied on top of
the interpenetrating metal layers. In previous works this elec-
trode was often applied by electroplating of gold directly onto
the platinum layer. However, Bennett and Leo have noted that
when the gold plated transducers were dried and then swollen
with ionic liquid, cracking of this layer often results, dramat-
ically decreasing the conductivity of the surface electrodes
[20]. For this reason, a new process has been developed in
which the gold layer is applied after the membranes have
been swollen with ionic liquid. This gold electrode is made
up of two parts: a binder layer and a thin gold foil. In the
case of the platinum-plated samples, the binder layer consisted
of Nafion polymer that was applied by painting from a 5% dis-
persion (by weight). In the case of the RuO2-plated mem-
branes, a linear poly(urethane urea) was used as the binder
layer and was applied by painting from a 3% (by weight) so-
lution in a mixed solvent of 50% (by weight) isopropyl alcohol
and 50% tetrahydrofuran. The synthesis and properties of the
poly(urethane urea) have been reported previously [31]. After
drying the binder layer, the membranes were sandwiched be-
tween two waxed paper-backed gold leaves (approximately
50e100 nm in thickness) and pressed at 170 �C and 2.5 MPa
for 10 s. The waxed paper was then peeled away and the edges
of the samples were trimmed prior to testing.

3. Experimental methods

3.1. Small-angle X-ray scattering

The ionic liquid-swollen Nafion membranes have been
characterized using a number of analytical techniques and
equipment. Small-angle X-ray scattering was performed on
a pinhole-collimated system at the Army Research Lab using
X-rays with a wavelength of 1.542 Å. Ionic liquid-swollen
strips of Nafion-117 membrane approximately 1 � 5 cm and
0.2 mm in thickness were attached to a sample holder using
double-sided tape. In order to obtain a sufficient number of
scattered X-ray strikes on the multiwire detector, each sample
was illuminated for 40 min. To convert this image into a curve
of scattered intensity versus the length of the scattering vector,
the two-dimensional scattering pattern was azimuthally
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averaged. The data were then corrected for detector noise and
background scatter, and then scaled to absolute intensity using
a glassy carbon calibrant. The radial positions of the scattered
X-rays were then used to determine the lattice spacing, where
the lattice spacing, d, is related to the length of the scattering
vector, q, by q¼ 2p/d.

3.2. Fourier transform infrared spectroscopy

These membranes were also tested using Fourier transform
infrared spectroscopy. For this testing, ionic liquid-swollen
films approximately 1 � 5 cm were pressed against a thallium
bromoiodide crystal (KRS-5) with 45� beveled ends using
a thumbscrew pressure plate assembly. Prior to the testing of
the films, a scan of the background emissivity of the ATR sys-
tem was performed. This emissivity was used as a baseline
against which the absorbance of each sample was measured.
The sample chamber was continuously purged with dry air
during the testing in order to reduce the effect of moisture
on the results. The chamber was allowed to purge undisturbed
for 30 min prior to the measurement of the background emis-
sivity and approximately 5 min between the testing of each
sample. A total of 64 scans of each sample were averaged in
order to increase the signal-to-noise ratio of the data and the
broadband absorbance of the samples was converted into
3733 distinct spectral lines using a Fourier transform. This
yielded clean spectra for the ionic liquid-swollen films over
a range of wavenumbers from 400 cm�1 to 4000 cm�1. This
technique was also used to measure the absorbance spectra
of the neat ionic liquids by spreading a small drop of ionic liq-
uid over the surface of the crystal. The crystal was carefully
cleaned when necessary using methyl-ethyl ketone (MEK).

3.3. Nuclear magnetic resonance spectroscopy

Alkali metal NMR was also performed on samples of ionic
liquid-swollen Nafion membranes in the sodium, lithium, and
cesium counterion forms. In order to perform this testing,
Nafion films 5� 10 cm were pretreated and swollen with ionic
liquid as described in Section 2. The samples were then cut
into strips 0.5� 5 cm, which were stacked and inserted into
a 10 mm NMR tube. For the lithium- and cesium-form mem-
branes, glass tubes were used. For the sodium-form mem-
branes, Teflon tubes were used to prevent interference from
the sodium present in the glass. In all cases, the tubes were
back-filled with dry nitrogen gas and tightly sealed to prevent
absorption of humidity by the films. NMR spectra were ob-
tained using a standard 90� pulse on a Varian Unity 400 spec-
trometer in the NMR lab at Virginia Tech. A total of 200e500
scans were recorded for each sample in order to increase the
signal-to-noise ratio of the data. The field strength of the spec-
trometer was 9.39 T and the relevant parameters of the testing
used for each isotope are listed in Table 2. The acquisition
time is the length of time during which data is recorded after
each pulse. The relaxation delay is a dwell after the comple-
tion of data collection and prior to the start of the next pulse.
The program NUTS (Acorn NMR Inc.) was used to process
the raw data from the spectrometer. After transforming the
free induction decay to the frequency domain, the peak width
was determined at half of the peak height. Additionally, a line
broadening technique was used to increase the signal-to-noise
ratio of the data. In order to correct for this, the additional
width introduced by the line broadening was subtracted from
the measured peak width.

