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ABSTRACT: Proton conductivity (σ) and degree of hydration (λ) of poly(styrenesulfonate-methylbutylene)
(PSS-PMB) block copolymers in contact with humid air were studied as a function of temperature under
high-humidity conditions (relative humidity between 90 and 98%). The volume fraction of the hydrophilic
PSS block in the dry state was 0.27 ( 0.01 in all of the samples, and the size of the hydrophilic channels was
varied by varying the overall molecular weight of the samples. All of the samples have a lamellar structure in
the dry state. The water uptake data were unremarkable, and a degree of hydration of 14( 2 H2Omolecules
per sulfonic acid group was obtained, regardless of temperature, thermal history, and hydrophilic channel
size. In contrast, measured values of σ were highly dependent on thermal history and sample molecular
weight. Equilibrated values of σ, obtained only after heating the samples to 90 �C for 48 h, were significantly
lower than those obtained after initially hydrating the polymer films during the heating runs. In addition, the
lowmolecular weight samples weremore sensitive to thermal history than the highmolecular weight samples.
Small-angle neutron scattering and transmission electron microscopy studies on the humidified samples
revealed that the lowmolecular weight samples undergo a transition to hexagonally perforated lamellae upon
hydration while the highest molecular weight sample did not.We speculate that the slow changes in σ are due
to the formation of less connected ion transporting channels or ionic clusters that impede ion motion.
Equilibrated ionic conductivities increase as the hydrophilic channel size decreases.

Introduction

Fuel cell technology continues to attract attention because it
holds the promise of providing an environmentally friendly power
source.1 An important component of fuel cells is the polymer
electrolyte membrane (PEM) that conducts protons between the
electrodes. The most widely studied PEM is Nafion, which is
a linear fluoropolymer that contains a random distribution of
sulfonic acid groups.2 The proton conductivity of Nafion is inti-
mately related to the water content in the membrane. Experi-
mental evidence clearly shows the presence of discrete sulfur-rich
hydrophilic microphases with dimensions of a few nanometers
dispersed within the Nafion membrane in the dry state.3-6 Upon
exposure to humid air, water is taken up by the hydrophilic
microphases, and this ultimately leads to the creation of conti-
nuous hydrophilic channels that enable proton transport through
the membrane.3,7-9

One might expect conductivity, σ, to be closely related to
degree of hydration, λ, where λ is the molar ratio of water to
sulfonic acid groups in the membrane. This, however, is not the
case, particularly at high humidity and temperature. Take the
example of Nafion 117. There is general consensus that the value
of λ for Nafion 117 in prolonged contact with air with RH=
100% is about 14 at room temperature.8,10-14 In contrast, the
reported values of σ vary from0.001 to 0.1 S/cm.11-20 It is evident
that conductivity of Nafion can vary by 2 orders of magnitude in
spite of the fact that the water content in all of the membranes is
similar. It is recognized that one of the factors that contribute to
the variability ofσ is slowkinetics andnonequilibriumbehavior.10,21

This is not surprisingbecauseNafion is a semicrystalline polymer,
and these systems are far from equilibrium even in the dry state.
One of the difficulties with Nafion is the lack of morphological
information in the hydrated state. Small-angle X-ray scattering
profiles from hydrated Nafion show a reproducible and well-
defined peak.However, this feature alone is not enough to uniquely
specify themorphology. Proposedmorphologies for the hydrated
channels include spherical nodules connected by cylindrical con-
nectors,22,23 bundles of cylindrical channels,24 individual cylindrical
channels,25 lamellar channels,26 and disordered networks.27 In
some studies, conductivity data are presented without reference
to a model of the ion-conducting channels.28-31

This paper is part of a series on the properties of model PEMs
obtained from polystyrenesulfonate-block-polymethylbutylene
(PSS-PMB) copolymers.32-36 Our previous studies were restric-
ted to symmetric samples wherein the volume fraction of PSSwas
in the vicinity of 0.5. The present study represents the start of our
work on asymmetric PSS-PMB copolymers with a PSS volume
fraction of about 0.27. We present measurements of σ and λ as a
function of time and temperature from a series of samples with
varying total molecular weights. We demonstrate that σ of these
samples is highly dependent on sample history while λ is not. In
this respect, asymmetric PSS-PMB copolymers are similar to
Nafion. In contrast, both σ and λ of symmetric PSS-PMB co-
polymers were not sensitive functions of sample history provided
waiting times of 24-48 h were used to record the data.30 In an
attempt to understand the origin of the history dependence of σ,
the morphology of hydrated asymmetric PSS-PMB copolymers
was determined by a combination of in situ small-angle neutron
scattering (SANS) under humidity control and cryogenic trans-
mission electron microscopy (TEM) of hydrated samples.*Corresponding author. E-mail: nbalsara@berkeley.edu.
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Experimental Section

