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ABSTRACT: Transport properties of sulfonated poly(styrérigobutyleneb-styrene) (S-SIBS) triblock copoly-

mers were examined as a function of ion-exchange capacity (IEC), specifically at high IECs~@mtequiv/

g). The proton conductivity of S-SIBS wasl order of magnitude higher than sulfonated polystyrene at similar
IECs and 3-fold higher than Nafion 117 at an IEC of 2 mequiv/g. However, all polymers in this study possessed
similar selectivities (i.e., proton conductivity/methanol permeability) regardless of chemistry or morphology. Small-
angle X-ray scattering reveals a periodic-to-nonperiodic transition in S-SIBS with an anisotropic lamellar
morphology oriented in the plane of the membrane at IECs ranging from 0.5 to 1 mequiv/g and an isotropic
cocontinuous morphology at IECs ranging from 1.1 to 2 mequiv/g. This morphological transition coincides with
a discontinuity in the IEC-dependent transport properties. In addition, S-SIBS transport properties were measured
after solution casting from 15 different solvents at a constant IEC (0.8 mequiv/g). Transport properties varied by
almost 3 orders of magnitude when comparing S-SIBS solution cast from toluene to a toluene/ethanol mixture.
X-ray scattering results show morphological differences with solvent choice. This study demonstrates the significant
impact of morphology on transport properties in ionic block copolymers.

1. Introduction Current research is focused on developing Nafion replacements
that are durable, lower in cost, higher in proton conductivity at

lon gond_ucting pol)_/mers containing strong acidi_c groups (eg. higher temperatures, maintain an adequate water balance, and
sulfonic acid) are of interest for a variety of applications, such are resistant to methandl.

as sensors, actuators, ion-exchange membranes, and fuel cells. i o
Fuel cells in particular have received tremendous attention Early investigations on PEMs revealed that transport proper-

because of their potential to achieve higher efficiencies than i€ are dependent on polymer morphology or ionic nanostruc-
current power sources with renewable fuels at a lower envi- tUre*® There are a number of publications that examine the
ronmental cost.In the fuel cell, the ion conducting polymer or ~ Structure of PEMs, particularly Nafion, using a variety of
proton exchange membrane (PEM) serves as both a cell Sepie(:.hnlques. The Qetalls of these findings have recently been
arator, separating the anode from the cathode, and an electrolyteeviewed by Mauritz and MooreAlthough there are diverse
conducting protons from the anode to the cathode. Despite theOPinions regarding the detailed morphology, there is a consensus
numerous advantages of fuel cells, there are several key probthat microphase separation occurs in PEMs. Aggregates of ions
lems with PEMs that hinder fuel cell efficiency, such as low form due to the electrostatic interactions between ion pairs,
proton conductivity at higher temperatures, poor water manage_leading to the formation of two microphases: ion-rich and ion-
ment, and high fuel crossover. Fuel crossover is a main concernPoor domains. lon-rich domains are referred to as ionic
as it applies to the methanol fuel-based PEM fuel cell (also @ggregates, while ion-poor domains are mostly the hydrophobic
known as the direct methanol fuel cell (DMFC)). Methanol Part or backbone of the polymer. Increasing ion or sulfonic acid
diffusion (methanol crossover) across the PEM hinders fuel cell content in the polymer transforms the polymer from an insulator

efficiency, by a loss in fuel, cathode voltage, and overall fuel to an ion conductor (percolation threshold), whereby isolated
cell lifetime 2 ionic domains become interconnected throughout the polymer.

Above this percolation threshold, protons transport across the
PEM via hydrolyzed acidic sites through this interconnected
ionic network. A number of investigations have demonstrated
that increasing ion content in PEMs results in an increase in
; proton transport, water uptake, and methanol crossover.
"Also, it is evident that the diffusion of protons, water, and
methanol is affected by the ionic nanostructure and follows a

The most frequently used PEM in fuel cells, Nafion (DuPont),
a perfluorosulfonic acid polymer, exhibits sufficient proton
conductivity at optimal water contents and is thermally, chemi-
cally, and oxidatively stable. However, Nafion suffers from low
conductivity at high temperatures and high methanol crossove
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copolymer of polystyrene and poly(styrenesulfonic acid) (i.e., Table 1. Polymer Membranes (Nafion 117, Sulfonated Polystyrene
sulfonated polystyrene). They concluded that the increase in (S-PS). Sulfonated Poly(styrend-isobutyleneb-styrene (S-SIBS)) as
proton conductivity was attributed to a more ordered ionic _a Function of lon Content _
nanostructure. Cable et Hlstretched Nafion to induce orienta- sulfonation sulfonation

tion of ionic nanostructure and demonstrated a 40% difference Sample  level IEC ~ sample  level IEC

. - . name (mol %) (mequiv/g) name (mol %) (mequiv/g)
in conductivity when comparing measurements parallel and

perpendicular to the plane of the membrane (anisotropic Nafion 117 NA 091  S-SIBS-25  25.26 0.71
- ) 8 . 7 S-PS-0 0 0 S-SIBS-29  29.23 0.81

conductivity). Maki-Ontto et al® also demonstrated anisotropic S-PS-6 5.68 052 S-SIBS-34 3433 0.94
conductivity (an order of magnitude difference) in proton s.ps-14 14.18 123  S-SIBS-36  35.63 0.97
conductive block copolymers that were sheared to induce anS-PS-15 15.13 1.30 S-SIBS-42  41.95 1.13
oriented lamellar nanostructure. Similarly, in our laboratory, 2-2%24@ 33-70 01-92 Sss'é'ngs 5;2-816 1}1-128
anisotropic conductivity was observed when comparing mea- g cas 13 1250 036 S.SIBS-70 7014 178
surements parallel and perpendicular to the plane of the s.gigs.13  12.50 036  S-SIBS-79  79.05 1.97
membrane for sulfonated poly(styrebasobutyleneb-styrene) S-SIBS-17 16.60 0.47  S-SIBS-82  82.41 2.04
block copolymers that possess a lamellar morphology oriented S-SIBS-22 22.49 0.63

