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ABSTRACT: We have explored the link between morphologies and
conductivities for ionic liquids (ILs) incorporated block copolymer electro-
lytes by combining small-angle X-ray scattering, transmission electron
microscopy, and impedance spectroscopy. The block copolymer electrolytes
investigated in present study are a series of partially sulfonated poly-
(styrenesulfonate-b-methylbutylene) (S,MB,,) copolymers with different
molecular weights and sulfonation levels (SLs). Imidazolium-based ILs are
selectively doped into hydrophilic domains of S,MB,, copolymers, and
various morphologies have been observed as a function of the amount of
absorbed ILs and SLs in S,MB,,, copolymers. We have demonstrated that the
morphologies of ILs impregnated S,MB,,, copolymers are sensitive function
of kinds of counteranions in IL, yielding remarkable discrepancy in con-
ductivities. When the morphology of sample is appeared to be a lamellar
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structure, significant reduction in through-plane conductivity value was detected due to the nonrandom orientation of
microdomains. In contrast, hexagonally perforated lamellar forming samples exhibit the highest conductivities in both through-
plane and in-plane directions on account of the better connectivity of ionic domains along the perforated hydrophilic phases. Once
the morphology effects were vanished by employing highly sulfonated S,MB,, copolymers, it has been revealed that the
conductivities of ILs incorporated copolymers are closely related to the polarity of ILs as confirmed by solvation dynamics study.

B INTRODUCTION

Proton exchange fuel cell (PEFC) has been extensively
investigated in past decades due to their potential to supply
clean energy for transport applications.' ” In early years, the
researches on PEFC had focused on room temperature opera-
tion, "> and many issues such as CO poisoning of Pt catalyst and
the complexity of water management in polymer electrolyte
membranes (PEMs) have been revealed.® '? Several approaches
are in progress to overcome these problems, and operating PEFC
at high temperature above 120 °C under nonhumidification
conditions is considered to be the most promising solution."' >
This is due to the fact that CO poisoning becomes negligible
above 120 °C and transport kinetics are significantly enhanced at
high temperatures.”>**

For the high temperature PEFC, there is a growing need to
find new PEM systems offering reasonable proton conductivity
without water. For example, although the current state-of-the-art
PEM, perfluorosulfonic acid ionomer commercialized under the
trademark Nafion, shows excellent conductivity and long-term
durability at low temperature,"” the properties rapidly decay at
elevated temperatures since water is lost from the PEM.>> >
Most widely studied approach to develop new PEM systems in
recent years is the fabrication of composite PEMs by incorporating
ionic liquids (ILs) to replace water molecule. ILs are molten salts
exhibiting nonvolatility, thermal stability, negligible vapor pressures,
and excellent ionic conductivity at high temperature, which will
alleviate the durability concerns.”®*** Examples of the composite
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PEM:s are perfluorosulfonic acid membranes (Nafion),"" '€ sulfo-
nated poly(aryl ether ketone) (SPAEK),"> " and sulfonated
poly(ether ether ketone) (SPEEK)," impregnated with a variety
of ILs. The reported conductivity values are as high as 10 >—10">
S/cm at 180 °C when large amounts of ILs are incorporated.”>'*
However, the conductivity is unsatisfactory when compared to the
properties obtained at humidified conditions, and further improve-
ments are required.

To achieve improved conductivities of IL incorporated PEMs,
the fundamental underpinning of morphology-transport rela-
tionship in composite PEMs and systematic methodology to
control morphologies of PEMs are essential. However, all above
systems, ie., Nafion, SPAEK, and SPEEK, have disordered
morphologies due to the random location of the hydrophilic
and hydrophobic moieties resulting in a lack of knowledge on the
morphology—conductivity relationship in composite PEMs.
With this regard, most recently, a great attention has been paid
to PEMs made from block copolymers™**~* due to their self-
assembly nature, originated from the balance of energetic and
entropic driving forces.***> Examples include sulfonated poly-
(styrene-b-methyl methacrylate),” sulfonated poly(styrene-b-
methylbutylene),*® poly(styrene-b-vinylpyridine),**>* and
poly(vinylidene fluoride-co-hexafluoropropylene).**
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Figure 1. Molecular structures of (a) poly(styrenesulfonate-b-methyl-
butylene) (S,MB,,) copolymer, (b) 1-ethyl-3-methylimidazolium tosy-
late, [EMIm][Tos], (c) 1,3-dimethylimidazolium methanesulfonate,
[MMIm][MS], and (d) 1-ethyl-3-methylimidazolium tetrafluoroborate,
[EMIm][BF4].

been reported that altering processing conditions such as solvent
casting and thermal annealing conditions induce great different
morphologies in PEMs and concurrently result in diverse
windows of conductivity in PEMs.*>*® In a recent paper,®® we
demonstrated that the development of composite PEMs with
well-defined nanostructures plays a central role to achieve
enhanced conductivity by creating shortcut of ion transport.
Many previous studies on IL incorporated PEMs are con-
cerned with the morphological transitions of composite PEMs by
changing the IL concentrations and their effects on con-
ductivities.*****'~* In those cases, the analysis of morphology
effects on conductivities is not straightforward because of the
concurrent contributions arising from morphology and local IL
concentration. The different morphologies are also accessible by
altering molecular weight of PEMs enough to hop the phase
boundaries; however, molecular weight effects on ion transport
will coincide with the morphology effects. Herein, we have
explored the morphology effects on conductivities of IL incor-
porated PEMs using a set of partially sulfonated poly(styrene-b-
methylbutylene), which referred to S,MB,, copolymers. The
S,MB,, copolymers, exploited by our group recently,®>**~*° will
be the ideal materials to overcome the above-mentioned limita-
tions on account of their unique self-assembly nature. At fixed IL
concentrations, small changes in sulfonation levels (SLs) of
sulfonated styrene (SS) phases of S,MB,, copolymers (without
changing n and m values) result in a wide variety of morphologies
such as lamellar (LAM), hexagonally perforated lamellae (HPL),
and hexagonal cylinder (HEX) phases. This phase behavior leads
us to determine the morphology effects on conductivities of
composite PEMs with excluded influence of IL concentrations
and molecular weight of PEMs. Note that the SL in PEMs is also
known to be an important parameter affecting conductivity, and

thus, the SL effects cannot be downplayed. However, in the
present study, we found that the normalization of conductivities
based on SLs was found to be an effective way to eliminate the SL
effects. By employing various imidazolium-based ILs, we have
demonstrated that the different kinds of anions in ILs induce
distinctly different morphologies of composite PEMs, leading to
remarkable discrepancy in conductivities at the same IL loadings.