Sample Synthesis and Characterization. Poly(styrene-b-methyl-
butylene) (PS-PMB) copolymerswithPSvolume fractionofabout
0.25 were synthesized by sequential anionic polymerization of
styrene and isoprene, followed by selective hydrogenation of the
polydiene,37,38 followedby sulfonationof thePSblock to yield poly-
(styrenesulfonate-b-methylbutylene) (PSS-PMB) block copoly-
mers.39 While the extent of sulfonation was controlled, the loca-
tions of the sulfonic acid groupswere not. The sulfonic acid groups
are thus expected to be more or less randomly distributed within
the PSS block.

The sulfonation level (SL), defined by eq 1,was determined by
1H NMR in d8-THF solution. Ion exchange capacity (IEC) in
eq 2 quantified as the moles of sulfonic acid group per gram of
polymer (mmol/g) was calculated from SL and the molecular
weight of the copolymer. Details concerning synthesis and char-
acterization of our polymers are given in ref 33. The characte-
ristics of the samples used in this study are given in Table 1.

SL ¼ mol of SSA

mol of Sþmol of SSA
ð1Þ

IEC ¼
1000�mol of SSA

mol of SSA�MWSSA þmol of S�MWS þmol of MB�MWMB

ð2Þ
where SSA is styrenesulfonic acid, S is styrene, MB is methyl-
butylene, and MW is molecular weight of the SSA, S, and MB
monomers in g/mol.

Small-Angle X-ray Scattering. Samples for synchrotron small-
angle X-ray scattering (SAXS) measurement were prepared by
solvent casting from15wt%THFsolution in a 1mmthick spacer.
Samples were dried in a fume hood for 3 days and then vacuum-
dried until the weight did not change. SAXS was performed at
beamline 7.3.3 at the Advanced Light Source (ALS) at Lawrence
BerkeleyNationalLaboratory. Sampleswere equilibrated for 15min
at the temperatureof interest beforemeasurementsweremade.The
original two-dimensional scattering images were azimuthally ave-
raged to generate one-dimensional scattering intensity profiles, I(q),
where themagnitudeof the scatteringwave vector q=4π sin(θ/2)/λ,
where θ is scattering angle and λ is the wavelength of the incident
beam.

Conductivity.Free-standing sample filmswith dimension 2 cm�
1 cm� 200 μm were prepared for conductivity measurements by
solvent-casting from 15 wt%THF solutions. Films were carefully
dried without introducing bubbles. The thickness of sample films
wasmeasured using amicrometer. In-plane proton conductivity of
hydratedmembraneswasmeasured by ac impedance spectroscopy
using platinum electrodes in the standard four-probe configura-
tion using a BekkTech sample clamp. Data were collected over a
frequency range of 0.2 Hz-100 kHz in a humidity- and tempera-
ture-controlled oven (SH-241, Espec. Corp). Conductivity, σ, is
given by

1

σ
¼ rS

w
ð3Þ

where S is the cross-sectional area of sample film, r is the touch
down of the Nyquist semicircle on the real axis, and w is the
distance between the inner platinum electrodes.

Water Uptake. 200 μm thick polymer films were prepared by
solvent-casting from a 15 wt%THF solution (20 mg of polymer).
The films were dried in a fume hood at room temperature for
3 days and then dried in a vacuum oven at room temperature
until theweight of the filmwas constant. The dry sampleweights
were measured immediately after they were removed from the
vacuum oven. The dry film was then hooked on the end of a
Ruska fused-quartz spring, which was held in a glass tube with
an open end to avoid rotation and breakage due to the air flow in
a SH-241 humidity-controlled oven. The spring extension was
measured through an open window in the oven by a catheto-
meter equipped with an optical zoom telescope located outside
the oven. Care was taken tominimize the time when the window
was opened (typically 15 s). The spring was calibrated with
standard masses at experimental temperatures and relative
humidity in the chamber before use (spring constant was about
0.5mg force/mm).Water uptake,W, is defined as the ratio of the
weights of the sample after water uptake to that of the dry film
weight, as shown in eq 4.