in the plane of the membran@. a Solution cast from toluene. All other samples were solvent cast from

lon conducting block copolymers in which only one of the & 85/15 (w/w) mixture of toluene/hexanol, with the exception of Nafion
blocks is sulfonated or ionic are attractive because they conjoin 17

the concepts of two different materials (block copolymers and 4,4 the details of this procedure are reported elsewieBher
PEMs). Block copolymers provide a unique template, where chemicals used in this study are as follows: toluene (EM Science,
microphase separation occurs on a nanometer scale due to th@ssay 99.5%), hexanol (J.T. Baker, 99%), methylene chloride (EM
thermodynamic incompatibility between unlike blocks forming Science, HPLC grade), methanol (EM Scientific, HPLC grade),
a variety of self-assembled morphologies including spheres tetrahydrofuran (THF) (Burdick & Jackson, HPLC Grade), chlo-
arranged on a cubic lattice, hexagonally packed cylinders, roform (Burdick & Jackson, HPLC grade), benzene (EM Science,
interpenetrating gyroids, and alternating lameR&éor ion HPLC Grade), cyclohexanol (EM Scientific, assay 98%), ethanol
conducting block copolymers, only one of the microdomains (Warner-Graham Co., 200 proof, anhydrous), 2-propanol (Burdick
contains the ionic nanostructure-1 nm), while the block & Jackson, HPLC Grade), cyclohexanone (Aldrich, reagent grade),

copolymer morphology is on the order of 10 nm. A study by butanol (J.T. Baker, reagent grade), and water (J.T. Baker, HPLC

; P . grade).
Wiess et ali* using X-ray scattering on sulfonated poly(styrene- =5 5 "\emprane Preparation. The styrene monomeric units in

b-(ethylener-butylene)b-styrene), confirms these coexisting  g|Bs were sulfonated in solution with methylene chloride as the
length scales with 34 nm for the ionic domains and 230 solvent and acetyl sulfate as the sulfonating agent. The details of
nm for the block copolymer morphology. Sulfonated block this sulfonation protocol are described elsewHé&ré.PS was
copolymers are intriguing materials because the combination sulfonated in this study with the same procedure used for sulfonating
of different block (ionic and nonionic) properties provides the SIBS. The ion-exchange capacity (IEC) (or mol % sulfonation) of
potential for unique ordered ionic morphologies, where transport €ach polymer in this study was determined by elemental analysis
properties can be tailored. (EA), and the results are listed in Table 1. Hereafter, sulfonated
L. . SIBS and PS are referred to as S-SIBS-# and S-PS-#, respectively,
Initial studle_s on sulfonated block copolymers focused_onl_y where S-SIBS represents sulfonated poly(styregsbutyleneb-
on the sulfonation and the structural and thermal characterizationgyyrene) and S-PS represents sulfonated polystyrene. The succeeding
of styrene-based block copolymers at low ion-exchange capaci-number, #, refers to the mol % sulfonation, which is defined as
ties (IECs)?1-26 These reports did not address transport proper-
ties. Recently, a number of investigators have examined the
transport properties of sulfonated block copolymers at higher
IECs (~1—2 mequiv/g) and have shown comparable conduc- ) ) o ) )
tivities to Nafion (0.91 mequiv/gi®-32 Several studies report and the IEC is defined as the milliequivalents of sulfonic acid per

— . ; . . .1 gram of polymer (mequiv/g).

nonperiodic morphologies at higher IECs; hoyvever, itis still After sulfonation and purification of each polymer, S-SIBS and
unclgar how the bIQCk Copolymer structure IS affected as a S-PS, ranging from 13 to 82 mol % and 14 to 24 mol % sulfonation,
function of IEC (particularly at higher IECs) and its subsequent egpectively, were dissolved in a mixed solvent of toluene/hexanol
effect on transport propertiés32 In this study, structure (85/15, w/w) at concentrations ranging from 2.5 to 5% (w/v).
transport property relationships are examined for sulfonated Polymer solutions were cast in open Teflon Petri dishes~ftr
poly(styreneb-isobutyleneb-styrene) block copolymers as a week at ambient conditions. Solution-cast membranes were then
function of IEC (up to~2 mequiv/g). Additionally, the effects  annealed in a vacuum oven at 30 for an additional 2 weeks.
of casting solvent choice and annealing temperature on the ionicS-SIBS-0, -13 and S-PS-0, -6 were cast similarly, but with pure
block copolymer morphology are investigated. toluene as the casting solvent. Note that S-SIBS-13 was solution
cast from both toluene/hexanol (85/15, w/w) and toluene.