B EXPERIMENTAL SECTION

Synthesis of S,,MB,,, Copolymers. A series of S,MB,, copoly-
mers with different molecular weights and SLs were synthesized by
sequential anionic polymerization of styrene and isoprene followed by
selective hydrogenation of the polydiene. The polydispersity indices of
the copolymers were less than 1.04. The styrene blocks were then
sulfonated using procedures described in refs 35 and 49. Samples with
different SLs were prepared by controlling reaction time: SL = 17 &
3 mol % with 0.25 h reaction, SL = 37 & 4 mol % with 1 h reaction, SL =
49 £ 2 mol % with 4 h reaction, and SL = 63 £+ 3 mol % with 25 h
reaction. The molecular structure of resulting materials is shown in
Figure 1a where SL of S,MB,,, was calculated by the following equation:

moles of sulfonic acid  x

SL = =z (1)

moles of styrene n

The SL value of the copolymer is given in parentheses; i.e., Ss5oMB-3(21)
contains 50 styrene chains and 73 methylbutylene chains where 21 mol % of
styrene is sulfonated. The characteristics of S,MB,,, copolymers used in
this study are listed in Table 1.

lonic Liquids (ILs). 1-Ethyl-3-methylimidazolium tosylate ([EM-
Im][Tos], 298% HPLC grade), 1,3-dimethylimidazolium methanesul-
fonate ([MMIm][MS], 299% HPLC grade), and 1-ethyl-3-methylimi-
dazolium tetrafluoroborate ([EMIm][BF4], 298% HPLC grade) were
purchased from Sigma-Aldrich and used as received. The molecular
structures of [EMIm][Tos], [MMIm][MS], and [EMIm][BF4] are
shown in parts b, ¢, and d of Figure 1, respectively. The [Tos] and [MS]
anions were chosen so as to contain sulfonate groups to ensure che-
mical similarity with SS phases. The molecular weight (MW), density
(d), melting temperature (T,,), and conductivity (0) are listed in
Table 1.

Preparation of IL Incorporated S,MB,, Membranes. Inhi-
bitor-free anhydrous tetrahydrofuran (THF, =99.9%) was used without
further purification, and methanol was degassed three times prior to use.
In the glovebox, predetermined quantities of IL and S,MB,, were
weighed into glass vials, and ca. 5 wt % solutions were prepared using
50/50 vol % THF and methanol mixture. Solutions were stirred over-
night at room temperature, and ca. 200 #¢m thick IL incorporated S,MB,,,
membranes were prepared by solvent casting under an argon atmo-
sphere for 2 days followed by vacuum drying at S0 °C for 10 days.

Small-Angle X-ray Scattering (SAXS). The composite mem-
branes were laminated into an airtight sample cell consists of an
aluminum spacer, two Kapton windows, O-rings, and aluminum covers.
The samples were stored with desiccant when outside the glovebox to
reduce any chance of water contamination. Synchrotron SAXS measure-
ments on these samples were performed using the 4C1 SAXS beamline
at the Pohang Light Source (PLS). Sample temperature was controlled
within £0.2 °C using a sample stage provided by the PLS. The
wavelength () of the incident X-ray beam was 0.15S nm (AA/4 =
10~*), and two sample-to-detector distances of 3.0 and 1.0 m were used
yielding scattering wave vector q (q = 47t sin(6/2)/4, where 6 is the
scattering angle) in the range 0.1—1.8 nm '. The resulting two-
dimensional scattering data were averaged azimuthally to obtain in-
tensity versus q.

Transmission Electron Microscopy (TEM). The composite
membranes were cryo-microtomed at —120 °C to obtain thin sections
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Table 1. Characteristics of S,MB,,, Block Copolymers and Ionic Liquids Used in the Present Study

block copolymer used MW (kg/mol) ~ SL (mol %)  IEC (mmol/g)
SsoMB,5(21) 59-b-5.1 21 0.901
SsoMB5(39) 6.7-b-5.1 39 1.673
S<oMB.3(66) 7.8-b-5.1 66 2.55
SsoMB136(19) 10.3-5-9.1 19 0.862
SsoMB136(39) 11.8--9.1 39 1616
SsoMB 130(49) 12.6-5-9.1 49 2011

ionic liquids used MW (g/mol)  d (g/em®) T, (°C) o) (mS/cm)
[MMIm][MS]* 192.24 98.3° 45.9° (135 °C)
[EMIm][BF4]" 197.97 1.28¢ 11—157  41.0° (135 °C)
[EMIm][Tos] 282.36 121 58° 17.0° (135 °C)

“1,3-Dimethylimidazolium methanesulfonate. * 1-Ethyl-3-methylimidazolium tetrafluoroborate. © 1-Ethyl-3-methylimidazolium tosylate. ¢ Reference

14. ¢ Measured at our lab./ Reference 61.

with thicknesses in the 80—120 nm range using a Leica Ultracut UCT.
The electron contrast in the samples was enhanced by exposure to
ruthenium tetroxide (RuO,) vapor for SO min. Imaging of stained
samples was performed with a JEOL JEM-2100F microscope operating
at 200 kV equipped with a cold stage (—160 °C) and an Omega energy
filter. Images were recorded on a Gatan 2048 x 2048 pixel CCD camera
(Gatan Inc,, Pleasanton, CA). All data sets were acquired using Digital
Micrograph (Gatan, Inc.) software.