W ¼ hydrated film weight- dry film weight

dry film weight
� 100% ð4Þ

The degree of hydration, λ, defined as the moles of water per
mole of sulfonic acid groups in the membrane, is calculated
using eq 5

λ ¼ ½H2O�
½SO3

- � ¼ water uptake ð%Þ � 10

MWH2O � IEC ðmmol=gÞ ð5Þ

where MWH2O
=18.02 g/mol.

In-Situ Small-Angle Neutron Scattering. Samples for SANS
were prepared by solvent-casting polymer from 10% THF
solutions on 1 mm thick quartz windows. Sample thickness
ranged from 90 to 120 μm, and a circular area with diameter of
1.6 cm was exposed to the neutron beam. Samples were studied
on the NG7 andNG3 beamlines at the National Institute of Stan-
dard and Technology (NIST) in Gaithersburg, MD, using a
humidity- and temperature-controlled sample stage. Pure D2O
placed in the two reservoirs of the chamber was used to control
the humidity. The wavelength of the incident neutron beamwas
0.6 nm, and sample-to-detector distances of 5.0 and 13.0 mwere
used. The raw data were converted to absolute coherent scatter-
ing intensity, I, as a function of scattering wave vector q (q=
4π sin(θ/2)/λ, where θ is the scattering angle and λ is the wave-
length of the incident neutrons) after corrections for detector
sensitivity, background, empty cell, and incoherent scattering
were applied, using standard procedures and software estab-
lished by NIST.

Cryogenic Transmission Electron Microscopy. Samples for
cryogenic TEM were filled in standard open copper capillary
tubes (Leica) and then placed into the SH-241 humidity cham-
ber at RH=98%. The samples were then heated in a stepwise
manner to 90 �C using a protocol that was identical to that used
for the water uptake and conductivity measurements. The tubes
were then removed from the oven, plunged rapidly into the
liquid ethane, and stored under liquid nitrogen. Sections of the
polymerwere cut ona cryomicrotome (LiecaEMFC6) at-120 �C.
First, the copper tube was trimmed away with a diamond knife
then sections of polymer were cut. The thickness of the sections
was set to 75 nm. Sections were sandwiched between two sides of

Table 1. Characteristics of Polymers Used in This Study

PS-b-PMB precursor information

sample code MW (kg/mol) PDI φPS SL (%) φPSS IEC (mmol/g) dry state morphology (25 �C)

A2 1.6-4.0 1.03 0.25 42 0.27 1.04 lamellae
A3 3.2-8.1 1.02 0.25 41 0.27 1.03 lamellae
A6 5.9-13.4 1.03 0.27 40 0.28 1.07 lamellae
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oyster TEMgrids with a lacy carbon support film. Sections were
stored under liquid nitrogen and transferred into themicroscope
using a cryo-transfer stage (Gatan). Electron micrographs were
obtained on a Phillips CM 200 FEG transmission electron
microscope using 200 keV acceleration voltage at -170 �C.

Results and Discussion

I. Morphology in Dry State. SAXS data obtained from the
dry PSS-PMB block copolymers as a function of increasing
temperature are shown in Figure 1. Primary scattering peaks
at q=q* and a second-order peak at q=2q* are seen in all of
the samples over the entire temperature window. These data
indicate the presence of a lamellar phase in samples A2, A3,
and A6 between 25 and 112 �C. Additional higher order
peaks at q=3q* and q=4q* are seen at 112 �C.We attribute
this to annealing of the samples which generally leads to an
increase in the long-range order. Lamellar microphases are
typically not found in uncharged block copolymers with
f=0.27. However, in our previous studies on symmetric
PSS-PMB copolymer, we also found microphases that are
very different from those found in symmetric uncharged
block copolymers.33,40