In addition to varying ion content, the effect of casting solvent
choice on the polymer membrane at a constant ion content was

2.1. Materials. Poly(styreneb-isobutyleneb-styrene) (SIBS) also explored. S-SIBS-29 was solution cast from a number of
triblock copolymer (TS-3000S, lot. no. 990215) was provided by different solvents: chloroform, methylene chloride, THF, cyclo-
Kuraray Co., Ltd., Tsukuba Research Laboratories with these hexanol, benzene, cyclohexanone, toluene, and mixtures of toluene
reported properties: 19.36 mol % (30.84 wt %) styrene, 0.95 with ethanol, 2-propanol, butanol, and hexanol. Membranes solution
specific gravity M,, = 71 920 g/molM,, = 48 850 g/mol, and PDI cast from different solvents were all prepared similarly. Each
= 1.47. Polystyrene (PS) was purchased from Scientific Polymer polymer sample was dissolved in its respective solvent at concen-
Products, Inc., with the reported propertidgt, = 260K g/mol, trations ranging from 5 to 10% (w/v) and subsequently cast in open
1.05 specific gravity, andg = 100 °C. SIBS and PS were both  Teflon Petri dishes for-3 weeks at ambient conditions. Solution-
used as received. Nafion 117 was obtained from C.G. Processing,cast membranes were then placed under vacuum at room temper-
Inc. (1100 equiv weight). The Nafion membranes were pretreated, ature for 24 h followed by annealing under vacuum at*80for CDV

1)

mol % = (moles of sulfonic am)jx 100

moles of styrene

2. Experimental Section
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48 h. S-SIBS-29 was solution-cast from cyclohexanone and
cylohexanol with slightly different procedures. For cyclohexanone,
a 6% (w/v) S-SIBS-29 solution was cast at ambient conditions for
3 weeks. The sample was then annealed at@@or ~7 weeks.

For cyclohexanol, a 4% (w/v) S-SIBS-29 solution was cast by first
annealing at 60C for 3 weeks. This procedure was followed by
placing membranes under vacuum at room temperature for 24 h
and then annealing under vacuum at°@for another 48 h.

The effect of annealing temperature was also investigated.
S-SIBS-0 and S-SIBS-22 were solution cast from toluene (5%
(w/v)) in Teflon Petri dishes for-2 weeks at ambient conditions.
Solution-cast membranes were then placed under vacuum at room

_.
<

Proton Conductivity (S/cm)
[

temperature for an additional 2 weeks to remove any residual 10705 05 ) s 20 25
solvent. After this step, polymers were annealed under vacuum at IEC (meq/g)

either 50 or 170°C for 1 day. S-SIBS-22 was also solution-cast e

from THF using the same procedure. Figure 1. Proton conductivity vs IEC for Nafion 11%Y), S-SIBS

2.3. Conductivity. Proton conductivity of each membrane was (©): and S-PSI) membranes. The solid lines are trend lines.

measured using ac impedance spectroscopy. Measurements were ) o
collected between 10 Hz and 100 kHz using a Solartron ac average of these experiments. The standard deviations were less

impedance system (1260 impedance analyzer, 1287 electrochemicalhan 5% of these averaged values.

interface, Zplot software). Conductivity was measured perpendicular ) )

to the plane of the membrane with a two-electrode cell comprised 3. Results and Discussion

of two 1.2|16 gn% f‘g“ﬁ"eff steel %lOCk'tng ?Iectrto?es.tAZII‘lmﬁmb(rja?hes 3.1. Effect of lon Content on Transport Properties.Figure
were prenydratec in delonized water for at leas and then 1 shows the proton conductivities as a function of IEC for

enclosed in a sealable cell to maintain hydration during impedance , " o
measurements. Conductivity was calculated from the real imped- Nafion 117, S-PS, and S-SIBS. Note that the conductivity of

ance, which was determined from tkéntercept of a linear fit of ~ S-PS-0, S-PS-6, S-SIBS-0, and S-SIBS-13 could not be
the imaginary vs real impedance data over a high-frequency #nge. Mmeasured. At an IEC 0f0.46 and 1.19 mequiv/g, the onset of
Conductivity values for each membrane reported in this study are the percolation threshold is observed for S-SIBS and S-PS,
an average of multiple (at least three) experiments, where the respectively. The percolation threshold is the critical ion content
standard deviation was-5.0% of those values. required for connectivity to occur between ionic domains
2.4. Permeability. The methanol permeability of each membrane providing transport pathways for ions and solvents to permeate
was measured using a temperature-regulated side-by-side glasaicross the membrane. Although the percolation threshold is
diffusion cell (PermeGear Inc.) with a real-time in-line Fourier mych higher in S-PS compared to S-SIBS based on IEC, both
transform infrared,_ attenuated total reflectance (FTIR-ATR) SPEC- polymers have similar percolation thresholds based on mol %
trometer for detection. The FTIR spectrometer (Nicolet Magna 560 of styrene sulfonated<13—17 mol %). Above the percolation

series) was equipped with a temperature-controlied flow-through threshold the conductivity of S-SIBS and S-PS increases with

horizontal ATR cell (Specac Inc.). A multibounce zinc selenide . L o .
ATR crystal (Specac Inc.) with a refractive index of 2.4 was used. INcreasing ion content. More specifically, for S-SIBS conductiv-

Infrared spectra were continuously recorded throughout each ity increases from 9.4« 10°to 0.076 S/cm over an IEC range
experiment at 67 s intervals using 128 scans and Z casolution of 0.47—2.04 mequiv/g, while S-PS increases from ¥.40°3
for each collected spectrum. In this experiment, the infrared to 0.017 S/cm over an IEC range of 1:2B.92 mequiv/g.
spectrometer measures the downstream methanol concentration a€arretta et al.report similar conductivities for S-PS at similar
a function of time, where permeability is determined from the slope ion contents and also report a similar percolation thresheld(
of this early time data. Each experiment was conducted &25  mg| %).

with a 2.0 M methanol feed concentration. The reported perme- Interestingly, there is a discontinuity in the trend in proton

in previous worko ' to polymer morphology and percolation theory.