3.4. Electrical and electromechanical characterizations

The films that were coated with electrodes were character-
ized for their electromechanical transduction behavior as actu-
ators. For the actuation testing, the films were clamped in
a cantilevered configuration and allowed to bend freely. A
schematic of the test setup is shown in Fig. 3. The membranes
were 0.3 cm wide and 3.5 cm in length, with a free length of
2.5 cm when positioned in the clamp. A step input of 1.5 V
was applied across the thickness of the benders and the dis-
placement was measured 1.5 cm from the clamp using
a non-contact laser vibrometer. From this measured displace-
ment and the geometry of the benders, the strain generated
at the outer surface was computed using

3¼ dt

L2
f

ð3Þ

where 3 is the strain, d is the measured displacement, t is the
thickness of the bender, and Lf is the distance from the clamp
to the point at which the displacement was measured (1.5 cm).
This equation assumes that the ionomeric polymer actuators
bend with a constant curvature. Bar-Cohen and Leary and

Table 2

Parameters used for the NMR testing

Isotope Spin Larmor frequency

(MHz)

90� pulse

width (ms)

Number

of scans

Acquisition

time (s)

Relaxation

delay (s)

7Li 3/2 155.429 23 200 0.2 1.0
23Na 3/2 105.795 20 500 0.5 0.1
133Cs 7/2 52.462 35 200 0.5 0.2

Fig. 3. Experimental setup that was used to characterize the electromechanical

transduction behavior of the membranes.
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independently Newbury have previously shown this assump-
tion to be reasonable [32,33]. The actuation speed was deter-
mined from the step response by measuring the slope of the
response with respect to time for the first 20 ms after the
step was applied.

The ionic conductivity of the ionic liquid-swollen Nafion
films was also measured. For this testing, the same films
0.3� 3.5 cm were clamped in a cantilevered configuration
and excited with a random voltage signal with a frequency
bandwidth of 200 Hz and an RMS value of 0.4 V. The current
through the actuators was measured by amplifying the voltage
drop across a small resistor (0.1 U) in series with the mem-
brane. From the measured voltage and current the frequency-
dependent impedance of the actuators was determined. Using
this impedance and the geometry of the actuators, the ionic
conductivity was determined from

s¼ t

Rwl
ð4Þ

where s is the ionic conductivity, t is the distance between the
electrodes (the thickness of the film), R is a characteristic im-
pedance, w is the width of the film, and l is the length of the
film. For this analysis, the average of the electrical impedance
over the range 100e200 Hz was used as the characteristic
impedance R.

4. Results and discussion

4.1. Small-angle X-ray scattering

Nafion ionomer consists of a Teflon-like backbone with
pendant side chains. The sulfonate exchange sites at the
ends of these side chains are strongly hydrophilic, whereas
the fluorocarbon portion of the polymer is strongly hydropho-
bic. Therefore, Nafion exhibits a unique morphology, in which
these two domains form separated ‘‘phases,’’ one that is rich in
ionic groups and one that is rich in fluorocarbon polymer.
Although the specific morphology of Nafion polymer remains
debated, the most generally accepted theory is the cluster-
network model first proposed by Gierke et al. [34,35]. In
this model, the sulfonate exchange sites and counterions of
the polymer reside on the inner surface of ionic clusters that
represent inverted micelles. Although this model is likely an
oversimplification, it is sufficient for the current discussion.
These ionic clusters are thought to be contained within an inert
fluorocarbon matrix and interconnected by short, narrow chan-
nels e see Fig. 4. It is this conductive cluster network that
gives rise to the unique transport properties of Nafion.

Other researchers have proposed alternative theories of the
morphology of Nafion. Hashimoto et al. have suggested that
the morphology of Nafion may also be described by a coree
shell model, in which ion-rich clusters are surrounded by
a fluorocarbon phase and embedded in an intermediate ionic
phase that contains both fluorocarbon polymer and non-clus-
tered ionic sites [36]. Yeager and Steck have proposed a model
that in spirit is similar to Gierke’s cluster-network model [37].
However, they remove the constraint that the clusters be
spherical and introduce a third intermediate phase between
the ion-rich clusters and the inert fluorocarbon matrix. This
is likely the most realistic interpretation of the microstructure
of Nafion.

