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ABSTRACT: The morphology of a series of diblock copolymers comprising randomly sulfonated poly-
styrene (PSS) and polymethylbutylene (PMB) blocks equilibrated with humid air was determined by in situ
small-angle neutron scattering (SANS). In-situ SANS data were collected over a wide angular range permitting the
determination of the superstructure of the hydrophilic PSS-rich and hydrophobic PMB-rich domains and the
substructure within the hydrophilic PSS-rich domains. When the characteristic length of the superstructure is
larger than 10 nm, the hydrophilic PSS domains are heterogeneous with periodically arranged watery
domains. The scattering signature of the watery domains is very similar to the well-established “ionomer
peak”. This peak vanishes when the neutron scattering length density of the water (H,O/D,O mixture) is
matched to that of the PSS block. The spacing between watery domains depends only on sulfonation level of
the PSS block. When the characteristic length of the superstructure is less than 10 nm, the watery substructure

disappears and homogeneous hydrated PSS-rich domains are obtained.

Introduction

Proton exchange fuel cells (PEFCs) have the potential to
provide power for a variety of applications such as portable
electronics and transportation vehicles. One of key components
in PEFC is the polymer electrolyte membrane (PEM), which
serves as medium for transporting protons from the anode to the
cathode.'™® The most widely investigated PEMs are obtained
from random copolymers of perfluorosulfonic acid (PFSA)
ionomer (commercialized under the trademark Nafion).'” An-
other class of PEMs gaining increasing attention are sulfonated
polymers containing aromatic phenyl ring such as sulfonated
poly(ether ether ketone) (SPEEK) and poly(aryl ether ketone)
(SPAEK)™® due to their high conductivity and electrochemical
stability. These materials belong to a wide class of polymers that
are often referred to as “ionomers” wherein ionic moieties are
randomly located along the backbone of a hydrophobic polymer.
In most cases, the ion-containing monomers aggregate, giving
rise to a scattering peak with a characteristic length scale in
the 3—5 nm.”® It is generally agreed that in dry ionomers this
“lonomer peak”, as it is ubiquitously referred to, is a measure of
the distance between adjacent ionic aggregates. In conventional
ionomers the ionic aggregates serve as physical cross-links and
improve the mechanical properties of the polymer. In PEMs, the
ionic aggregates trap water from the surrounding air, which
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enables proton transport when the channels form a percolating
network. The relationship between the characteristics of the
ionomer peak, which persists upon hydration, and the proton
transport in PEMs is a subject of long-standing debate.” '
One of the problems with PEMs based on random copolymers
is the fact that the morphologies obtained in both the dry and
hydrated states are highly disordered. In most cases, physical
models are built on the basis of the scattering profiles comprising
the ionomer peak at high scattering angles and low angle tails that
are consistent with power laws over a limited range on angles.
There is, for example, little agreement on the basic morphology of
the hydrated channels in Nafion.''~'® The early hypothesis of the
“dumbbell model” suggested by Gierke,'"!” where spherical
nodules 4—5 nm in diameter are interconnected by 1 nm wide
channels, has given way to simpler morphologies including
a layered morphology,'®!” interconnected network of chan-
nels,2’13’18 and noninterconnected cylindrical water channels.'*
In most models, it is argued that the ionomer peak obtained in
hydrated samples gives the distance between the hydrated
channels.'"*""® An interesting model proposed by Nich et al.
suggests that the ionomer peak in hydrated samples gives the
distance between water-rich domains along the hydrated
channels."” Additional difficulties arise due to the crystalline
nature of most random copolymer-based PEMs. In these cases,
the hydrated channels coexist with lamellar crystals that are
arranged in superstructures such as “fringed micelles” and
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“spherulites”. Since these superstructures are always out of
equilibrium, it is not known if the observed morphological trends
are due to equilibrium self-assembly or a highly constrained out-
of-equilibrium response of the morphology to changes in thermo-
dynamic driving forces.