2.5. Sma”_Angle X_ray Scattering_Sma”_angle X_ray scattering In add|t|0n, the COI’]dUCtIVIty Va|ueS f0r S'SlBS membranes
experiments were performed at the multiangle X-ray scattering are ~1 order of magnitude greater than S-PS at similar ion
(MAXS) facility at the University of Pennsylvania. Specialty —contents. This result suggests that the difference in molecular
software (Datasqueeze Software developed by Paul A. Heiney atarchitecture between the block copolymer (S-SIBS) and random
the University of Pennsylva_nia; wva.datasqueezesoft\_/vare.c_:om) copolymer (S-PS) leads to differences in morphology and
was used to reduce two-dimensional data to one-dimensional therefore transport properties. Ding et@leport similar findings
intensity vs scattering vector) plots. The X-ray wavelength in a comparison of a graft copolymer (REPSSA, where PSSA
employed was 1.54 A. The calibration standard was silver behenate,iS poly(styrenesulfonic acid)) to a random cépolymer tPS-
and the sample-to-detector distance was 55.0, 47.4, and 120 ¢
for the ion content, solvent casting, and annealing studies, SSA or sulfopated polystyrene). The graft gqpolymerwas an

order of magnitude higher in proton conductivity compared to

respectively. Lt i ’
2.6. Sorption. Polymer samples weighing50 mg were weighed the random copolymer at similar ion contents. Their study

before and after immersion (for a minimum of 1 week) in deionized Suggests that differences in morphology as evidenced by
water. Water sorption (uptake) is defined here as transmission electron microscopy leads to these changes in

transport properties.

The proton conductivity of Nafion 117 and S-SIBS-17, -22,
-25, -34, and -36 membranes were measured in previous
studied®1%and are compared to S-PS and S-SIBS-29, -42, -46,
A balance with 0.01 mg accuracy was used. Three experiments-54, -70, -79, and -82 in Figure 1. The conductivity of Nafion
were conducted on each sample, and the values reported are thd17 is similar to values reported in the literature using a singBrV

WE% = (Wet polymer wt— dry polymer
dry polymer wt

W) %100 (2)
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Figure 2. Proton conductivity vs methanol permeability for Nafion . o .
117 ©), S-SIBS ©), and S-PS [{) membranes. The solid line Figure 3. Proton conductivity vs water uptake for Nafion 11®)(
represents a linear regression of the data, where the slope is theS-SIBS ©), and S-PSIll) membranes. The solid line represents a trend
selectivity (proton conductivity/methanol permeability1.32 x 10* line.
S s/cm).

9

S-SIBS-82 membranes are favorable alternatives because a
two-electrode technique: 0.024 S/@0.022 Sicn At a membrane replacement for Nafion 117 for the direct methanol

similar ion content, the proton conductivity of Nafion 117 (0.027 fu.el cell should have a similar'(.)r higher proton conduct.iv'ity
S/cm at 0.91 mequiv/g) is an order of magnitude greater than W'th a "?W?f methan(_)l permeability. In other_ vyords, selectivity,
S-SIBS-34 (0.0026 S/cm at 0.94 mequiv/g); however, at double which IS _just a ratio of proton conductl_\nty to methanol
the IEC of Nafion 117, S-SIBS-82 (0.0764 S/cm at 2.04 mequiv/ permeability, should not be the only selection criteria.

. : : ; o Figure 3 shows proton conductivity as a function of water
g) is approximately 3-fold higher in conductivity compared to . : o
Nafion 117. There are several possible reasons for lower UPtake, and unlike Figure 1, S-PS and S-SIBS have similar

conductivity of S-SIBS compared to Nafion 117 at similar ion conductivities at similar water uptakes. For example, S-PS-15
. . . 0 I imi - - 0,
contents, such as the differences in morphology and chem|stry.(19'O wt %, 0.0033 S/cm).ls similar to S-SIBS 36. (.24'9 wt %,
Previous researdh using SAXS has shown that S-SIBS 0.0028 S/cm), where Nafion 117 has a conductivity of 0.027
; ; ; S/cm at 24.9 wt %. Methanol permeability follows a similar
membranes |n.the lon content range of 6]50- mequivig trend, where S-PS?15 (190Wt°/po 18910‘7)::mz/s) is similar
possess an anisotropic lamellar morphology with a preferred ’ : g

orientation in the plane of the membrane. Subsequently, therel® S-SIBS-36 (24.9 wt %, 1.3% 1077 cn¥/s), while Nafion

W 6
was a 10-fold difference in proton conductivity when measured 1% hasha pirmeablllt)rq of 2?}* hlcr cnv/s at 23'9 wt %. d
parallel to the plane (four-electrode technique) compared to AAlthough Nafion 117 has a higher proton conductivity an

perpendicular to the plane (two-electrode technique) of the methanol permeability at similar W_ateruptake vqlues, these. data
membrane. The difference in proton conductivity for Nafion imply that_ water sorption Is a primary factor in determining
117 was only 2.5 times when comparing the two techniques. the s_ezlecnwty in the polymers St“‘?"e.d- .
Gardner and Anantaram#nalso reported similar differences This can be understoc_x_:l by examining the proton conducFl\{lty
in the conductivity of Nafion 117 when comparing these two and methanol permeaplllty more thoroughly. The condgctlvny
measurement techniques and have suggested that these diffef2’ Protons can be derived from the Neragtianck equation:
ences are primarily due to the differences between the two D C F2
techniques and that Nafion 117 is isotropic. Another reason for g =—P"P
differences in conductivity may be a result of the chemical P RT
differences between the fluoroether sulfonic acid side group in
Nafion 117 compared to the phenylsulfonic acid side group in
S-SIBS. Kreu€t reports a [, of —6 for Nafion compared to
—1 for a sulfonated aromatic polymer, resulting in higher
conductivities for Nafion. P =DK, 4
Figure 2 shows proton conductivity vs methanol permeability
for the membranes, and the line represents a linear regressiorwhere D, and K, are the diffusion coefficient and partition
to the data. The slope of the line corresponds to a selectivity coefficient (the ratio of methanol concentration inside the

®3)

where Dy, Cp, F, R, and T are the diffusion coefficient,
concentration, Faraday’s constant, gas constant, and temperature,
respectively. The permeability of methanol can be defined as