Small-angle X-ray scattering (SAXS) has been the most
commonly used technique to investigate the clustered mor-
phology in water-swollen Nafion [35,38]. Three prominent
features are observed in the SAXS data for Nafion: the so-
called ionomer peak, an upturn at small angles, and a broad
shoulder associated with crystallites in the Teflon-like fluoro-
carbon phase. Based on the cluster-network model proposed
by Gierke and to a lesser extent the three-phase model
proposed by Yeager and Steck, the angular position of the
ionomer peak is thought to correspond to the mean center-to-
center spacing between the ionic clusters (d ). The small-angle
upturn is believed to be associated with long-range inhomoge-
neity in the spatial distribution of the clusters [39e41]. Gierke
et al. observed that the mean intercluster spacing increases
with increasing water content [35]. Because water is excluded
from the highly hydrophobic fluorocarbon phase, it can only
swell the hydrophilic ionic clusters. Therefore, the increase
in the mean intercluster spacing corresponds to an increase in
the mean size of the clusters. Gierke et al. also argued that
swelling of the clusters may be associated with coalescence
of adjacent clusters. By this argument, absorption of water
into a Nafion membrane would also result in a decrease in
the number density of the clusters.

In the present work, SAXS has been performed on Nafion
membranes swollen with EMI-Tf and EMI-Im ionic liquids.
The results of this testing are presented in detail by Bennett
[42] and Bennett and Leo [43]. Similar to the results of Gierke
et al., the mean intercluster spacing was found to increase with
increasing content of ionic liquid. The mean intercluster spac-
ing was also observed to be larger for the membranes swollen
with the EMI-Tf ionic liquid than for those swollen with the
EMI-Im ionic liquid. This increase is though to arise from
an increase in the size of the clusters, both by swelling and
by aggregation of adjacent clusters. More importantly, the
SAXS result was found to depend strongly on the structure
and properties of the ionic liquid. This is evident in Fig. 5.
As can be seen, the two features associated with the presence
of the ionic clusters (the ionomer peak and the small-angle up-
turn) are notably absent for the membrane swollen with the

d

fluorocarbon
phase

ionic
cluster
phase

Fig. 4. The cluster-network model first proposed by Gierke et al. [34,35].
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EMI-Im ionic liquid. This suggests that the clustered morphol-
ogy of the membrane is disrupted by the presence of the EMI-
Im ionic liquid. This can be explained by considering that the
EMI-Tf ionic liquid is water miscible, whereas the EMI-Im
ionic liquid is hydrophobic (see Table 1). Therefore, the
EMI-Tf ionic liquid is most likely absorbed into the clusters
and excluded from the fluorocarbon phase, much like water.
However, the EMI-Im ionic liquid is likely incorporated at
least partially into the fluorocarbon matrix of the Nafion poly-
mer. This is reasonable considering that the EMI-Im ionic liq-
uid is highly fluorinated (see Fig. 2) and hydrophobic and
should be compatible with the fluorocarbon phase. This incor-
poration would result in partial homogenization of the mem-
brane, which is consistent with the SAXS results. This
would also lead to the interruption of the connectivity of the
ionic cluster network, thus diminishing the ionic conductivity
of the membrane.

4.2. Fourier transform infrared spectroscopy

Of critical importance in this research is the identification
of the prevalent ion associations within ionic liquid-swollen
Nafion membranes. One of the most useful tools available to
probe these associations is infrared spectroscopy. For this
work, attenuated total reflectance (ATR) spectroscopy was
used. Several researchers have performed FTIR studies of Na-
fion membranes and have concluded that the peak that is ob-
served near 1060 cm�1 in the spectrum corresponds to the
symmetric stretching vibration of the sulfonate exchange sites
[44e46]. In 1980, Lowry and Mauritz performed a detailed
analysis of this peak as the water content and counterion of
the polymer were varied [46]. They observed that the symmet-
ric sulfonate stretching peak shifted to lower wavenumbers
(lower vibrational frequency) as the size of the counterion
was increased and as the content of water within the

0.01 0.05 0.1 0.15 0.225
102

103

104

105

q (1/A)

I (
ar

b.
)

50 20 10 5 4 3

d (nm)

48.7% EMI-Tf

49.1% EMI-Im

ionomer peak

low-angle
upturn ...

Fig. 5. Comparative SAXS result for Nafion membranes swollen with both

ionic liquids. The uptake of ionic liquid is reported as a percentage of the

dry volume.
membrane was increased. This shift corresponds to a decrease
in the polarization of the SeO dipole resulting from increased
separation between the counterion and the exchange site. This
increased separation can be caused by increased size of the
counterion or by hydration of the ions with water.

At low water contents, Lowry and Mauritz found the sym-
metric sulfonate stretching peak to exhibit a linear dependence
on the water content. However, at high water content, the sym-
metric sulfonate stretching peak was observed to be constant
and was to occur very near 1058 cm�1 for all counterion forms
of the membrane [46]. This finding has been confirmed by
a number of other researchers [44,45]. This indicates that for
the highly swollen membranes, the proximity of the counter-
ions to the exchange sites is independent of water content. It
is also interesting that the water content at which this transi-
tion occurred was lower for the membranes exchanged with
larger counterions. This indicates that the larger counterions
are more easily displaced from the exchange sites and is rea-
sonable considering that the electrostatic energy binding the
counterions to the exchange sites is related to the interionic
distance by an inverse square law. That is, the larger counter-
ions are less tightly bound to the sulfonate exchange sites.