Conductivity Measurements. The conductivities of IL incorpo-
rated S,MB,,, samples were measured using ac impedance spectroscopy
in glovebox. The in-plane conductivity was measured using a four-
electrode probe (BekkTech LLC, Loveland, CO), consisting of a Teflon
block, a membrane clamp, two platinum gauzes, and two platinum wires.
The two platinum wires were used as working and counter electrodes to
apply a current to the sample membrane (2.0 cm X 1.0 cm, 200 um
thick) through the two platinum gauzes, and the two platinum wires
0.425 cm apart were used as reference electrodes. The through-plane
conductivity was measured using a home-built two-electrode cell with
1.2S cm X 1.25 cm two stainless steel blocking electrodes and 1 cm X
1 cm Pt working/counter electrodes. For conductivity measurements,
the highest temperature of our experimental setup was 180 °C (simply
due to the thermal stability of the sheath of cables). We then calibrated
the sample temperature accurately, which yields the highest sample
temperature of 165 and 145 °C for 4-probe and 2-probe geometry,
respectively. Data were collected using a 1260 Solatron impedance
analyzer operating over a frequency range of 1—100000 Hz.

Solvation Dynamics Measurements. Time-resolved fluores-
cence spectra were recorded by the time-correlated single photon
counting (TCSPC) method. Details of the TCSPC setup has been
described elsewhere.®® Light source was a femtosecond Ti:sapphire
oscillator (Tsunami, Spectra Physics) that gives pulses at 800 nm with a
pulse duration of 100 fs. Pump pulses at 400 nm were generated by the
second harmonic generation in a 3-barium borate crystal. Fluorescence
was collected by a parabolic mirror, dispersed by a monochromator, and
detected with a fast photomultiplier tube. Magic angle detection was
used to avoid the effect of polarization. Full width at half-maximum of
the instrumental response was 190 ps to provide ~40 ps time resolution
after deconvolution. Time traces in the range of 470—700 nm were
obtained by a 10 nm step size and reconstructed to give the time-resolved
fluorescence spectra. Laser grade coumarin 153 (C153) from Exciton was
used without further purification. C153 was dissolved in two different ILs,
[EMIm][Tos] and [MMIm][MS], and the measurements were performed
at 98 °C, which is above the melting temperature of the ILs.

B RESULTS

Characteristics of S,MB,,, Copolymers and lonic Liquids.
Figure la shows the chemical structure of S,MB,, copolymer,
where n and m indicate degree of polymerization of each blocks.
The characteristics of S,MB,, copolymers used in present study
are listed in Table 1. The SL values of S,MB,, copolymers are
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given in parentheses. The S,MB,, copolymers have been known
to offer substantial proton conductivity under low-temperature
conditions, and the conductivity can be easily adjustable by
controlling molecular weight and ion exchange capacity (IEC)
of copolymers.***” Note here that the IEC values of S,MB,,
copolymers range from 0.86 to 2.55 mmol/g, which are fairly
wide windows compared to other PEM systems.

Parts b, ¢, and d of Figure 1 show chemical structures of ILs
used in present study, 1-ethyl-3-methylimidazolium tosylate
([EMIm][Tos]), 1,3-dimethylimidazolium methanesulfonate
([MMIm][MS]), and 1-ethyl-3-methylimidazolium tetrafluoro-
borate ([EMIm][BF4]), respectively. All ILs contain alkylimi-
dazolium cations while kinds of anions are varied. The molecular
weight (MW), density (d), melting temperature (T,,), and
conductivity (0) are listed in Table 1. It should be noted here
that since the [Tos] and [MS] anions show chemically identical
or similar structures to the SS moiety of S,MB,, copolymers, the
good compatibility between copolymers and ILs is expected. In
contrast, the [BF4] anion represents dissimilar chemical struc-
ture with the SS moiety although [EMIm][BF4] is one of the
most widely used IL with perfluorinated membranes such as
Nafion.!' ™" We are aimed to investigate the compatibility effects
on morphologies and conductivities of IL loaded S,MB,, copoly-
mers. Note that all ILs, ie, [EMIm][Tos], [MMIm][MS], and
[EMIm][BF4], indicate hydrophilic characteristics.

Morphology of lonic Liquid Incorporated S,MB,,, Copoly-
mers. We begin by describing the morphologies of IL incorpo-
rated S,MB,,, copolymers as a function of the amount of absorbed
IL by combining SAXS and TEM experiments. For brevity, we
only discuss representative data obtained from a subset of the
samples listed in Table 1. The entire samples examined in
this study indicate temperature-independent SAXS profiles.
Figure 2 shows the SAXS profiles of [EMIm][Tos] incorporated
SsoMB73(21) membranes with different IL loadings measured at
120 °C. The neat S5oMB-3(21) exhibits LAM morphology with
Bragg peaks (V) at g%, 2q* and 3q*, where g* = 277/d, oo with do =
10.9 nm. Qualitatively different SAXS peaks are observed with 30
wt % IL loading in SsoMB-3(21), as shown by inverted filled
triangles (¥), where the presence of Bragg peaks at 14*:4/3¢*:-
V4q* /99" with q* = 271/d 00 and dyop = 13.4 nm is seen. The
SAXS profile indicates the formation of a hexagonally ordered
structure. TEM was used to determine the observed morphology
as HPL or HEX phases. The inset TEM image of Figure 2
presents the coexistence of short lamellae with perforations and a
hexagonal arrangement of the perforations (SS phases are darken
by RuOQ, staining), which leads us to conclude that the structure
is HPL. When the amount of IL is increased to 50 wt %, we see
broad peaks at 14*:2¢*:3¢* with ¢* = 0.41 nm ™~ '. This implies that
the morphology becomes ill-defined at high IL loadings, as
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Figure 2. SAXS profiles of [EMIm][Tos] incorporated SsoMB-3(21)
measured at 120 °C as a function of IL loadings. The scattering profiles
are vertically offset for clarity. The arrows (black }) for 0 wt % IL, the
inverted open triangles (V) of 10 wt % IL, the inverted filled triangles
(¥) of 30 wt % IL, and the inverted thick arrows (green ¥) indicate Bragg
peaks at g% 24* 3q%; at % 2% 39" at ¢*+/3q"v/4q%+/9¢%; and at g*,
2q% 3q*; respectively. The changes in domain spacing and fwhm of
primary peak as a function of IL loadings are plotted in the inset figure.
Cross-sectional TEM image obtained with 30 wt % IL loading confirms
the HPL phase. SS domains were darkened by RuOj, staining, and the
scale bars represent 50 nm.

viewed by large increase in the full width at half-maximum
(fwhm) of the primary peak at SO wt % IL loading (see the inset
of Figure 2).