Block copolymers with hydrophilic and hydrophobic blocks
such as sulfonated poly(styrene-b-isobutylene-b-styrene) (S-SIBS),*
sulfonated poly(styrene-b-[ethylene-co-butylene]-b-styrene)
(S-SEBS),?!" and sulfonated poly([vinylidene difluoride-co-
hexafluoropropylene]-b-styrene) (P(VDF-co-HFP)-b-SPS)** can
also be used to create PEMs. These materials belong to a broad
class of compounds that can self-assemble into ordered domains
with well-defined morphologies. When these materials are hy-
drated, the water molecules and hydronium ions are expected to
be preferentially located within the hydrophilic PSS domain.
A common feature that these systems share with the random
copolymer-based PEMs is the fact that the hydrophilic block is a
random copolymer of sulfonated and non-sulfonated monomers.
One thus expects ionomer peaks to arise in these systems that are
qualitatively similar to those obtained in random-copolymer-
based ionomers. Several studies have reported the presence of
hierarchical structures, ordered domains with characteristic
lengths in the 30—40 nm range, and hydrated ionomer Peaks
with characteristic lengths in the 2—6 nm range.'"** > The
scattering peaks indicative of both structures reduce in intensity
as the sulfonation level or hydration level is increased, indicating
a disordering of the morphology on both length scales. Since the
extreme thermodynamic incompatibility of sulfonated monomers
in non-sulfonated monomers is well-established,”®?’ thermo-
dynamic self-assembly would have led to the opposite result.

In the case of materials like Nafion and SPEEK, the sulfonated
groups can lie anywhere along the chain, while in the S-SIBS like
materials, the sulfonated groups are confined to specific locations
such as the end blocks of the S-SIBS chains. To distinguish clearly
between the two systems, we refer to the Nafion-like materials as
randomly sulfonated homopolymers and the S-SIBS-like materials
as randomly sulfonated block copolymers. To our knowledge,
there is no evidence for the formation of channels or domains
comprising only sulfonic acid groups and water in these systems.
It is generally understood, for example, that a significant number
of nonionic monomers are trapped within the ionic aggregates in
ionomers. Because of the proximity of hydrophobic and hydro-
philic groups along the polymer chain and due to the significant
entropic barriers for perfect segregation the hydrophobic and
hydrophilic groups in both cases,™ it is likely that the proton-
conducting channels contain a significant concentration of hydro-
phobic groups. When we refer to “hydrophilic domains”, it
should be understood that the domains are rich in sulfonated
groups and water but that they probably contain a significant
concentration of hydrophobic monomers. There is, of course, the
possibility that these nominally hydrophilic PSS domains are not
homogeneous but rather contain a water-rich and water-poor
substructure. We thus anticipate the presence of two length
scales: one characterizing the nominally hydrophilic PSS domain
superstructure, d, and one characterizing the heterogeneous
water substructure, dy e,

This paper is part of a series on randomly sulfonated block
copolymer PEMs system comprising nominally hydrophilic sulfonated
polystyrene (PSS) blocks and hydrophobic polymethyl-
butylene (PMB) blocks.?”*" In previous studies, the size and
shape of the hydrophilic PSS domains were varied by varying the
chain length and PSS volume fraction in the PSS-5-PMB co-
polymers. In particular, we found that small hydrophilic PSS
domains with widths less 6 nm were more effective in retaining
water at elevated temperatures. This had a marked effect on
proton transport which increased with decreasing channel size.
Our work thus far has focused on the overall dimensions of the
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nominally hydrophilic and hydrophobic domains which was studied
by small-angle neutron and X-ray scattering (SANS and SAXS)
and electron microscopy. As with other studies involving block
copolymers, the PSS blocks in our system were obtained by random
sulfonation. The purpose of the present paper is to present neutron
scattering data from PSS-b-PMB copolymers equilibrated with
humid air at both low and high scattering angles to simultaneously
capture changes in both d and dy,;. The formation of well-defined
morphologies greatly simplifies our interpretation of the scattering
data. The implication of our results on previously drawn conclu-
sions on proton-conducting PEMs is discussed.

Experimental Section®®

Polymer Synthesis and Characterization. A series of poly-
(styrenesulfonate-b-methylbutylene) (PSS-6-PMB) copolymers
were synthesized and characterized following procedures given
in ref 27. The number-averaged total molecular weights of
PSS-b-PMB copolymer are ranging from 9.4 to 115.5 kg/mol.
We use the term P4, P9, P17, and P48 to refer to these polymers
where the integers indicate the nominal molecular weight of
precursor PS block (before sulfonation) in kg/mol. Samples with
different sulfonation levels (SLs) were prepared by controlling
sulfonation reaction time. Samples are then labeled according to
the SL; for example, P48(31) has PSS domains where 31 mol %
of PS chains are sulfonated.