In the current study, attenuated total reflectance (ATR)
spectroscopy experiments were performed on ionic liquid-
swollen Nafion films that were prepared as described in Sec-
tion 2. Portions of the IR spectra for six Nafion membranes
in the sodium cation form and swollen with varying amounts
of EMI-Tf ionic liquid are shown in Fig. 6. As can be seen,
the symmetric sulfonate stretching frequency of the Nafion
membrane, near 1060 cm�1, shifts to lower wavenumbers as
the content of ionic liquid is increased. Also evident in this fig-
ure is a peak associated with the symmetric sulfonate stretch-
ing frequency of the trifluoromethanesulfonate anion of the
EMI-Tf ionic liquid, which also shifts to lower wavenumbers
with increased swelling. From the ATR results, the shift in
these peaks was monitored over a range of experimental
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parameters. Plotted in Fig. 7 is the position of the symmetric
sulfonate stretching peak associated with the Nafion polymer
versus the uptake of EMI-Tf ionic liquid for six cation forms
of the membrane. The counterion sizes are listed in Table 3.
As can be seen, the peak position shifts to higher wavenum-
bers (higher frequency) with decreasing size of the counterion,
for the dry membranes. Also, for most of the cations, the fre-
quency decreases with increasing content of ionic liquid until
a critical loading of ionic liquid. Above this critical loading
the frequency remains constant. The shape of the curves is
very similar to those observed by Lowry and Mauritz. Above
the transition, the sulfonate symmetric stretching peak is lo-
cated at 1052 cm�1 for all cation forms of the membrane.
This is lower than the frequency of 1058 cm�1 that has been
observed in water-swollen Nafion membranes. Also, for the
EMIþ and TEAþ ions, the frequency actually increases with
increased loading of ionic liquid, more so for the TEAþ ion.
The smallest shift in frequency is observed for the membranes
in the EMIþ ion form.

As with the hydrated membranes, the decrease in the sym-
metric sulfonate stretching frequency corresponds to a decrease
in the polarization of the SeO dipole. This is caused by an
increase in the distance between the counterion and the
exchange site. For the EMI-Tf-swollen membranes, the
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Fig. 7. Symmetric sulfonate stretching vibration of the Nafion membrane
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Table 3

Critical uptake of EMI-Tf ionic liquid for Nafion membranes in six different

counterion forms as determined by FTIR

Cation Radius (nm) Critical uptake

(mol IL/mol SO3
�)

Liþ 0.59a 0.66

Naþ 0.99a 0.69

Kþ 1.37a 0.56

Csþ 1.67a 0.48

EMIþ 3.04b 0.45

TEAþ 3.20c 0.44

a From Ref. [47].
b Calculated from the volume cited in Ref. [48].
c Calculated from the volume cited in Ref. [49].
decreased polarization is believed to be caused by the dis-
placement of the counterion of the membrane away from the
sulfonate site by the EMIþ cation of the ionic liquid. For the
smaller lithium, sodium, and potassium ions, this exchange re-
sults in an increase in the size of the ion associated with the
exchange site. Because the TEAþ ion is larger than the
EMIþ ion, this exchange has the opposite effect. The decrease
in the size of the ion associated with the exchange site results
in an increase in the polarization of the SeO dipole. This is
why the frequency of the SO3

� group was observed to increase
when the TEA-exchanged membranes were swollen with the
EMI-Tf ionic liquid. This argument is supported by the fact
that the shift in the symmetric sulfonate stretching frequency
was observed to be the smallest for the EMI-exchanged
membranes.

It is interesting to note that the curves in Fig. 7 exhibit an
inflection point, just as in the results of Lowry and Mauritz. In
this work, the loading of ionic liquid at which this inflection
point occurs is defined as the ‘‘critical uptake’’ and is believed
to correspond to the minimum amount of ionic liquid required
to displace essentially all of the counterions away from the
sulfonate exchange sites. As can be seen in Fig. 7, the critical
uptake decreases with increasing size of the counterion. In or-
der to estimate the critical uptake from the FTIR data, the
symmetric sulfonate stretching frequency was assumed to ex-
hibit a linear dependence on the loading of ionic liquid below
the critical uptake. Based on this assumption, straight lines
were fit to the data below the critical uptake. The slope (m)
and y-intercept (b) obtained from these linear fits were then
used to determine the critical uptake of ionic liquid from