(i.e., proton conductivity/methanol permeability) of 1.8210* membrane to that in the adjacent solution), respectively. In egs
S s/cnd. Surprisingly, these membranes appear to have similar 3 and 4,D,, D, andKr, are all functions of the water content
selectivities (ranging from-1 x 10*to 3 x 10* S s/cnd, where or swelling in the polymer, which increases with increasing ion

Nafion 117 has a selectivity of 1.35 10* S s/cn¥) regardless content, andC; is also a function of ion content. In this study,

of chemistry or morphology. This suggests that protons and the parameters that dictate both proton and methanol transport
methanol have similar molecular transport mechanisms. Severalare similarly dependent on water concentration in the polymer.
membranes display slightly higher selectivities compared to that These two phenomena must be decoupled in order to increase
of Nafion 117, such as S-SIBS-25 (2.9510* S s/cn3) and selectivity. In other words, the proton diffusion coefficient must
S-SIBS-82 (1.63x 10* S s/cnf). However, although S-SIBS-  have a weaker dependence on water concentration or methanol
25 has a methanol permeability that is 33 times lower than that must have a lower partition coefficient. Membranes with
of Nafion 117, the proton conductivity is 15 times lower. different proton conducting groups or selective chemical groups
Similarly, although S-SIBS-82 has a proton conductivit@ would be desired for increasing selectivity.

times higher than that of Nafion 117, the methanol permeability It is unclear why S-SIBS and S-PS have different relationships
is ~2 times higher. In summary, neither the S-SIBS-25 nor the between ion content and water uptake. The morpholo%j:(B\I/
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Figure 4. Small-angle X-ray scattering intensities as a function of Figure 5. Small-angle X-ray scattering profiles for S-SIBS membranes
scattering vector for S-SIBS-0 and S-SIBS-13. X-ray beam was in the ranging in IEC from 0.36 to 2.04 mequiv/g (S-SIBS-13, -29, -42, -48,
plane of the membrane. The intensity profiles are offset here for -54, -70, -79, and -82). The X-ray beam was in the plane of the

membrane. The intensity profiles are offset here for legibility. All

polymers shown here were solvent-cast from a mixture of toluene/

differences may lead to different uptakes at similar ion contents
due to the variance in the amount of accessible ionic domains
at different morphologies (e.qg., isolated ionic domains). Also,
it is interesting to note that although S-SIBS has a high water
uptake at high IECs (348 wt % at 2 mequiv/g), it does not
dissolve, where it has been documented that S-PS does dissolve
at these IEC value®. The isobutylene midblock acts as a
physical cross-linker to maintain an insoluble membrane with
high proton conductivities at high IECs. Although membranes
at these high water uptakes and methanol permeabilities may
not be suitable for the DMFC, other ionic block copolymers
with similar properties may be suitable for hydrogen fuel cells
at low humidity conditions.

3.2. Effect of lon Content on Polymer Structure. SAXS
experiments were conducted on S-SIBS membranes to determine

membranes were solvent-cast from pure toluene. The scattering
vector,q, can be defined as

hexanol (85/15 wi/w).

10°
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the polymer morpholpgy a.t various 1on Conter]ts and_ their effects Figure 6. Small-angle X-ray scattering profiles for S-SIBS-29 (0.81
on transport properties. Figure 4 shows the intensity proflles ( mequiv/g) for X-ray directions both in the plane and normal to the
vs @) for S-SIBS-0 and S-SIBS-13, where both of these plane of the membrane.

0.16

0.20

01, 20k, 301, 401, 501, and @&);. This scattering pattern specifically

corresponds to a lamellar morphology. These results corroborate

_ 45t sin(@)

: (5)

with another study? where SAXS data on similar S-SIBS
membranes ranging in ion content from 0.5 to 1.0 mequiv/g

(17—36 mol % sulfonation) reveal a lamellar morphology.
Figure 6 shows the scattering profiles for two different X-ray

where @ and 4 are the scattering angle and wavelength,
respectively. Figure 4 shows distinct reflections in the intensity
maxima located at the scattering vector positiogsand~/7q;
for both S-SIBS-0 and S-SIBS-13, whegeis the first-order
reflection. A scattering pattern with maxima in the vector
positionsqu, /301, 201, ~/7qu, and +/9q, is indicative of a

orientations, in the plane and normal to the plane of the same
membrane (S-SIBS-29). Scattering normal to the plane of the
membrane shows weak scattering and no evidence of a periodic
morphology in this orientation. These results reveal an aniso-
tropic structure, where the lamellar domains are oriented in the

hexagonally packed cylindrical morphology. It appears that plane of the membrane. These patterns were also observed in
S-SIBS-0 and S-SIBS-13 contain a cylindrical morphology; S-SIBS-13 and similarly in S-SIBS membranes ranging in ion
however, long-range order is not prevalent in these samplescontent from 0.5 to 1.0 mequiv/g (86 mol % sulfonation)
indicated by the broad scattering peaks and a lack of clearly examined in another study.
As ion content increases above 1.0 mequiv/g in S-SIBS mem-

defined scattering peaks at higher scattering vector positions.
Crawford et aP8 report a cylindrical morphology for S-SIBS-

branes, it appears that the long-range order is disrupted (shown

0, where long-range order increases with decreasing solventin Figure 5), which is indicated by the disappearance of clearly
evaporation rate. In this study the evaporation rate of the solventdefined scattering peaks at higher scattering vector positions.
was not controlled, but rather the membranes were solution castThis suggests a periodic-to-nonperiodic transition at higher ion

in open Teflon Petri dishes.