II. Time Evolution of Conductivity and Water Uptake. The
lamellar samples A2, A3, and A6 were placed in the humidity-
controlled oven at RH=98% and subjected to the thermal
history described in Figure 2.Water uptake and conductivity
measurements were made in separate experiments. We first
describe data obtained from A2 wherein the sample tempe-
rature was increased in steps from room temperature to 90 �C.
The sample was held at each temperature for 24 h except for
step 5, the step from 80 to 90 �C, where the sample was held
for 48 h. It takes about 20 min for the oven to equilibrate
after the temperature set point is changed. Typical time-
dependent data thus obtained are shown in Figure 3. The
data obtained during the step 2, after the sample temperature
was increased from 25 to 40 �C, approach steady values
(W=28% and σ=0.066 S/cm) after about 8 h, as shown in
Figure 3a. Data obtained during step 4, when the tempera-
ture is changed from 60 to 80 �C, shown in Figure 3b, are
qualitatively different from those shown in Figure 3a.W in-
creases with time, saturating at 29% after about 8 h, while
σ does not reach a steady value even after waiting for 24 h. In
Figure 3c, we show data obtained during step 5. Here we see
thatW reaches a steady-state value of 28% relatively quickly
while σ decreases slowly from its initial value of 0.08 S/cm,
ultimately reaching a steady value of 0.038 S/cm after 44 h.
Returning the sample from 90 to 25 �C in step 6 results in a
decrease in σ to 0.013 S/cm, which is significantly lower than
0.054 S/cm, the value obtained at the end of step 1 at 25 �C. It
appears that the heating history in the presence of humidified
air has fundamentally altered the nature of the hydrophilic
channels in A2. Such effects are not seen when dry A2 is
heated over a similar temperature range (Figure 1).

The trends ofW and σ with time in the cooling portion of
the thermal history shown in Figure 2 were simpler than
those seen during the heating cycle. Reheating the sample
from 25 to 90 �C in step 7 resulted in steady-state W and
σ values comparable to those obtained at the end of step 5.
There was little change in the steady-state values of W with
temperature as the temperature was decreased, while σ dec-
reased with decreasing temperature. Steady state was achie-
ved in all cases in 8 h or less. This is illustrated in Figure 3d
where we show data obtained during step 8 after the sample
temperature was changed from 90 to 80 �C.

Thevaluesofσobtainedat specific annealing times (t=5,12,
and 24 h) for A2 are shown in Figure 4a. During the heating
cycle, σ at a given temperature depends on annealing time,

particularly at 80 and 90 �C. In contrast, σ at a given tempera-
ture is independent of annealing time during the cooling cycle
as shown in Figure 4a. Obtaining data that are independent of
annealing time is a necessary (not sufficient) condition for

Figure 1. SAXS intensity, I, versus scattering vector, q, of samples A2
(a), A3 (b), and A6 (c) at selected temperatures in the dry state. The
locations of the primary peak (q*) and higher order peaks correspond-
ing to a lamellar phase are indicated by arrows in the figure. Each figure
has four profiles, and the intensity ismultiplied by factors of 102 (52 �C),
104 (82 �C), and 106 (112 �C).

Figure 2. Thermal history used for conductivity andwater uptake experi-
ments at RH= 98%.
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establishing that a sample is at equilibrium. We propose that
the heating A2 in humid air at 90 �C enables equilibration.
In order to further confirm that only heating to 90 �C is
necessary for equilibration, we heated A2 directly to 90 �C
from25 �C, held it at that temperature for 94h, and then cooled

it to 25 �C. The value of σ thus obtained was indis-
tinguishable from the cooling run data reported in Figure 4a.

The thermal history in Figure 2 was repeated with samples
A3 andA6, and the temperature dependence of σ obtained at
annealing times (t = 5, 12, and 24 h) is shown in parts b

Figure 3. Time evolution of conductivity (b) andwater uptake (9) of sampleA2 at 40 �C, step 2 (a); 80 �C, step 4 (b); 90 �C, step 5 (c); and 80 �C, step 8
(d). See Figure 2 for definition of each step. All the measurements were conducted at RH= 98%. The conductivity and water uptake measured at the
end of the previous step prior to changing the temperature set point on the humidity oven are shown at t = 0 h.

Figure 4. Temperature dependence of conductivity, σ, of samples A2 (a), A3 (b), and A6 (c) at 5 h (square), 12 h (circle), and 24 h (triangle) during
heating (filled symbol) and cooling (open symbol) runs.
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and c of Figure 4, respectively. The data obtained from these
samples are qualitatively similar to those obtained from A2.
The conductivity values obtained during the heating cycles
depend on annealing time while those obtained during the
cooling cycle were independent of annealing time. We again
propose the data obtained during the cooling run corres-
ponds to equilibrium behavior. In the case of A3, the heating
annealing from 60 to 80 �C with 24 h step time results in a
steady stateσ=0.034 S/cm,which is only slightly higher than
the equilibrium value of 0.028 S/cm. In the case of A6, the
heating and cooling cycle data obtained at 90 �C are within
experimental error, indicating that equilibrium is also ob-
tained in the heating cycle at high temperatures in this case.