fc ¼
ð1052� bÞ

m
ð5Þ

where fc is the critical uptake of EMI-Tf ionic liquid deter-
mined from the FTIR results and 1052 cm�1 is the saturation
value of the symmetric sulfonate stretching peak above the
critical uptake. Using this method, the critical uptake for the
alkali metal ions was determined and is presented in Table
3. This method was also used to determine the critical uptake
for the TEA form membranes. For the EMI form membranes,
the shift in the symmetric sulfonate stretching frequency was
only 1 cm�1 over the entire swelling range. Also, for those
membrane, no data points were obtained in the swelling range
0.3e0.8 mol/mol. For these reasons, the line-fitting method
described could not be used to determine the critical uptake
for the EMI form membranes. However, from Fig. 7 and the
trend exhibited by the data in Table 3, it was estimated to be
0.45 mol/mol. The observed trend of decreasing critical uptake
with increasing size of the counterions is due to a decrease in
the electrostatic binding energy between the counterions and
the exchange sites as the size of the counterions is increased.
Therefore, less ionic liquid is required to displace the larger
counterions from the sulfonate sites. This trend is in agreement
with the findings of Lowry and Mauritz.

Because the EMI-Tf ionic liquid contains a sulfonate site,
the IR spectra also contained a peak associated with the
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symmetric sulfonate stretching vibration of the ionic liquid
within the membranes; this can be seen in Fig. 6. The position
of this peak was monitored as the counterion and content of
ionic liquid were varied e see Fig. 8. At low loadings of ionic
liquid, the symmetric sulfonate stretching vibration of the
ionic liquid was observed to be higher for the membranes ex-
changed with smaller counterions. This can be explained by
considering that the counterions displaced by the EMIþ cat-
ions become associated with the trifluoromethanesulfonate
(Tf�) anions of the ionic liquid. Because these smaller coun-
terions have a higher polarizing effect on the Tf� anion than
the EMIþ cation does, the symmetric sulfonate stretching fre-
quency increases. Above the critical uptake of ionic liquid, the
symmetric sulfonate stretching frequency of the ionic liquid
was observed to be 1031 cm�1. This corresponds to the peak
position that was measured for the neat ionic liquid, by spread-
ing a small drop of EMI-Tf over the ATR crystal. This indi-
cates that above the critical uptake, all of the counterions
have been displaced from the sulfonate exchange sites and
a large amount of ‘‘free’’ ionic liquid exists within the mem-
brane. The critical uptake of EMI-Tf ionic liquid determined
from observations of the symmetric sulfonate stretching fre-
quency of the ionic liquid was found to be in good agreement
with the results presented in Table 3. FTIR studies were also
performed on membranes swollen with the EMI-Im ionic liq-
uid. However, the EMI-Im ionic liquid was found to contain
a peak in the infrared spectrum that obscured the peak of
interest at 1060 cm�1. No reliable conclusions could be drawn
from the data as the two peaks could not be distinguished.

4.3. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a use-
ful tool for probing the local electronic environment of indi-
vidual nuclei. Komoroski and Mauritz have previously
shown that alkali metal NMR can be used to make determina-
tions of the mobility of alkali metal counterions within Nafion
[50,51]. They observed a decrease in the NMR peak width as
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nate anion versus the loading of EMI-Tf ionic liquid.
the content of water within the polymer was increased, for
Nafion in the lithium, sodium, and cesium counterion forms.
The peak width is related to the speed at which the transverse
magnetization of the sample relaxes. There are numerous
mechanisms by which magnetization in a sample can relax,
including spinerotation coupling, dipoleedipole coupling,
shielding anisotropy, and scalar coupling [52]. However, for
nuclei that possess spins greater than 1/2, relaxation by nuclear
quadrupolar coupling is often several orders of magnitude
faster than any other mechanism [52]. The strength of this
relaxation mechanism is related to the electric quadrupole
moment of the nucleus, the electric field gradient in the vicin-
ity of the nucleus, and the mobility of the molecule. Common
factors affecting the mobility of molecules within a material
are temperature, viscosity, and molecular size. Komoroski
and Mauritz have observed the 23Na peak width to decrease
from about 4000 Hz in a dry polymer to less than 500 Hz
when the polymer was highly swollen with water [51]. This
is related to an increase in the mobility of the sodium ions.
They have also observed that the 23Na peak width of Nafion
swollen with 5% water (by weight) decreased by almost half
(from 1100 Hz to 600 Hz) when the temperature was increased
from 30 �C to 90 �C. This is due to an increase in the mobility
of the sodium ions with increasing temperature. As with the
FTIR results of Lowry and Mauritz, the NMR peak width ob-
served by Komoroski and Mauritz was found to be strongly
dependent on hydration at low water contents. However, for
high water contents, the peak width was found to be relatively
constant. The water content at which this transition occurred
was observed to decrease with increasing size of the counter-
ions. Again, this indicates that larger counterions are more
easily displaced from the sulfonate exchange sites.