contents or that increasing ion content in ionic block copolymers

Figure 5 shows the SAXS intensity profiles for S-SIBS disrupts the block copolymer morphology. Interestingly, this

membranes as a function of ion content B2 mol %

change from a periodic lamellar to a nonperiodic morphology

sulfonation), where all of these membranes were solution-castjust above 1.0 mequiv/g corresponds to a discontinuity in the
from a mixture of toluene/hexanol (85/15 w/w). Figure 5 shows trend in the proton conductivity data shown in Figure 1.
Another parameter of interest is the Bragg spacing, which

a number of different profiles, where S-SIBS-13 and S-SIBS-
29 display a periodic distribution with distinct reflections in

the intensity maxima located at the scattering vector positions: calculated from Bragg’s law:

has been interpreted as an average domain spacing and can be

Ccbv
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Table 2. Bragg Spacing of S-SIBS Membranes as a Function of lon

d, = 2‘7—1 (6) Content
' sample name dq (nm) sample name di (nm)
The Bragg spacingg, is determined from the maximum in S-SIBS-@ 23.3 S-SIBS-36 28.7
the first-order reflectiong;, in the SAXS intensity profile. S-SIBS-13 20.9 S-SIBS-42 34.9
The values for Bragg spacing calculated for all S-SIBS ~ S-SIBS-13 26.2 S-SIBS-48 331
; - o S-SIBS-17 26.3 S-SIBS-54 34.9
membranes are listed in Table 2. The Bragg spacing increases ¢ g ac 55 279 S-SIBS-70 119
with increasing ion content (62.0 mequiv/g) from 23.3 to S-SIBS-28 29.7 S-SIBS-79 41.9
41.9 nm. This may occur if increasing ion content results in S-SIBS-29 33.1 S-SIBS-82 41.9
larger ion clusters, which therefore impacts block copolymer ~ S-SIBS-32 27.9
morphology. a Solution cast from toluene. All other samples were solvent cast from
3.3. Effect of lon Content on Structure—Transport Prop- a 85/15 (w/w) mixture of toluene/hexandiReported previously?
erty Relationships. To understand the relationship between .
structure and transport properties (i.e., the discontinuity in 10 T *
transport data coinciding with the morphological transition), the g
transport data were analyzed with respect to a percolation model. %) 10" - &
For ion-containing polymers that follow a percolation model, 2 %;//o
no transport occurs below the percolation threshold, and = o107 ¢ .
transport above the threshold is a function of the excess volume §
fraction: 'g 10° )2}/‘@
S .
20 DB O (¢ — ¢1,c)yD ) § 10* 6/ .
0 S
S
whereo andD are the observed conductivity and diffusivity, 10,01 o1 1 10
respectively, andp and Dy are the inherent conductivity and 0-0.

diffusivity in thg diffusing phase, respectivglyg s the griticgl Figure 7. A log—log plot of proton conductivity vs excess volume
exponent_ for diffusiong, IS the volu_r_ne fraction of the d_|ffu5|ng fraction of the diffusing phase in S-SIBS membranes. The solid lines
or mInOI’Ity phase,d)]_’c IS the Cr|t|Cal V0|ume fI’aCtIOI’] fOI’ representa regression to the perco|ation model.
percolation, andd: — ¢1,9 is the excess volume fraction. Values
for yp give an indication of the randomness of the polymer vides less resistance in the membrane, therefore resulting in a
structure. At high values (e.g., :8.7) the structure is nonideal = more favorable structure for transport (illustrated in Figure 8).
or random, and at low values (e.g., ©34) the structure is 3.4. Effect of Casting Solvent on Structure-Transport
more ideal or aligneé® Properties. Tables 4 and 5 lists the measured proton conduc-
Figure 7 shows a loglog plot of proton conductivity as a tivities of S-SIBS-29 membranes solution cast from 15 different
function of excess volume fraction in the polymer for S-SIBS solvents at a constant ion content (0.81 mequiv/g). Although
membranes, where the lines correspond to a regression to thall membranes have the same IEC, the proton conductivities
power law-based percolation model (eq 7). The data for the vary by almost 3 orders of magnitude, ranging from 107
periodic lamellar morphology compared to the nonperiodic 10-5 S/cm (toluene/ethanol (85/15 w/w)) to 5.95103 S/cm
morphology regressed to two different slopes, where the critical (toluene). Kim et af® report only 1 order of magnitude increase
exponents for diffusionyp, are 1.22 and 0.67 for the lamellar in both proton conductivity and methanol permeability for a
(0.5-1.0 mequiv/g) and nonperiodic morphologies (1210 sulfonated poly(styrenb-ethylener-butyleneb-styrene) block
mequiv/g), respectively. The critical volume fraction and criti- copolymer cast from two different solvents, THF and a mixture
cal exponent determined from this study are listed in Table 3, of THF/methanol, at the same ion content (27 mol %). Their
along with other percolation values determined from pre- study also reports a morphological change from lamellar to a
vious studies on ion conducting polyméts!>19The value of nonperiodic structure with the introduction of methanol in the
¢1¢cis 0.077, which matches another study on S-SIBS in this solvent, where the nonperiodic morphology enhances transport.