In Figure 5 we show the temperature dependence ofW after
12 and 24 hduring heating and cooling cycles for samplesA2,
A3, andA6. In sharp contrast to the conductivity data (Figure 4),
the water uptake data in Figure 5 are nearly independent of
thermal history. This indicates that equilibration of the over-
all water concentration in the block copolymers occurs rela-
tively rapidly. It is clear that the complex time and history
dependence of the conductivity is not related to water uptake.

In parts a and b of Figure 6, we show the temperature depen-
dence of the equilibrated values of the degree of hydration
and conductivity, λe and σe, respectively, for A2, A3, and A6
obtained from the cooling runs. The value of λe obtained in
our asymmetric PSS-PMB samples is 14 ( 2, regardless of
sample molecular weight or temperature (Figure 6a). In
contrast, σe(T) depends on sample molecular weight and
follows an Arrhenius relationship (Figure 6b); σe =A exp-
(-Ea/RT). Arrhenius fits through the data with A and Ea as
adjustable parameters led to the following estimates for A in
units of S/cm: 4.9( 0.3 (A2), 3.2 ( 0.8 (A3), and 5.2 ( 2.8
(A6), and Ea in units of kJ/mol: 14.9 ( 0.2 (A2), 14.3 ( 0.7
(A3), and 16.4 ( 1.3 (A6). The fits indicates that the activa-
tion energy is nearly independent molecular weight. Using
a fixed average value of Ea= 15.2 kJ/mol, we obtain the
following revised estimates ofA in units of S/cm: 5.44( 0.06

(A2), 4.33 ( 0.15 (A3), and 3.35 ( 0.28 (A6). The lines in
Figure 6b represent least-squares fits with a fixed Ea.

It is obvious that the slow changes in conductivity of the
samples observed during the heating run are related to the
fact that our samples are out of equilibrium. Polymer sys-
tems often fall out of equilibriumdue to slowmolecularmotion.
Since molecular motion slows down with increasing mole-
cular weight, one expects nonequilibrium behavior in high
molecularweight samples. The data inFigure 4 show the oppo-
site trend: the difference between the out-of-equilibrium heat-
ing runs and the equilibrated cooling runs is much greater in
low molecular weight A2 than in the high molecular weight
A6. It is clear that the origin of the slow conductivity changes
observed inA2 cannot be attributed to slowmolecularmotion.
We suspected that the reason for the slow changes in conduc-
tivity may be related to sample morphology changes that
occur under humid conditions. The SANS and TEM experi-
ments described below were designed to study the morpho-
logy of A2, A3, and A6 under controlled humidity.

III. Morphology Determination under Controlled Humidity.
SampleA2was placed in the SANShumidity chamber at 25 �C
and RH= 90% (the highest RH value attainable in the
instrument), and SANS profiles were recorded as a function
of time. Results from this experiment are shown in Figure 7.
At early time (5 min) we see a primary scattering peak at q=
q*=0.5 nm-1 and a second-order peak at q=2q* that are
qualitatively similar to the A2 SAXS data from the dry
sample shown in Figure 1a. With increasing time, however,
the primary peak shifts to 0.4 nm-1 in a period of 24 h.
Because of limited access to the neutron beam, the sample
was not kept in the beam for 24 h but quickly transferred to a
separate controlled humidity chamber: a closed jar contain-
ing a saturated KNO3 solution with RH=90.5%. (It should
be evident that the thermal histories described in Figure 2
cannot be implemented on a SANS instrument due to limited
beam time.) From the presence of scattering peaks at q=31/2q*
and q=2q*, it is clear that the new microphase formed after

Figure 5. Temperature dependence ofwater uptake,W, and corresponding degree of hydration, λ, of samples A2 (a), A3 (b), andA6 (c) at 12 h (circle)
and 24 h (triangle) during heating (filled symbol) and cooling (open symbol) runs.
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exposure to humid air is not lamellar. Both hexagonally
perforated lamellae (HPL) andhexagonally packed cylinders
are consistent with the scattering data. For convenience, and
for reasons thatwill become obvious soon,wewill refer to the
new microphase formed under humid conditions as HPL.