It is worthwhile to mention here that, upon undergoing the
morphological transitions given in Figure 2, significant increases
in domain sizes are observed in proportion to the [EMIm][Tos]
concentrations, as shown in the inset of Figure 2. This implies
that the incorporation of [EMIm][Tos] results in effective
swelling of hydrophilic SS phases presumably due to the chemical
similarity of [Tos] anions with the SS moieties. The observed
sequential lyotropic phase transitions can be mapped on to the
phase diagram of block copolymer/solvent systems. In pioneer-
ing studies, Lodge et al. showed that the phase behavior of block
copolymer/selective solvent mixtures can be understood in
terms of effective y parameters.®’ The extent to which such a
framework can be applied to our systems although, direct
comparisons between nonionic block copolymers and our ionic
S,MB,, copolymers may not be appropriate because of the
presence of ionic interactions in our systems. We carried out
the order—disorder transition (ODT) study for low molecular
weight S,,MB;,(19) sample, and it is found that the LAM
morphology becomes disordered at 75 °C (neat S,,MB3,(19))
and 120 °C (30 wt % [EMIm][Tos] incorporated S,,MB3,(19))
(data not shown here). Consequently, we can infer that phase
transitions of [EMIm][Tos] containing S,MB,, copolymers are
taken place with increasing volume fraction of hydrophilic PSS
block as well as the enhanced segregation strength between
hydrophilic and hydrophobic phases.**** The quantitative anal-
ysis of the effective y parameters of composite membranes will be
subject of our future paper.

To investigate the effect of kinds of anions in ILs on the
morphological transitions of S,MB,, copolymers, the same

50 wt% IL
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Figure 3. SAXS profiles and TEM images of IL incorporated SsoMB;-
(21) copolymers by varying kinds of ILs at a fixed IL loading of SO wt %.
The scattering profiles are vertically offset for clarity. The arrows (black
!, neat), the inverted open triangles (v, [BF4]), the inverted
filled triangles (¥, [MS]), and the inverted thick arrows (green ¥,
[Tos]) indicate Bragg peaks at q* 2q% 3q% at q% 2q% 3g% at
q*,x/ 3q*,\/ 4q*,x/ 7q%; and at g%, 2q* 3q*; respectively. The changes in
domain spacing are plotted in the inset figure as a function of IL loadings.
TEM images of no IL, [EMIm][BF4], [MMIm][MS], and [EMIm]-
[Tos] incorporated SsoMB;3(21) copolymers represent LAM, LAM,
HEX, and spherical domains, respectively. The SS domain was darkened
by RuO, staining, and the scale bars represent 50 nm.

experimental protocols are repeated with other ILs, ie.,
[MMIm][MS] and [EMIm][BF4]. Figure 3 shows the repre-
sentative SAXS data and cross-sectional TEM images obtained
from different IL incorporated SsoMB,3(21) copolymers at a
fixed IL loading of S0 wt %. The distinctly different morphologies
depending on the choice of anions in ILs are seen. For example,
when 50 wt % of [EMIm][BF4] is added into S5oMB,5(21)
copolymer, qualitatively the same LAM structure has been
detected with the g*:2q*:3q* Bragg peaks (V). In addition, as
shown in the inset of Figure 3, a fairly small change in domain size
was observed. This clearly indicates poor miscibility of fluori-
nated [BF4] anion with hydrocarbon SS phases, which is proven
by the existence of an additional peak at lower g value (g =
0.37 nm '), signaling the existence of ionic aggregates in the
membrane. The LAM morphology of 50 wt % [EMIm][BF4]
doped SsoMB,3(21) copolymer was confirmed by TEM as
shown in Figure 3. It is interesting to mention here that although
the SAXS data indicate similar LAM structure for neat SsoMB3-
(21) and 50 wt % [EMIm][BF4] doped SsoMB,5(21), the TEM
image reveals relatively thick SS phases of SO wt % [EMIm][BF4]
doped S5oMB;3(21) compared with the neat sample. The
domain spacing of [EMIm][BF4] incorporated sample, obtained
from both SAXS and TEM, is the same as ca. 11 nm. This
indicates that although the negligible change in domain size is
detected, the ionic SS phases is somewhat swollen by the
[EMIm][BF4] due to the hydrophilic characteristics. We assume

5292 dx.doi.org/10.1021/ma200278c |Macromolecules 2011, 44, 5289-5298



Macromolecules

107 E T ¥ T v T v T
E 4 S MB,, (19)/ IL (50 wt%)
[ 24| [—=—[BF4]

10°k ) [t .
/\. 3 T;,ZZ E
S 2
) 10° §2° i
> E 1
g ‘ ’ I‘LO Ioaf:fing 2:4 ;:) ” ‘
2 10} _— ;
c 3 3
(@)]
£ |
— 3
o 10°}
=
® 3
© ]
(D 2

10° E

| Without IL ] .
10 1 i 1 i 1 i 1 i
03 06 09 12

q(nm™)

Figure 4. SAXS profiles of IL incorporated SgoMB;30(19) copolymers
by varying kinds of ILs at the same IL loading of SO wt %. The scattering
profiles are vertically offset for clarity. The arrows (black +) (neat copoly-
mer) and the inverted open triangles (V) (with [EMIm][BF4]) indicate
Bragg peaks at %, 2q* 3q* 4q* while the inverted filled triangles (V)
(with [MMIm][MS]) and the inverted thick arrows (green V) (with
[EMIm][Tos]) represent Bragg peaks at q*,v/3q%~/4q*~/7q"v/94%,

11¢q*. The changes in domain spacing as a function of IL loadings are
plotted in the inset figure. The schematic illustration of each nanostruc-
ture is shown in the right-hand side of each SAXS profile representing
LAM, LAM, HEX, and HEX morphologies.

that some extent of [EMIm][BF4] also exists in PMB domains at
higher IL loadings, but the exact nature of hydrophobic PMB
domains cannot be determined from our work thus far. The
detailed distribution of [EMIm][BF4] within the microdomains
of S,MB,, copolymers will be a subject of our future studies.