In-Situ Small-Angle Neutron Scattering (/n-Situ SANS). The
SANS samples were prepared by solvent casting the polymer from
THF solutions on 1 mm thick quartz windows. The sample thick-
ness ranged from 110 to 170 um, and a circular area with a diameter
of 1.8 cm was exposed to the neutron beam. The samples were
studied using the 30 m NG3 beamline at the National Institute of
Standards and Technology (NIST) equipped with a sample holder
wherein the humidity of the surrounding air and sample tempera-
ture were controlled. Water from a well located within the sample
chamber is used to humidify the air around the sample. In our
experiments, the well was filled with pure D,O or D,O/H,O mix-
tures. The wavelength of the incident neutron beam (1) was 0.6 nm
(A4/A = 0.10), and two different sample-to-detector distances of
1.0 and 12.0 m were used. This enabled access to scattering at
g values in the range 0.03—6.0 nm™'. The highest temperature and
RH limit of the NIST humidity sample chamber are 7 = 75 °C and
RH = 98%, respectively. Separate transient measurements were
conducted as a function of sample thickness to ensure adequate
equilibration time for the temperature and humidity steps used in
our study.

Water Uptake Measurements. Polymer films with thickness
ranging from 50 to 70 um were prepared by solvent casting from
10 wt % THF solutions. The films were dried at room tempera-
ture for 3 days under a N, blanket and under vacuum at 60 °C
for 5 days. Prior to water uptake experiment, the films were
exposed to vacuum for 24 h and then hooked on the end of the
quartz spring balance (RUSKA, spring constant & = 4.9 mN/m),
located in an ESPEC SH-241 humidity chamber equipped with
specially designed glassware to prevent breakage of the quartz
spring due to air flow in the humidity chamber. The spring is
nonrotating and has a reference pointer, which is used to
measure the increment of total length of the spring upon
hydration. At fixed humidity of 98%, samples were studied as
a function of temperature ranging from 25 to 60 °C. The degree
of hydration, A, is computed as follows:

_ [HO]
~ [SOzH]

mol of water absorbed/1 g of dry PSS—PMB

= 1
mol of sulfonated styrene/1 g of dry PSS—PMB )

Transmission Electron Microscopy (TEM). The PSS—PMB
samples prepared by the same method used to prepare the water
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Table 1. Materials Used in the Present Study

mol wt morphology domain spacing

sample code” (PSS—PMB) (g/mol) dpss SL (%) in dry state in dry state” (nm)
P48(19) 55.7K—=55.0K 0.440 19 LAM 74.9
P48(31) 60.5K—55.0K 0.448 31 HEX 78.3
P17(20) 19.3K—18.7K 0.443 20 HEX 41.4
P17(29) 20.5K—18.7K 0.449 29 HEX 41.7
P17(42) 22.3K—-18.7K 0.458 42 HEX 42.5
P9(19) 10.6K—8.7K 0.484 19 LAM 20.6
P9(53) 13.2K—8.7K 0.509 53 HEX 22.1
P4(44) 5.3K—4.1K 0.475 44 HEX 11.4

“Samples are labeled according to the nominal molecular weight of the non-sulfonated PS block and the SL value. Sample P48(19), for example,
is the PSS—PMB block copolymer with a 48 kg/mol PS block with SL = 19 mol %. ® The values are determined from SAXS experiments performed

under vacuum.

(a)

SOH

(b)

Figure 1. (a) Molecular structure of PSS-6-PMB copolymer and
(b) schematic illustration of a hydrated PSS-/-PMB membrane.

uptake samples were cryo-microtomed at —100 °C to obtain thin
sections with thicknesses in the 50—80 nm range using an RMC
Boeckeler PT XL ultramicrotome. The electron contrast in the
dry polymer samples was enhanced by exposure to ruthenium
tetroxide (RuOy) vapor for 50 min. Imaging of stained samples
was performed with a Zeiss LIBRA 200FE microscope operat-
ing 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).

Results

The characteristics of PSS-b-PMB copolymers used in this
study are listed in Table 1. All copolymers are in acidic form (H™),
and Figure 1a shows the molecular structure of the polymers. The
morphologies of the dry polymers and the domain spacings, d, are
summarized in Table 1. The d is defined as 27/g*, where ¢* is
the magnitude of the scattering vector at the primary peak. Most
of the samples show hexagonally packed cylinder morphology
(HEX) in dry state, except for the lightly sulfonated copolymers
which show a lamellar structure. Figure 1b shows schematic
illustration of a hydrated PSS—PMB membrane. In the presence
of humid water vapor, the hydrophilic PSS domains selectively
absorb water molecules from air to yield the substructure of
hydrophilic PSS domains, i.e., segregation of the hydrated ionic
groups within.