For the current study, alkali metal NMR was performed on
samples of Nafion-117 membranes that were exchanged into
the lithium, sodium or cesium counterion form and swollen
to various levels with EMI-Tf and EMI-Im ionic liquids.
The purpose of these experiments was to evaluate the mobility
of the Liþ, Naþ, and Csþ ions within the membranes as a func-
tion of the uptake of ionic liquid and relate this mobility to the
properties of the ionic liquid. The 23Na NMR peak width for
ionic liquid-swollen Nafion films is plotted versus the uptake
of ionic liquid in Fig. 9. The shape of these curves is in agree-
ment with the results of Komoroski and Mauritz. The decrease
in the peak width at low swelling levels is related to an in-
crease in the mobility of the sodium counterions. As the con-
tent of ionic liquid is increased, more and more of the
counterions are displaced from the exchange sites and associ-
ated with the trifluoromethanesulfonate anions of the EMI-Tf
ionic liquid. The mobility of the counterions is increased by
this exchange because the Tf� anions are more mobile than
the fixed sulfonate exchange sites, which are covalently bound
to the polymer backbone. As with the FTIR results, the NMR
data for the EMI-Tf-swollen membranes exhibit an inflection
point above which the peak width is relatively constant. Using
the same technique that was used for the FTIR results, the crit-
ical uptake of EMI-Tf ionic liquid was determined from the
NMR data shown in Fig. 9 to be 0.65 mol of ionic liquid per
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mole of exchange sites. This is in good agreement with the
value of 0.69 mol/mol that was determined from the FTIR
analysis for the sodium-form membranes.

It is interesting to note that the 23Na peak width is larger for
the membranes swollen with the EMI-Im ionic liquid than for
those swollen with the EMI-Tf ionic liquid. This indicates
that the sodium ions are more mobile within the EMI-Tf-
swollen membranes. This is perhaps surprising considering that
the EMI-Im ionic liquid is actually less viscous than the EMI-Tf
ionic liquid (see Table 1). This finding can be most reasonably
explained by considering the SAXS results. From these findings
it was proposed that the EMI-Im ionic liquid resulted in disrup-
tion of the clustered morphology of the Nafion polymer. This
disruption interrupts the connectivity of the conductive cluster
network and inhibits the mobility of the counterions within the
membrane, which is consistent with the NMR results.

In addition to sodium, NMR investigations were also per-
formed on lithium- and cesium-exchanged membranes. The
results of these investigations will be summarized; details
may be found elsewhere [42]. The 7Li NMR peak width was
measured for lithium-form membranes swollen with the
EMI-Tf and EMI-Im ionic liquids. As with the 23Na results,
the 7Li NMR peak width was observed to decrease with in-
creasing content of ionic liquid, at low swelling levels. Above
the critical uptake, the peak width was found to be relatively
constant. The peak width was larger for the membranes swol-
len with the EMI-Im ionic liquid (1900 Hz at 0.90 mol/mol
uptake) than for those swollen with the EMI-Tf ionic liquid
(126 Hz at 0.86 mol/mol uptake). Although there were insuffi-
cient data to perform the line-fitting procedure described
previously, the critical uptake of EMI-Tf ionic liquid was
qualitatively in agreement with the FTIR results, as an inflec-
tion point was observed at approximately 0.7 mol/mol. The
133Cs results were similar. Again, the peak width was larger
for the EMI-Im-swollen membranes (3100 Hz at 0.33 mol/
mol uptake) than for the EMI-Tf-swollen membranes
(1800 Hz at 0.24 mol/mol uptake). This indicates that the
cesium ions are more mobile in the membranes swollen with
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membranes swollen with both ionic liquids.
the EMI-Tf ionic liquid and is likely related to the disrupting
effect that the EMI-Im ionic liquid has on the clustered mor-
phology of the Nafion polymer. Using the line-fitting tech-
nique, the critical uptake of EMI-Tf ionic liquid for the
cesium-form membranes was determined to be 0.46 mol/
mol. This is in good agreement with the value of 0.48 mol/
mol that was determined from the FTIR analysis.