Upon incorporating S0 wt % of [MMIm][MS] into the same
SsoMB;3(21) copolymer, HEX structure is appeared, as con-
firmed by both SAXS and TEM. The increments in domain size is
relatively smaller than that obtained with [EMIm][Tos]. We
infer that degree of swelling with [MS] anions is to some extent
modest compared with [Tos] anions, in part, due to the smaller
anion size. When the increments in domain size are compared for
10 wt % IL containing SsoMB,3(21) copolymers where all
samples indicate LAM morphology, the values are 1.3%, 5.4%,
and 5.8% for [EMIm][BF4], [MMIm][MS], and [EMIm]-
[Tos], respectively. The ill-defined morphology of S0 wt %
[EMIm][Tos] doped SsoMB,3(21) is identified as spherical
domains lacking long-ranged order, as shown in the inset
TEM image.

We found that the observed IL-dependent morphologies of
composite membranes are not sensitive function of molecular
weight of S,MB,, copolymers. When large molecular weight
SgoMB 30(19) with similar n/m ratio and SL is employed, the
qualitatively similar SAXS profiles to those shown in Figure 3
have been observed. Figure 4 shows SAXS profiles of different ILs
incorporated SgoMB)30(19) copolymers at a fixed IL concentra-
tion of SO wt %. The neat SgoMB 30(19) copolymer indicates
LAM morphology with Bragg peaks (V) at g* 2q%, 3¢*, and 4q%,

(@) s, MB, (39) (b) s MB,. (39)
[T ‘ T T T 4;7 1 T T T L} 1 1
10k g LUJ:@E]‘ g
S 10° it
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Figure 5. SAXS profiles of 30 wt % IL incorporated (a) SsoMB-3(39)
and (b) SgoMB;30(39) copolymers by varying kinds of ILs. The arrows
(V) of neat SsoMB,3(39) with Bragg peaks at g% 24% 3¢* and of neat
SsoMBi30(39) with peaks at g*+/3q%v/4q*v/9¢* indicate LAM
and HEX morphologies, respectively. Upon adding 30 wt % of IL,
regardless of kinds of ILs, all SAXS profiles show Bragg peaks at
G535V 407957/ 9947/ 11* indicative of the HEX morphology.
The changes in domain size as a function of IL loadings are plotted in the
inset. The scattering profiles are vertically offset for clarity.

where q* = 251/ d; oo with d1 o9 = 19.3 nm. Analogous to S5oMB3-
(21) copolymer, the incorporation of S0 wt % [EMIm][BF4]
reveals LAM morphology with negligible change in domain size
while the addition of 50 wt % [MMIm][MS] induces LAM-to-
HEX morphological transition. The addition of 50 wt %
[EMim][Tos] also results in HEX morphology. For HEX
forming samples with S0 wt % ILs, the changes in domain sizes
are 13% and 26% for [MMIm][MS] and [EMIm][Tos], respec-
tively. It seems that the degree of swelling of the large molecular
weight SggMB30(19) in the presence of ILs is clearly smaller
than that of lower molecular weight SsoMB;3(21) presumably
due to the rather stiff characteristics of SgoMB)30(19). In general,
however, the phase behavior is qualitative comparable and the
sequence of swelling (inferred from changes in domain size) is
[BF4] < [MS] < [Tos]. From the data obtained so far, we have
reached to the conclusion that the chemical structures of anions
strongly affect the morphologies of composite membranes.

To investigate the effect of ionic strength of S,MB,, copoly-
mers on the observed phase behavior, the SLs of copolymers have
been varied. Figure 5 shows the SAXS profiles of 30 wt % IL
incorporated S5oMB;3(39) and SgoMB,;30(39) copolymers.
Since these copolymers contain almost twice number of
[—SO3H] groups, i.e., more hydrophilic nature of SS phases,
favorable uptake of ILs within ionic domains is expected. As seen
from Figure Sab, the neat Sso0MB3(39) and SgoMBi30(39)
copolymers show LAM and HEX structures with Bragg peaks
at q*:2q*:3q* and q*:4/3q%:1/4q*:1/9q", respectively. When the
different ILs are loaded into the copolymers at a fixed concentra-
tion of 30 wt %, interestingly, virtually no difference in morphol-
ogies has been detected. For example, as shown in Figure Sa, the
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Figure 6. (a) 3-Dimensional phase cube of [EMIm][Tos] incorporated
S,MB,, copolymers as a function of IL loading, sulfonation level (SL),
and degree of polymerization (N), of S,MB,,,:SsoMB;3 series (N = 191)
and S5oMB,; series (N = 340). The phase boundaries are marked with
dotted lines. 2D phase diagrams of N vs IL loading (front view) and N vs
SL (side view) at a given SL of 20 mol % and IL of 30 wt % are plotted on
the right-hand side of the phase cube, which represents cross sections of
the cube. LAM, HPL, HEX, and S indicate lamellae, hexagonally
perforated lamellae, hexagonal cylinder, and spherical domains, respec-
tively. 3D phase cubes of (b) [MMIm][MS] and (c) [EMIm][BF4]
incorporated S,MB,,, copolymers as a function of IL loading, SL, and N
of S,MB,,. 2D phase diagrams of N vs IL loading plots (front view)
obtained at given SL values are shown in the right-hand side of each
phase cube.

same HEX phases are seen from Bragg peaks at q*:4/3¢q*:-
VAq*:4/79%:/99%: /11" for 30 wt % IL loaded S5oMB,5(39)
copolymers regardless of kinds of ILs. This is sharp contrast to
what observed with SsoMB-5(21). However, as shown in the
inset of Figure Sa, the extent of swelling of SsoMB;3(39)
copolymer with different ILs still follows the same trend as
[BF4] < [MS] < [Tos].