Typical TEM results are shown in parts a, b, and ¢ of Figure 2,
where micrographs of dry P4(44), P9(53), and P17(42), respec-
tively, are shown. In all cases PMB cylinders surrounded by PSS
matrices are observed. The domain spacings measured by SAXS
(data not shown here for brevity) and TEM are in reasonable
agreement. From the TEM images in Figure 2, the widths of PSS
domains (darkened by exposure to RuQO,) are estimated to be
6 nm (P4(44)), 11 nm (P9(53)), and 21 nm (P17(42)). These values
are not markedly different from one-half of domain sizes listed in
Table 1.

Results of water uptake measurements on P48(31) as a func-
tion of temperature at RH = 98% are shown in the inset of
Figure 3. It is evident that the degree of hydration, 4, increases
monotonically with increasing temperature, as seen in previous
studies on similar systems.” Figure 3 shows in-situ SANS data
from P48(31) sample exposed to D,O/air environment at differ-
ent RHs and temperatures. After changing the temperature and
RH of surrounding air, the sample was annealed for 2 h at each
condition, which is needed to establish equilibrium. The equili-
bration time was determined by noting the time required for the
primary peak intensity to reach a time-independent plateau. We
used two different sample-to-detector distances of 12 and 1 m to
cover a wide range of scattering vectors. The SANS profiles obtained
from the two configurations, with darker (12 m)—brighter (1 m)
colored profiles, are spliced together with no adjustable param-
eters. Scattering peaks at lg*, /3q¢*, aq*, g% 9q*,
J1lg*, and /12¢*, as shown by the inverted open triangles
(V), over the entire range of conditions studied indicate the
presence of a HEX phase. At low temperature (25 °C) and low
humidity (RH = 25%) conditions, the domain spacing of the
nominally hydrophilic PSS domains corresponding to the spacing
between the {100} planes, d = 78.3 nm. D,O molecules associate
primarily with the PSS-rich domains, and therefore, increased
water uptake results in an increase in the neutron scattering
contrast between the PSS-rich and PMB-rich regions. At RH =
95% and 40 °C, a broad shoulder in the vicinity of ¢ = 1.8 nm ™"
is seen. The intensity of the shoulder significantly increases upon
further heating and humidification. At T = 60 °C, a clear peak at
g = 1.74 nm™ " is evident. The location of this peak is similar to
the “ionomer peak” seen in previous studies.'*2° However, in
our case, this peak arises only upon hydration, and we thus
tentatively refer to it as the “water peak”. We refer to 271/¢yaer S
the water domain spacing, dyaer, Where ¢yacer 18 the location of
the water peak along the ¢ axis. Heating the P48(31) sample from
40 to 60 °C in humid air leads to an increase in the dy . from
3.4 to 3.6 nm (6% increase) and concomitant swelling of PSS—
PMB microphase from d = 81.5 to 84.5 nm (4% increase).

Figure 4 shows in-situ SANS profiles of P17 samples with SL =
20%,29%, and 42%. The SANS profiles obtained at dry state at
RH = 25% and 60 °C are compared to those obtained in the
hydrated at RH = 95% and 60 °C using D,O for humidification.
In all cases we see the absence of the water peak in the dry state
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Figure 2. Cross-sectional TEM image of (a) P4(44), (b) P9(53), and
(c) P17(42) showing PMB cylinders surrounded by PSS matrices.
PSS domain was darkened by RuQy staining.

and the emergence of the water peak upon hydration. In addition,
there is a strong correlation between SL and the location of the
water peak. Increasing SL from 20 to 42 mol % results in a
decrease in water domain spacing from 4.2 to 3.0 nm. This is
certainly reasonable as the average distance between SO3 ™~ groups
decreases with increasing SL. Our work is distinguished from
the results of Frisken et al.>* where the opposite trend is reported;
i.e., the water domain spacing of fully hydrated membranes
increases with increasing sulfonation level. Another distinction of
the present work is the presence of multiple peaks in the SANS
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Figure 3. In-situ SANS profiles of P48(31) exposed to D,O/air environ-
ment at different RH and temperature showing Bragg peaks at 1¢*, v/3¢*,
Vag*, Vg%, V9q*, V/11g*, and v/12¢*; the inverted open triangles (V)
reveal hexagonal cylinder morphology. When the temperature is increased
at fixed RH = 95%, the formation of water domain is seen as indicated by
the arrows (V). The scattering profiles are obtained with two different
sample-to-detector distances of 12 and 1 m as overlaid with darker and
brighter colored curves, respectively. Inset plots show degree of hydration,
A, as a function of temperature at RH = 95%.