ion content rangé® Note that the volume fractiong() was Kim et al*0 also examined SAXS of both dry and hydrated
calculated from the water uptake and density of the polymer, sulfonated block copolymers and report similar morphologies
which were both measured previoud®?3 and the critical with a slight increase in Bragg spacing when the polymers are

volume fractiong; ¢, (i.e., percolation threshold) was determined hydrated. All SAXS experiments conducted on S-SIBS mem-
from thex-axis intercept of the plot of conductivity vs volume  branes in this study were examined in the dry state.
fraction using data close to the percolation threshold<(Q.5 The morphology was also investigated in this study as a
mequiv/g). function of casting solvent. Figure 9 shows the SAXS intensity
The critical exponent for diffusion for S-SIBS membranes profiles for S-SIBS-29 solution cast from five different sol-
at lower ion contentsyp = 1.22) is similar to other studies  vents: chloroform (-CF), methylene chloride (-MC), cyclohex-
(yp = 1.3—1.7), indicating a more random structure (transport anol (-CH), benzene (-BZ), and tetrahydrofuran (-THF). Mem-
is in the opposite direction of the preferred orientation of the branes increasing in proton conductivity are arranged from
lamellar domains). At higher ion contents, the critical expo- bottom to top in Figure 9, and all of the SAXS data correspond
nent for diffusion ¢p = 0.67) is lower, indicating a more  to scattering in the plane of the membrane. There are distinct
ideal structure. However, SAXS data reveal a lack of periodicity differences in the scattering profiles between these samples.
in the structure of these membranes at high ion contents. TheS-SIBS-29 membranes show distinct reflections in the intensity
percolation analysis suggests that a conversion from transportmaxima located at the scattering vector positions; v/3q,
against the direction of oriented domains to transport in an iso- ~/7q; (chloroform); ., 201, ~/701 (methylene chloride)g, 2.,

tropic structure (nonperiodic cocontinuous ionic network) pro- 3a; (cyclohexane)m, 201, v/ 70; (benzene)m, 201, 3qs, 40, CDV
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Table 3. Percolation Values

polymer name yo? 1P ref
Nafion 1.5+ 0.02 0.10 11
poly(methyl methacrylatee-methacrylic acid) 1.35 0.26 12
poly(styreneco-methacrylic acid) 1.7 0.17 13
sulfonated poly(phenylene oxide) 15 0.16 14
sulfonated poly[bis(3-methylphenoxy)phosphazene] 1.26 -00135 15
S-SIBS (0.5-1.0 mequiv/g) 1.22 0.077 19
S-SIBS (1.1-2.0 mequiv/g) 0.67 0.077 this work

a Critical exponent for diffusion® Critical volume fraction.

Membrane Y

\ 10~ N

Intensity

Direction of 10} Bemeene
— | —_ - ———
2 Transport ,//\ i
10 _/\ Cyclohexanol |
Methylene Chloride
101 i Chloroform
0.04 0.08 0.12 0.16 0.20
-1
q(A)
Figure 9. Small-angle X-ray scattering intensities as a function of
scattering vector for S-SIBS-29 (0.81 mequiv/g) cast form different
Magnified b~/ L— solvents (X-ray beam was in the plane of the membrane). The intensity
Side View of ——bF—r—r profiles are offset here for legibility.
Membrane .,__,,—/: 10"
~
Periodic Non-Periodic g
Lamellar —p Co-continuous @ 102 |
Microdomains Increasing Microdomains >
Ion Content =
Figure 8. lllustration depicting the morphological change with in- g 107 .
creasing ion content. At low ion contents, a periodic lamellar morphol- 'g
ogy exists, where the microdomains are predominantly oriented per- =)
pendicular to the direction of transport. At higher ion contents, a non- o 10° |
periodic cocontinuous morphology exists providing less resistance for g
transport. °
A
Table 4. Proton Conductivity of S-SIBS-29 Membranes as a 10° 5 = = = "
Function of Casting Solvent at a Constant lon Content (0.81 10 10 100 107, 10
mequiv/g) Methanol Permeability (cm?/s)
_ proton conductivity Figure 10. Proton conductivity vs methanol permeability for S-SIBS-
casting solvent (Slem) (<10%) 29 (0.81 mequiv/g) as a function of different casting solvents. The solid
toluene 0.595 line represents a linear regression of the data in Figure 2, where the
toluene/ethanol (85/15 wi/w) 0.00107 slope corresponds to selectivity (proton conductivity/methanol perme-
toluene/2-propanol (85/15 wiw) 0.265 ability).
toluene/butanol (85/15 w/w) 0.198 o )
toluene/hexanol (99/1 wiw) 0.198 Table 5. Proton Conductivity and Bragg Spacing of S-SIBS-29
toluene/hexanol (95/5 wiw) 0.159 Membranes as a Function of Casting Solvent at a Constant lon
toluene/hexanol (90/10 w/w) 0.248 Content (0.81 mequiv/g)
toluene/hexanol (85/15 w/w) 0.204 proton conductivity
toluene/hexanol (80/20 w/w) 0.225 casting solvent (Slem) (< 109) di (nm)
. . chloroform 0.0229 20.4
51 (THF). Aside from S-SIBS-29-THI_: (lamellar), a high level cyclohexanone 0.0277
of long-range order is not apparent in S-SIBS-29 membranes  methylene chloride 0.125 25.4
cast from other solvents, which is indicated by broad scattering  cyclohexanol 0.166 28.4
peaks and a lack of clearly defined scattering peaks at larger ~ benzene 0.201 18.8
tetrahydrofuran 0.522 26.3

scattering vectors.
From these scattering patterns it is difficult to draw definitive follows a similar trend compared to proton conductivity, shown
conclusions regarding structurgansport property relationships.  in Figure 10, where the selectivities of most of the polymers
Unlike the effect of changing ion content, casting S-SIBS at a are similar regardless of casting solvent. The values for Bragg
constant ion content from different solvents results in similar spacing calculated for S-SIBS membranes as a function of
water uptaked! Therefore, it is clear that different solvents casting solvent are listed in Table 5. Bragg spacing varies from
induce different morphologies, which therefore significantly 18.8 to 28.4 nm with no apparent coinciding trend with transport
impact transport properties. Additionally, methanol permeability properties. CDV