Samples that were preannealed at 90 �C and RH=98% in
the controlled humidity oven, cooled to room temperature,
transported to NIST, and rehydrated at the SANS instru-
ment showed SANS profiles that are very similar to the 24 h
data shown in Figure 7a. An example of this is shown in
Figure 7b, where we show the SANS profile obtained from a
preannealed and rehydrated sample after equilibration in
the SANS humidity oven at 60 �C and RH=90%. Once the
HPL phase is formed, it appears that changing the sample
temperature does not affect morphology. SANS data obta-
ined from sample A2 at 70 �C and RH=90% (after obtaining
thedata inFigure 7b) are shown in theSupporting Information.

SANS data obtained from A3 after exposure to humid air
at RH=90% at 25 and 60 �C are shown in Figure 8a. The
data are qualitatively similar to those obtained from sample
A2.We see a primary SANS peak at q=q*=0.28 nm-1 and
a second-order peak at q=2q* at 25 �C which are qualita-
tively similar to the A3 SAXS data from the dry sample
shown inFigure 1b.Uponheating the sample to 60 �C,we see
a shift in q* to a significantly lower value and the emergence

Figure 6. (a) Temperature dependence of equilibrated degree of hydration λe. (b) Plot of equilibrated conductivity, σe, vs 1000/T. The lines through the
data points are fits assuming a fixed activation energy of 15.2 kJ/mol. A2 (O), A3 (0), and A6 (Δ).

Figure 7. SANS intensity, I, vs scattering vector, q, of sample A2.
(a) Data obtained after a dry sample was placed in the humidity
chamber at 25 �C and RH = 90%. The profiles are offset vertically
for clarity. (b) SANS data obtained at 60 �C and RH = 90%, after
preannealing and rehydrating the sample. An HPL phase is seen at the
end of the experiment in (a) and in (b).

Figure 8. SANS intensity, I, vs scattering vector, q, at RH= 90% and
25 and 60 �C of samples (a) A3 and (b) A6.
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of higher order peaks at q=31/2q* and q=2q*, indicating
the presence of an HPL phase.

SANS data obtained from A6 after exposure to humid air
at RH=90% at 25 �C for about 50 h followed by heating to
60 �C are shown in Figure 8b. In contrast to A2 and A3, we
see exposing A6 to humid air does not result in morpho-
logical changes. We see a primary SANS peak at q= q*=
0.21 nm-1 and a second-order peak at q=2q* which are
qualitatively similar to the A6 SAXS data from the dry sam-
ple shown in Figure 1c. Sample A6 forms a lamellar micro-
phase regardless of temperature and humidity.

In Figure 9 we show TEM results obtained from hydrated
A2, A3, and A6 samples. Note that the contrast between the
hydrophilic and hydrophobic phases arises only from the
higher electron density of the hydrophilic phase and not due
to staining as is typical of TEM experiments on polymers. In
spite of this, the general features of the morphologies are
evident. Sample A6 clearly shows a lamellar phase with a
spacing of 30 nm, which is consistent with the SANS data.
Sample A3 clearly shows an HPL phase with a spacing of
24 nm, which is consistent with the SANS data. Note that
many portions of the micrographs of A3 show simple lamellae;
the HPL phase is only evident when the slice happens to go
through the perforations, as is the case in some portions of
Figure 9b. We had considerable difficulty sectioning sample
A2. This is presumably due to the low molecular weight of
the sample and the presence of a soft PMB phase that forms
themajority phase (water softens the hydrophilic phase). The
best sections we were able to obtain from sample A2 are
shown in Figure 9a. The section shows the existence of a
lamellarphase, butwewere unable to find regions that clearly
showed the presence of perforations. In this case, we rely on

the SANS profiles to infer the presence of theHPLphase and
use the TEM micrographs to rule out the presence of cylin-
ders packed on a hexagonal lattice.