profiles that enables quantitative determination of the arrange-
ment of the nominally hydrophilic PSS domains that form the
matrix of a HEX phase. In contrast, the randomly sulfonated
homopolymers only show scattering tails in this window.

One can claim that the absence of high-¢ peak in dry state is
simply due to the low scattering contrast to see the peak with low
concentration of D,O whether the structure is present or not.
However, the fact that we were not able to see the high-¢ peak for
all of the samples at RH = 75% regardless of water uptakes of
the samples leads us to conclude that the lack of water is not the
reason for the absence of high-¢ peak. For example, the degree of
hydration of P9(53) at RH = 75% and T = 60 °Cis A = 11;
however, no detectable peak at high ¢ is observed. In contrast,
although the degree of hydration of P17(20) at RH = 95% and
T = 60°Cisassmall asA = 9, there exists clear peak at high ¢ as
shown in Figure 4.

We now describe the results of a key experiment to determine
the origin of the water peak. The SLDs of PS and sulfonated PS
(SL = 100%) are 1.41 x 10~*and 2.05 x 10~* nm 2, respectively,
while that of D,O and H,0 is 6.37 x 10™* and —0.56 x
10~* nm ™2, respectively. The D,O/H,O ratio in the surrounding
air can be used to control SLD of water within the PSS, assuming
that water uptake is unaffected by deuterium substitution. The
SLD of a 32/68 volumetric D,O/H,O mixture (1.65 x 10~*nm )
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Figure 4. In-situ SANS intensity versus magnitude of the scattering
vector, ¢, of hydrated P17(20), P17(29), and P17(42) obtained at RH =
95% and 60 °C (solid curves). The scattering profiles obtained with two
different sample-to-detector distances of 12 and 1 m are shown as
darker and brighter colored curves, respectively. The dashed curves
below each hydrated SANS profile correspond to the SANS profile
obtained in the dry state at RH = 25% and 60 °C. Scattering profiles of
P17(29) and P17(42) are offset vertically by factors of 10 and 10° for
clarity. The inset shows dyaer Vs SL.

is nearly identical to the SLD of a dry PSS block with SL = 29%
(1.63 x 10~* nm™?).

Figure 5 shows in-situ SANS profiles for P17(29) samples
equilibrated with air containing pure D,O and a 32/68 volumetric
D,0O/H,0 mixture at the RH = 95% and 60 °C. The water peak
seen clearly in the pure D,O sample vanishes when the D,O/H,O
mixture is used to humidify the air. In both cases, the SANS
profiles reveal most of the expected Bragg peaks (V) at 1¢*, v/3¢*,
VAgE, g%, g%, V11g*, 12g*%, /16g*, and +/24¢* with ¢*
= 0.16 nm ™' indicative of a HEX morphology. The low contrast
between the PMB-rich hydrophobic and PSS-rich hydrophilic
domains obtained in the D,O/H,0O mixtures precluded detection
of the /24¢* Bragg peak. It is obvious that the water peak arises
from a substructure within the PSS superstructure. This is
consistent with the hypothesis of Nieh et al."

The same experimental protocol is repeated with P48(31)
samples as shown in Figure 6. In good agreement with P17(29)
sample, the water peak clearly disappears when the D,O/H,O
mixture is used to humidify the air while keeping the same Bragg
peaks (W) at 1¢*, V/3q*, 4q*, /1q*, /9¢*, /11¢*, and /12¢*.
While the data in Figures 5 and 6 prove the presence of water-rich
and water-poor domains with an average spacing of 39 and
78 nm, it does not imply the presence of isolated pools of pure
water surrounded by dry PSS chains. The neutron scattering
contrast between the watery and PSS-rich domains is eliminated

Kim et al.
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Figure 5. In-situ SANS intensity versus magnitude of the scattering
vector, ¢, of P17(29) obtained at RH = 95% and 60 °C with (a) 100%
D,O and (b) 32/68 volumetric D,O/H,O mixture. The scattering
profiles showing Bragg peaks at g/¢* ratios of 1, v/3, V4, v/7, +/9,
V11, /12, V/16, and /24 are obtained with two different sample-to-
detector distances of 12 and 1 m.

regardless of the concentrations of the two domains. Determining
the concentration of the water-rich and water-poor domains will
require a more extensive study. In addition, we have no evidence
for the presence of ionic clusters in the dry PSS-b-PMB copolymers.
Such data may be obtained by replacing protons with heavier
cations,> which is a subject of future study.