4.4. Characterization of electromechanical transduction

In addition to the SAXS, FTIR, and NMR testing, the ionic
liquid-swollen Nafion membranes were also characterized for
their transduction behavior. This testing involved the measure-
ment of the ionic conductivity and actuation speed of the trans-
ducers. The ionic conductivity was determined from the
measured electrical impedance through the thickness of the
films using the method described in Section 3. In order to val-
idate the use of this method for making determinations of ionic
conductivity, the results were compared to measurements made
using the more common method described by Zawodzinski
et al. [53]. In this case, unplated Nafion membranes were posi-
tioned in a fixture in contact with two brass electrodes such that
the current flow was in the planar direction of the films. An HP
impedance analyzer was used to measure the complex imped-
ance of the films, which was displayed on a Nyquist plot
(real component on the x-axis, imaginary component on the
y-axis). According to the method of Zawodzinski et al., the
characteristic impedance used to compute the ionic conductiv-
ity was taken to be the magnitude of the real part of the imped-
ance when the imaginary part was at a minimum. The ionic
conductivity was then calculated using Eq. (4), where t is
3.25 mm, w is 32 mm, and l is the measured thickness of the
film. The ionic conductivity for Nafion membranes in the lith-
ium ion form and swollen with EMI-Tf ionic liquid determined
using both techniques is shown in Fig. 10. As can be seen, good
agreement is exhibited between the two methods.
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It is evident from Fig. 10 that the ionic conductivity mea-
sured for the platinum-plated samples is lower than that mea-
sured for the unplated samples. This can be explained by
considering that the ionic conductivity exhibited by Nafion
membranes is anisotropic. This anisotropy is likely introduced
as a result of processing of the films during manufacture.
Evidence for this is provided by the findings of Gebel et al.,
which revealed the swelling process of Nafion membranes
with a diluent to be anisotropic [54]. Also, Mueller has found
the proton conductivity and diffusion coefficient of Nafion-117
membranes to be higher in the planar direction than in the
thickness direction [55]. These findings are consistent with
the results of the current study. Additional evidence is pro-
vided by Rollet et al. [56]. They determined that the diffusion
coefficient for sodium ions within a sulfonated polyimide
membrane was higher in the planar direction than in the thick-
ness direction. Both Mueller and Rollet et al. supported their
conclusions with NMR and conductivity measurements and
both attributed the difference in the observed conductivities
to anisotropy of the films.

It is also interesting to note that the ionic conductivity mea-
sured for the unplated films exhibits an inflection point at an
uptake of 0.67 mol/mol. This is consistent with the FTIR re-
sults, in which the critical uptake for lithium-form membranes
swollen with EMI-Tf ionic liquid was found to be 0.66 mol/
mol. This result is a further evidence that the properties and
behavior of the membranes undergo a change at the critical
uptake of ionic liquid.

The response speed versus the uptake of ionic liquid for the
platinum-plated actuators was also measured and is shown in
Fig. 11. As can be seen, the actuation speed increases with in-
creasing uptake of ionic liquid. Furthermore, the EMI-Tf-
swollen actuators exhibit a much faster response than the
EMI-Im-swollen actuators. The actuation speed also increases
with increasing size of the counterions, for both ionic liquids.
A similar trend is observed for the ionic conductivity e see
Fig. 12. As can be seen, the ionic conductivity of the
EMI-Tf-swollen membranes is higher than the EMI-Im-
swollen membranes. Also, the ionic conductivity increases
with increasing size of the counterions. If the actuation speed
is plotted versus the ionic conductivity, a clear trend is ob-
served e see Fig. 13. As can be seen, the actuation speed is
linearly related to the ionic conductivity. This result supports
the notion that actuation of the polymer is caused by charge
motion and indicates that both of these metrics are related to
the mobility of the ions.

It is interesting to note that the charge mobility is higher for
the membranes swollen with the EMI-Tf ionic liquid than for
those swollen with the EMI-Im ionic liquid, considering that
the EMI-Im ionic liquid actually has a lower viscosity. This
is consistent with the alkali metal NMR results in which the
peak width was observed to be larger for those membranes
swollen with the EMI-Im ionic liquid than those swollen
with the EMI-Tf ionic liquid, even at equivalent swelling
levels. These differences can be explained by considering
the effect that the EMI-Im ionic liquid has on the morphology
of the Nafion membranes. The SAXS results indicated that the
EMI-Im ionic liquid led to partial homogenization of the
membrane and decreased the contrast between the fluorocar-
bon and ionic cluster phases. This mixing of the phases inter-
rupts the connectivity of the ionic cluster network and inhibits
ion mobility within the membrane. Also, from the ionic con-
ductivity and actuation speed results, the ion mobility in-
creases with increasing size of the counterions, which
corresponds to decreasing critical uptake. This relationship
will form the basis of a model of charge transport in the ionic
liquid-swollen membranes.

5. Development of the charge transport model

In order to understand why the charge mobility increases
with increasing size of the counterions and increasing content
of ionic liquid, a model of charge transport within the ionic
liquid-swollen membranes is developed. As observed by the
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FTIR and NMR results, a critical uptake of ionic liquid exists
above which the properties of the membrane undergo a transi-
tion. For the EMI-Tf ionic liquid, it is argued that the EMIþ

cation interacts with the polymer by displacing the counterions
away from the exchange sites. As the counterions are dis-
placed, they associate with the Tf� anions of the ionic liquid.
The critical uptake is believed to correspond to the minimum
amount of ionic liquid required to displace essentially all of
the counterions. Above the critical uptake, additional ionic liq-
uid is present within the membrane that does not interact with
the counterions or exchange sites. Because this ‘‘free’’ ionic
liquid contains Tf� anions that are only loosely associated
with EMIþ cations, these anions represent sites that can be oc-
cupied by a counterion of the polymer. It is by hopping among
these Tf� sites that the counterions are believed to transport
within the ionic liquid-swollen Nafion membranes. Therefore,
the model predicts that the counterions of the Nafion polymer
are the primary charge carriers in the ionic liquid-swollen
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Fig. 13. Actuation speed versus ionic conductivity for the platinum-plated