Figure Sb shows the phase behavior of ILs doped SgoMB3¢-
(39) copolymers, which is analogous to Figure Sa where the same
HEX morphologies are seen regardless of kinds of ILs. From
inset plots in Figure Sa,b, the increments in domain sizes of the
S,MB,,(39) copolymers upon incorporating [EMIm][BF4] be-
come considerably larger than those of the S,MB,, copolymers
with SL =20 = 1 mol %. This behavior can be rationalized by the
increased compatibility between [BF4] anions and PSS phase
upon adding more [—SO3H] groups into SS phases. Conse-
quently, there is no doubt about the role of ionic strength of the
S.MB,, copolymers on determining the ability of IL uptake,
which eventually results in different phase behavior of IL-doped
membranes.

Phase Diagrams of lonic Liquid Incorporated S,MB,,
Copolymers. On the basis of the methodology described above,
the phase diagrams of IL incorporated S,MB,, copolymers as a
function of the amounts of ILs loading, degree of polymerization
(N), and SL of copolymers are plotted inside a cube in Figure 6.
N is calculated based on N = (vg/vg)Ns + (vapp/vo)Nyp with a
reference volume, vy, of 0.1 nm”, S segment volume, vs, of
0.167 nm®, and MB segment volume, vyp, of 0.147 nm?,
neglecting the small change in N upon sulfonation. The letters
LAM, HPL, HEX, and S indicate lamellae, hexagonally perfo-
rated lamellae, hexagonal cylinder, and spherical domains, re-
spectively, and the dotted lines show the phase boundaries. The
left and back side of the cube at 0 wt % IL indicates the phase
behavior of neat S,MB,,, copolymers plotted as N vs SL. The neat
S.MB,, copolymers show the LAM morphology at lower SL
values while large windows of phase diagram are occupied by
HEX phase at higher SL values. In all cases, there are no
accessible order—disorder transition temperatures up to 180 °C,
and thus the T-axis is omitted for clarity.

In Figure 6a, the phase cube of [EMIm][Tos] incorporated
S,MB,, copolymers is shown. A variety of morphologies such as
LAM, HPL, HEX, and S are seen. A large portion of the phase
cube is taken up by the HEX phase for both N = 191 and N = 340
samples while HPL phase was only visible with N = 191 sample.
This implies that the stability window of the HPL morphology
becomes narrower and eventually disappears with increase in
molecular weight. We also plot 2-dimensional (2D) phase
diagrams on the right-hand side of the 3D phase cube in
Figure 6a representing cross sections of the cube. Upon creating
a cross section along SL = 20 mol %, for example, a phase diagram
of N vs IL loading (front view) illuminates the [EMIm][Tos]
amount dependent morphologies of S,MB,,(20) copolymers.
Another 2D phase diagram of N vs SL (side view) intersects the
N vs IL loading plots, indicating SL-dependent phase behavior of
S,MB,, copolymers, at a fixed amount of IL. A typical example
obtained at 30 wt % IL loading is shown.

Phase behavior of [MMIm][MS] incorporated S,MB,, copo-
lymers and [EMIm][BF4] doped copolymers is also depicted in
parts b and ¢ of Figure 6, respectively. It is evident that the phase
behavior of [MMIm][MS]-doped S,MB,, copolymers is qualita-
tively similar to that obtained with [EMIm][Tos] owing to the
possession of sulfonate groups. The N vs IL loading plots
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Figure 7. (a, c) Temperature-dependent through-plane conductivities
(01) and (b, d) in-plane conductivities (0i ) of IL incorporated SsoMB3
(21) and SgoMB, 34 (39) copolymers, as indicated in the figure. The
conductivity values were obtained at a fixed IL concentration of 30 wt %,
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fits were obtained by Arrhenius plots. The schematic illustration of each
nanostructure is also shown. In (b) and (d) the representative 0y values
obtained at 145 °C are shown.

obtained at a given SL of 39 mol % is shown on right-hand side of
the cube as a representative example where a large portion of
HEX phase is seen at high SL values.

In contrast, with the addition of [EMIm][BF4], distinctly
different phase behavior is observed as shown in Figure 6¢c. For
S.MB,, copolymers possessing low SL values, the LAM phase
persists at high IL loadings, regardless of N. This is due to the
poor compatibility between fluorinated [BF4] anions with SS
ionic moieties. As shown in Figure 6c, 2D phase diagram
obtained with SL = 20 mol % indicates coexistence between
LAM and HEX phases over a substantial portion of the accessible
IL loading—SL window for N = 191 samples while such coex-
istence is not detected with N = 340 samples. At higher SL values,
HEX phase is mostly seen in the phase cube, and we were unable
to detect the spherical domains owing to the relatively small
swelling of SS phases in the presence of [BF4] anions. Note that
all observed morphologies for [EMIm][BF4] containing S,MB,,,
copolymers are thermally stable with multiple heating/cooling
cycles from 25 to 180 °C. The phase diagrams in Figure 6a—c
clearly suggest to us the uniqueness of our systems in the aspect of
designing desired morphologies of IL incorporated PEMs by
independent controls of the kinds of ILs, N, and SL of copolymers.
It should be noted here that due to the coarse steps in the amounts
of IL, other phases may exist at intermediate IL loadings.

B DISCUSSION

Morphology Effects of IL Incorporated S,MB,,, Copolymers
on lonic Conductivities. We now elucidate the morphology effects

on ion transport properties for the IL incorporated S,MB,, copo-
lymers. Ionic conductivities of composite membranes were mea-
sured using ac impedance spectroscopy over a frequency range of
1—100000 Hz by employing a 1260 Solartron impedance analyzer.
To exclude the issue of water contamination of hygroscopic samples,
sample preparations and measurements were performed under Ar-
filled glovebox with moisture concentration below 0.1 ppm. Con-
ductivity measurements through plane of the membrane (0, ) were
determined with the use of a two-electrode cell while in-plane
conductivities (0} ) were measured using a four-electrode cell probe
(BekkTech conductivity clamp). The 0 values were always lower
than the 0j values in consequence of the coincidence of the current
path and voltage sensing cable. In particular, the lack of equality
of 0) and 0, is occasionally observed for many block copolymer
based PEMs due to the nonrandom domain orientation in the
samples.”>*>*5275* Iy present study, typically observed anisotropy
in conductivities of IL doped S,MB,, copolymers is /0, = 4—7.