406 Elabd et al. Macromolecules, Vol. 39, No. 1, 2006

10° showed no orientation at either annealing temperature. These
1y results demonstrate that annealing above the glass transition
107+ temperature of polystyrene can increase long-range order in
w0l v i S-SIBS, but this is dependent on the solvent choice.
g 10}, "-.\v;' 1 4, Conclusions
51_3 104;' - w In this study, structuretranqurt pro.perty relationship's of
= Lo an ionic block copolymer were investigated as a function of
107 5 % ] ion content (particularly at high ion contents) and casting
el \—\QC% solvent. The block copolymer architecture provides a framework
that increases transport properties by an order of magnitude
1

when compared to random copolymers of similar chemistry and
A ion content. Furthermore, increasing ion content in the ionic
q(A™ - o o e
_ ’ _ block copolymer induces a periodic-to-nonperiodic transition
Figure }1) Sma”-laggli >5(E)ray 3C?t‘;(elnr]|9hpr(>);”es fgr S-SIBS-22 (3‘-63 in polymer structure. High ion contents disrupt the block
mequiv/g) annealed a an . The X-ray beam was in the P : L
plane of the membrane. The intensity profiles are offset here for copolymer _morphology_, resulting in a Cocontlnupus |on|c_
legibility. The polymer membrane was solvent cast from THF. network, which abruptly increases transport. Percolation analysis

suggests that this conversion from transport against the direction

Block copolymer morphology changes upon differences in _of anisptropic oriented (_10mains to transport i_n a cocontinuous
annealing'2 shear force43 solvent choicé? solvent evaporation ~ iSotropic structure provides less resistance in the membrane,
rate?s and film thicknes® have been well documented. therefore resulting in a more favorable structure for transport.
Although the change in the morphology of block copolymers N addition, mprphological differgnces occur with casting solvent
by varying choice of casting solvent has been considered by ach0|cr_e resulting in transpo_rt dlfferences_of almost 3 o_rders qf
number of investigators, this has not been well studied in ionic Magnitude. These results illustrate the impact of chain archi-
block copolymerg? In block copolymers, interaction between t€cture and processing conditions on the polymer morphology
the solvent and each block and the solvent vapor pressure carfnd subsequently on the transport in ionic block copolymers.
play a role in the resulting morphology. After reviewing various !N addition, the ionic block copolymer in this study possessed
solvent properties (boiling point, solubility parameter, and a 3-fold higher condqctlwty compared 'to that of Nafion '117 at
dielectric constant), there appears to be no obvious correlation@n |EC of 2.0 mequiv/g. However, this polymer contained a
between any of these properties and proton conductivities listedMuch higher water uptake (348 wt %) compared to that of
in Tables 4 and 5. However, there may be a synergetic effect Nafion 117 ¢-25 wt %). Interestingly, the ionic block copolymer

investigation on the effect of solvent choice on ionic block at these ion contents. Here, the rubber midblock acts as a
copolymer structure. physical cross-linker to maintain an insoluble membrane with
high proton conductivities at high ion contents. Although,
membranes at these high water uptakes and methanol perme-
abilities may not be suitable for the DMFC, ionic block
copolymers similar to these may be suitable for hydrogen fuel
cells at low humidity conditions.

All of the polymers examined in this study possessed similar
selectivities regardless of chemistry or morphology. This
suggests that protons and methanol have similar molecular
transport mechanisms in sulfonic acid-containing polymers, and
water sorption may be a dominant factor for selectivity.
Polymers with different proton conducting groups or selective
chemical groups are desired for increasing selectivity for
application to the DMFC.

10 L L L L
0.02 0.04 0.06 008 0.10 0.12 0.14

3.5. Effect of Annealing on Polymer Structure. SAXS
intensity profiles for S-SIBS-0 (toluene), S-SIBS-22 (toluene),
and S-SIBS-22 (THF) annealed at both 50 and 1COwere
investigated. The scattering pattern for S-SIBS-0 annealed at
50 °C is similar to Figure 4, where there is no apparent long-
range order. However, S-SIBS-0 annealed at IC0eveals a
high level of long-range order with a scattering pattern with
maxima in the vector positiores, v/301, 201, v/ 701, and+/9qa,
which is indicative of a hexagonally packed cylindrical mor-
phology. However, there was no long-range order for S-SIBS-
22 (0.63 mequiv/g) solution cast from toluene at either annealing
temperature. Although, there is a shift in the maximum in the
first-order reflectiong, in the SAXS intensity profile between
the sample annealed at 50 and £@) which corresponds to a
change in Bragg spacing from20 to 25 nm. SAXS intensity
patterns for S-SIBS-22 solution cast from THF show a transition
from a low to a high level of long-range order from the sample
annealed at 58170 °C, respectively (Figure 11). S-SIBS-22
annealed at 170C revealed a lamellar morphology with
intensity maxima located at the scattering vector positmns
2q11 3Q1, 4ql, and @1.

X-ray scattering profiles for S-SIBS-22 solution cast from References and Notes
THF and annealed at 17CQ also reveal an anisotropic structure, .
where the lamellar domains are preferentially oriented in the %) gbii(spegﬁmaenéffzggzergy":”e' Cell Handbook 6th ed.; BIT
plane of the membrane. This was not observed in the sample (2) scott, K_;Taan{a, W. M.; Argyropoulos, P.; Sundmacher] Kower
that was annealed at 5. Furthermore, S-SIBS-0 solution Sourcesl999 83, 204.
cast from toluene showed slight orientation in the plane of the ) Séggdggvl'\‘é;-? Skinner, S.; Steele, B. C.Afinu. Re. Mater. Res.
membrane when annealed at TDcompared to no orientation  (4) Eisenberg, A.; King, Mion Containing Polymers: Physical Properties
when annealed at 5TC. S-SIBS-22 solution cast from toluene and Structure Academic Press: New York, 1977. CDV
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