membranes swollen with both ionic liquids.
membranes. As the amount of free ionic liquid within the
membrane is increased, the number of available sites is in-
creased and the mobility of the counterions is enhanced.
Therefore, the key parameter of this model is the content of
ionic liquid above the critical uptake. The FTIR and NMR re-
sults revealed that the critical uptake decreases with increasing
size of the counterions. Thus, for the membranes exchanged
with larger counterions, the transition from insulator to con-
ductor occurs at a lower loading of ionic liquid. This is why
the charge mobility is observed to increase with increasing
counterion size, for a given swelling level.

In order to test this model, the actuation speed is plotted
versus the uptake of ionic liquid normalized by the critical up-
take e see Fig. 14. It should be noted that the critical uptake
was determined from the spectroscopy experiments. As can be
seen, the data exhibit a single universal trend. This supports
the argument that the key model parameter is the loading of
ionic liquid above the critical uptake. However, based on the
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Fig. 14. Actuation speed versus uptake of EMI-Tf ionic liquid normalized by

the critical uptake for the platinum-plated samples in five counterion forms.
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Fig. 15. (a) Actuation speed versus uptake of EMI-Tf ionic liquid for the RuO2-plated actuators and (b) actuation speed versus uptake normalized by the critical

uptake.
proposed model, this curve should exhibit an inflection point
at a loading of 1.0. For the platinum-plated samples, this in-
flection point is not observed because no data points were
taken below the critical uptake. As further support of the
model, additional testing was performed using samples that
were plated with RuO2 by the direct assembly method, as de-
scribed in Section 2. These samples were tested in exactly the
same manner as the platinum-plated transducers. The actua-
tion speed versus the uptake of EMI-Tf ionic liquid for the
RuO2-plated samples is shown in Fig. 15a. As can be seen,
the actuation speed increases with increasing size of the coun-
terions, for a given loading of ionic liquid. The curves are also
observed to exhibit an inflection point at the critical uptake of
ionic liquid. These data were plotted versus the uptake normal-
ized by the critical uptake in order to test the validity of the
model. Again, the critical uptake was determined from the
FTIR and NMR results using a different set of membranes.
As can be seen in Fig. 15b, a single relationship is observed
that exhibits an inflection point at a loading of 1.0. This addi-
tional evidence is a further support of the proposed model of
charge transport.

Although the charge transport model was developed using
the results for the EMI-Tf-swollen membranes, one would ex-
pect the same mechanism to be present in the EMI-Im-swollen
membranes. Unfortunately, insufficient data exist to test this
theory. It is clear that the charge mobility is higher for the
membranes swollen with the EMI-Tf ionic liquid, however.
As previously stated, this is believed to be related to the dis-
ruption of the ionic cluster network within the Nafion polymer
by the EMI-Im ionic liquid.

6. Conclusions

Ionic liquids may be used effectively to replace water in
Nafion membrane transducers. Small-angle X-ray character-
ization of ionic liquid-swollen Nafion membranes revealed
that the structure of the ionic liquid has a profound effect on
morphology of the films. Membranes swollen with the hydro-
phobic EMI-Im ionic liquid exhibited more homogeneous
morphology, with less distinct ionic cluster regions. The belief
that this effect inhibits charge transport was supported by the
results of NMR, actuation, and conductivity testing. Infrared
spectroscopy revealed that the ionic liquid interacts with the
Nafion polymer by displacing the counterions away from the
sulfonate exchange sites. From NMR testing, it is clear that
this displacement leads to an increase in the mobility of the
counterions. The FTIR and NMR results exhibit an inflection
point at the critical uptake of ionic liquid. This is thought to be
the minimum content of ionic liquid required to displace all of
the counterions. The critical uptake decreases as the size of the
counterions increases, because the larger counterions are more
easily displaced. Electromechanical characterization of these
membranes reveals that the actuation speed and ionic conduc-
tivity increase with increasing counterion size and increasing
content of ionic liquid. Based on the observed trends, a model
is formulated to explain the charge transport mechanisms
within the ionic liquid-swollen films. In this model, the coun-
terions of the polymer are thought to be the primary charge
carriers. The critical parameter of this model is the content
of ionic liquid above the critical uptake. In order to test this
model, the actuation speed was plotted versus the uptake of
ionic liquid normalized by the critical uptake e a single rela-
tionship was observed. The elegance of this model is that it
combines the results of morphological, spectroscopic, and
macroscopic transduction characterizations in a single unified
theory of charge transport in ionic liquid-swollen Nafion
membranes.
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