Two sets of conductivity data are shown in Figure 7. The 0,
and 0 values shown in parts a and b of Figure 7, respectively, are
obtained from 30 wt % IL loaded SsoMB.3(21) by varying kinds
of ILs. As seen in Figure 7a, the 0 values of the membranes lie in
order of [MS] > [Tos] > [BF4]: 0, = 2.65 [MS], 6, = 0.596
[Tos],and 0, =2.08 X 10~ * mS/cm [BF4] at 141 °C. This is in
sharp contrast to the sequence of 0j values, as plotted in
Figure 7b, where the magnitude of 0j values is [MS] > [BF4] >
[Tos]: 0] = 10.49 [MS], 0} = 421 [BF4], and 0} = 1.43 mS/cm
[Tos] at 145 °C. Note that the highest temperature accessible
with the four-electrode cell probe was 165 °C, and the data will be
discussed in Figure 9.

Without a doubt the large reduction in 0 of the [EMIm]-
[BF4]-doped sample is on account of the morphology effect. In
ref 35, we demonstrated that the parallel orientation of LAM
morphology is naturally developed during solvent casting pro-
cess for the SsoMB,3(21)/[EMIM][BF4] sample. Such anisot-
ropy in morphology significantly hinders ion conduction in the
through-plane direction due to the alternating sequence of
conducting/nonconducting domains. As a result, a large anisot-
ropy in conductivity occurs with 0j/0 ratio of 2.0 X 10*,
Qualitatively similar behavior is observed for all other LAM
forming samples.

When highly sulfonated samples are employed to exclude the
morphology effects, judged by the large occupation of HEX
phase in phase diagrams, remarkably, both ¢ and g provide us
the same order of [MS] 2 [BF4] > [Tos]. As shown in Figure 7c,
d, when 30 wt % IL is loaded in SgoMB30(39) copolymer, the
obtained conductivity values are 0j = 7.1 and 0, = 1.3 mS/cm
([MMIm][MS], gi/0o, = 5.5), 0 = 6.7 and 0, = 1.2 mS/cm
([EMIM][BF4], 01/0, = 5.6), and gj = 2.2 and 0, = 0.15 mS/
cm ([EMIM][Tos], 0i/0) = 14.7). The relatively large reduc-
tion in the 0 value with [EMIm][Tos] is not clearly understood
yet. From the slope of Arrhenius plots, the activation energy (E,)
of composite membranes are estimated at 23.2 £ 2.6,27.9 5.2,
and 44.6 £ 11.1 kJ/mol for 30 wt % [MMIm][MS], [EMIm]-
[BF4], and [EMIm][Tos] loadings, respectively. It is interesting
to note here that for [MMIm][MS] incorporated samples the E,
values are nonsensitive function of SL or molecular weight of
S,MB,,, copolymers. Instead, the E, values are highly susceptible
of the amounts of IL within the membranes. For instance, the E,
value of S0 wt % [MMIm][MS] containing SsoMB3(21) is
significantly low as 13.8 kJ/mol.

The coincident trend in o) and 0, of the composite mem-
branes with vanished morphology effect (Figure 7c,d) leads us to
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Figure 8. Time-dependent Stokes shift functions for coumarin 153
(C153) in methanol (M), [MMIm][MS] (A), and [EMIm][Tos] (@®).

study the reason why the conductivities of IL incorporated
S,MB,, copolymers lie in order of [MS] 2 [BF4] > [Tos]. In
particular, an explanation about low conductivity values obtained
with [EMIm][Tos] loadings, which is one-third of the values of
[MMIm][MS] incorporated samples, is aimed to be provided. As
mentioned in Figures 3 and 4, the [Tos] has been proven to be
the best compatible anions with our S,MB,, copolymers.

The origin of the IL-dependent conductivities was investigated
by examining the solvation dynamics of ILs. Solvation dynamics
is a key ingredient in modeling how charge transfer reactions
couple to a solvent environment.**>*° In particular, fluctuation of
the solvent coordinate is thought to be rate limiting for certain
barrierless charge-transfer reactions.”” One of the most popular
methods of estimating the solvation dynamics is to acquire the
dynamic Stokes shift function S(t) from the time-resolved
fluorescence spectra of a probe molecule in solution:

(2)

where @(t) denotes the average frequency of the fluorescence
spectrum at time f. We measured time-resolved fluorescence
spectra of coumarin 153 (C153) in the ILs to estimate the
solvation dynamics. The fluorescence band of C153, carrying
intramolecular charge transfer character, is known to be a
sensitive probe of the solvent polarization.”>>” Average frequen-
cies of the fluorescence spectra of C153 at times t were obtained
to calculate S(¢).

Figure 8 shows S(t) of C153 in [EMIm][Tos] and
[MMIm][MS]. The S(t) of C153 in methanol is also shown as
a reference. The S(t) were fitted to an exponential function to
give the time constants of 96, 200, and 40 ps for [MMIm][MS],
[EMIm][Tos], and methanol, respectively. The solvation time of
methanol was overestimated due to the limited time resolution; it
is known to be 10 ps.58 The smaller time constant in [MMIm]-
[MS] indicates relatively faster solvation than that in [EMIm]-
[Tos]. This could be intimately related to the enhanced ion
transport rate in [MMIm][MS] incorporated S,MB,, copoly-
mers, since the faster solvent fluctuation may stimulate the faster
cation—anion dissociation dynamics in the presence of imidazo-
lium solvating [ —SO3H] groups. The solvation time constant for
[EMIm][BF4] was reported to be 125 ps.®® This is in good
agreement with our conductivity data, where similar but larger
conductivity values are always obtained with the use of [MMIm][MS]
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Figure 9. Temperature-dependent in-plane conductivities of 30 wt %
[MMIm][MS] incorporated S,MB,, copolymers obtained under anhy-
drous conditions: (a) with vanished morphology effects and (b) in the
presence of morphology effects.

compared with the use of [EMIm][BF4] when the morphology
effect is vanished.