The volume fraction of PSS, φPSS, was calculated using
pure component densities of polystyrene, FPS=1.05 g/cm3,
fully sulfonated polystyrene, FPSS=1.44 g/cm3, and poly-
(methylbutylene), FPMB = 0.86 g/cm3, ignoring volume
changes of mixing.41,42 Assuming that all of the water mole-
cules are sequestered in the hydrophilic phase, we estimate
that the volume fraction of the hydrophilic phase in all of our
samples is about 0.41. In other words, the hydrophilic phase
is the minor component in the hydrated PSS-PMB samples.
It is clear from Figure 9b that the perforations are dark,
indicating that the hydrophilic phase perforates the PMB
lamellae. In contrast, in the well-studied case of melts of
uncharged diblock copolymers, the component with volume
fraction greater than 0.5 forms perforations.43,44

In Figure 10, we plot that value of A, the prefactor from
Arrhenius fits of the temperature dependence of conducti-
vity, obtained from the fixed Ea analysis as a function of size
of the hydrophilic domains, d. For consistency, we assume
that the domain size d is approximately given by 0.41(2π/q*)
(nm), ignoring the fact that the hydrophilic domains of the
HPL phase have two characteristic lengths. The reported
value of A in Figure 10 corresponds to a fixed value of λ of
about 14. It is evident that A increases as channel size
decreases. This may reflect an increase in the concentration
of dissociated Hþ ions, a change in the attempt frequency for
ion motion, or differences in the arrangement of water
molecules inside the channels.45 It is important to note that
incomplete dissociation of Hþ ions in channels composed of
polyelectrolytes can, in principle, occur at degrees of hydra-
tion as high as 14 due to effects such counterion condensa-
tion due to the proximity of the ionic species.46,47

Concluding Remarks

The combination of SANS, TEM, conductivity, and water
uptake measurements on asymmetric PSS-PMB copolymers
allow us to make the following conclusions:

1. Obtaining steady, history-independent values of σ over a
limited range of thermal histories does not imply equilibrium.
This is clear from Figure 4 where all data obtained during the
heating runswith annealing times of 5, 12, and 24 h gave the same
value of σ from 25 to 60 �C. We determined, however, that the
samples were out of equilibrium during the heating runs.

2. Samples A2 and A3wherein σwas highly history dependent
also exhibited large changes in morphology upon hydration.

Figure 9. Cryogenic TEM images of samples (a) A2, (b) A3, and (c) A6 after step 5 at 90 �CandRH=98%. Samples were directly quenched into liquid
ethane after equilibration with humid air, sectioned, and imaged without staining.

Figure 10. Plot of A, the prefactor from Arrhenius fits of temperature
dependence of conductivity, vs the hydrophilic domain size d for sam-
ples A2, A3, and A6.
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Sample A6 wherein σ was weakly history dependent showed no
change in morphology upon hydration. The combination of
SANS and TEM under humidity control was essential for
establishing this.

3. The time and temperature windows over which changes in
morphology are observed are similar to those over which changes
in water uptake are observed. For example, the morphological
changes in sample A2 at 25 �Coccur on a time scale of about 24 h
at room temperature (Figure 7a). This implies that the morpho-
logy change from lamellae toHPL takes place during the first step
of the heating run (Figure 4). We have, however, determined the
conductivity of sample A2 is far from its steady-state value at
25 �C after step 1. It is evident that slow changes within the
equilibratedHPLmorphology that we have not yet characterized
are responsible for the changes in conductivity.

4. It is clear that some feature of the hydrophilic channels ofA2
and A3 change qualitatively when the sample is annealed in a
humid environment at 90 �C. Unfortunately, none of our mea-
surements are sensitive to this feature.We can thus only speculate
about the origin of the slow changes in conductivity. In the early
stages of hydration (steps 1-3 inFigure 2), theHþ ions are highly
mobile. Upon further exposure to heat and humidity, however,
the Hþ ions appear to be trapped in regions of low mobility. We
propose that this is either due to changes in the connectivity of the
ion-conducting channels or due to clustering of theHþ ions in the
hydrated state. We are not aware of any previous studies that
have examined the connectivity of ion-conducting channels in
PEMs directly. On the other hand, extensive studies of ionomers
in the dry state indicate that the Hþ and SO3

- ions form ion pairs
that are clustered in domains that are about 4 nm in size.22,48-52 It
is conceivable that similar clusters also form at equilibrium in the
hydrated state. The SO3

- groups in our polymer are, however,
located at random locations along the PSS backbone. The forma-
tion of equilibrated clusters may thus require large scale motion
of polymer chains so that chains with complementary sequences
are in the vicinity of each other. Difficulties of forming equili-
brium morphologies in random copolymers has been noted in
prior studies.53 We argue that the formation of equilibrated
clusters occurs more rapidly when hydration is not accompanied
byanorder-order phase transition, as is the casewith sampleA6.

It is clear that further work is necessary to establish the under-
pinnings of the slow evolution of conductivity in hydrated poly-
mer membranes.
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