We hope to conclude our paper by summarizing all factors,
which make effects on the conductivity. First of all, the SL in
PEMs is known to be one of the important parameter affecting
conductivity. In present study, we found that as far as morphol-
ogy is unchanged, the conductivity value is more like propor-
tional to the SL ratio of copolymers if the same amounts of IL are
incorporated. Figure 9a,b shows the in-plane conductivity values
of 30 wt % [MMIm][MS] incorporated SgoMB) 30 and S5oMB.3
samples by varying the SLs. As shown in Figure 9a, for SgoMB 3,
copolymers with SL = 19% and SL = 39%, both samples indicate
HEX morphology at 30 wt % [MMIm][MS] loading, and the
observed conductivity ratio is 1.7 &= 0.2 for temperature window
from 115 to 165 °C. This ratio is in good agreement with the SL
ratio of 2.0. In contrast, when the samples show different
morphologies, the normalization was no more effective. As seen
from Figure 9b, HPL forming SsoMB,3(21) with 30 wt %
[MMIm][MS] loading indicates higher conductivity than that
of HEX forming SsoMB-3(39) with 30 wt % [MMIm][MS]. This
is presumably due to the better connectivity of ionic domains
along the perforated SS phases. It is worthwhile to emphasize that
the sample with lower SL yields higher conductivity, which leads
us to conclude that the relative impact of SLs on the conductivity
is not as radical as the morphology effects.

The morphology effects on the conductivity were examined in
more details by plotting the data obtained from various kinds of
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Figure 10. In-plane (0j, filled symbols) and through-plane conductiv-
ities (0, open symbols) of 30 wt % IL incorporated S,MB,, copolymers
obtained at 165 °C under anhydrous conditions. The IL loading in
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polymer. Three different S,MB,, copolymers (plotted with different
symbols) and three different ILs (shown with different color) are used as
indicated in the figure.

ILs. The amount of absorbed IL was recalculated on the basis of
mmoles of IL per grams of polymers, 4, which can accurately
reflect the different molecular weight of ILs used in present study.
The conductivity values obtained at 165 °C under anhydrous
conditions are normalized based on the SL. We plot the normal-
ized in-plane (0, filled symbols) and through-plane (0, open
symbols) conductivities of IL incorporated S,MB,, copolymers
in Figure 10 as a function of 4. Although the x-axis of Figure 10
represents different 1 values depending on kinds of ILs, they all
correspond to the same IL loading of 30 wt %. The normalized
conductivity data obtained from three different copolymers are
shown with different symbols, as indicated in the figure. The
black, red, and blue colored symbols represent the conductivity
values of [MMIm][MS], [EMIm][BF4], and [EMIm][Tos]
loaded S,MB,,, copolymers, respectively.

As seen in the figure, the [MMIm][MS] doped samples always
yield the highest conductivity regardless of molecular weight and
SL of S,MB,, copolymers. When the morphology effect is
vanished by increasing SL in S,MB,, copolymers, the [EMIm]-
[BF4] incorporated samples indicate quite similar conductivity
as the [MMIm][MS] loaded samples in both in-plane (®) and
through-plane (O) directions. In fact, for the S,MB,, copolymers
with higher SL, due to the large E, values with [EMIm][BF4]
(e.g., Figure 7c), the conductivity of [EMIm][BF4] incorporated
samples may overtake that of [MMIm][MS] containing ones at
very high temperature. This is presumably due to the increased
compatibility between [BF4] anions and PSS phase upon adding
more [—SOz;H] groups into SS phases, as we discussed in
Figure 5. On the contrary, clearly low conductivity values were
obtained with [EMIm][Tos] loadings.

When the morphology of sample is appeared to be LAM with
the use of [EMIm][BF4] and S,MB,,, copolymers possessing low

SL, significant reduction in 0 values was detected as indicated
with larger open symbols. This is because through-plane con-
ductivity requires connectivity of microdomains along the thick-
ness direction and obtaining this in parallel oriented LAM is not
feasible. The higher conductivity for the HPL-forming sample
than other morphologies is also observed with the use of
[EMIm][Tos] in both directions, although the difference in
conductivity between HPL and HEX was not so distinct com-
pared with the result obtained with [MMIm][MS]. The ability to
control the conductivity of IL doped PEMs by adjusting kinds of
ILs and the morphologies of composite membranes will allow us
not only to resolve links between morphology and transport in
quantitative way but also to achieve efficient ion transport in
PEMs for high-temperature fuel cell applications.

B CONCLUSIONS

We have investigated phase behavior and conductivity of IL
incorporated S,MB,, block copolymers by controlling the kinds
of ILs, N, and SLs of S,MB,,, copolymers. Various morphologies
such as lamellae, perforated lamellae, hexagonal cylinder, and
spherical domains have been observed depending on SLs of
S.MB,, copolymers and/or the amount of absorbed ILs. S,MB,,
copolymers possessing lower SL values indicate lower IL uptake
ability, and the observed morphologies of IL incorporated
S.MB,,, copolymers are sensitive function of kinds of ILs. For
example, the addition of [EMIm][BF4] results in small changes
in morphology compared with neat copolymers. In contrast, in
the presence of [EMIm][Tos] and [MMIm][MS], the copoly-
mers indicate effective swelling of hydrophilic domains and
concomitant morphological transitions with increase in the
amounts of IL loading. The different morphologies yield sig-
nificant discrepancy in conductivity values at the same IL
concentration. It has been shown that the [MMIm][MS] in-
corporated samples exhibiting hexagonally perforated lamellar
structure show utmost conductivity while [EMIm][BF4] loaded
lamellar forming samples indicate large reduction in through-
plane conductivity. When S, MB,,, copolymers with higher SL are
employed, the effect of kinds of ILs on the morphology becomes
negligible due to the enhanced ability of IL uptake. With vanished
morphology effect, conductivities of samples largely depend on
the polarity of ILs.
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