Figure 7 compares in-situ SANS profiles of P4(44) obtained in
the dry state at RH = 25% and 60 °C with those obtained in the
hydrated state at RH = 95% and 60 °C using D,0 for humidifica-
tion. Both profiles show Bragg peaks (¥) at 1¢*, +/3¢*, and /4¢*,
indicative of the HEX phase but a remarkable absence of the
water peak in the vicinity of ¢ = 1.8 nm~'. The degree of
hydration at RH = 95% and 60 °C of P4(44) is 22.5, which is
larger than that of all of the other samples examined. It is thus
again clear that the lack of water is not the reason for the absence
of the water peak in P4(44).

In Figure 8 we compare in-situ SANS profiles of P4(44),
P9(53), and P17(42) obtained at RH = 95% and 60 °C. We see
the 1g*, /3¢%, V4q*, Vg%, V/9¢*, J/11¢*, and /12¢* Bragg
reflections with ¢* = 0.14 nm ™' for P17(42) as shown by inverted
arrows (1), the 1g*, «/3¢*, V4q*, V1q*, /9%, V/11q*, J/12¢*,
V16¢*, and +/24¢* Bragg reflections with ¢* = 0.28 nm™" for
P9(53) as shown by inverted open triangles (V) arrows, and the
1¢*, +/3¢*, and /4¢* Bragg reflections with ¢* = 0.54 nm ™' for
P4(44) as shown by inverted filled triangles (¥). The SANS data
indicate the presence of HEX phase with domain spacing 44.9,
22.4, and 11.6 nm for hydrated P17(42), P9(53), and P4(44),
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Figure 6. In-situ SANS intensity versus magnitude of the scattering
vector, ¢, of P48(31) obtained at RH = 95% and 60 °C with (a) 100%
D,0 and (b) 32/68 volumetric D,O/H,O mixture. Bragg peaks at 1¢*,
«/23q*, Vag*, Vg%, V9q*, V/11g*, and v/12¢* are indicated by the
inverted filled triangles (V).

respectively. The coexistence of microphase (larger length scale)
and water domain (smaller length scale) is seen for the P17(42)
and P9(53) as highlighted with blue shadow in Figure 8. It is
worthwhile to note that the spacing between water domains is not
a sensitive function of the width of hydrophilic PSS domains. For
example, although the PSS domain width of P17(42) (22 nm) is
twice as large as that of P9(53) (11 nm), two samples reveal very
similar water channel spacing as 3.0 and 3.1 nm, respectively. It is
evident that there exists a critical size of the nominally hydrophilic
domain below which the water domains are homogenized. For
PSS—PMB copolymers with SL = 47 £+ 6%, this cutoff lies
between 6 and 10 nm.

In Figure 9, we plot da; versus SL for all of the PSS-»-PMB
samples that exhibited a water peak. It is evident that d.er
depends mainly on SL and not on the size or spacing of the
nominally hydrophilic PSS domains until they are thinner than
the 6 nm cutoff. There are many possible explanations for the
existence of a cutoff below which the water domains are absent.
The heterogeneity of the hydrated domains undoubtedly arises
due to the close proximity of hydrophilic and hydrophobic
moieties. In fact, one might even consider that polystyrene
portion of the hydrophilic monomers to be hydrophobic. The
formation of watery domains reduces the unfavorable contacts
between water and the hydrophobic portions of the PSS chains
but introduces concentration gradients between the water-rich
and water-poor domains. Theoretical frameworks proposed by
van der Waals®* and Cahn and Hilliard** can be used to evaluate
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Figure 7. In-situ SANS intensity versus magnitude of the scattering
vector, ¢, of hydrated P4(44) obtained at RH = 95% and 60 °C (solid
curve) and dry P4(44) at RH = 25% and 60 °C (dashed curve). Both
profiles show Bragg peaks (¥) at 1¢*, +/3¢*, and v/4¢*, indicative of the
HEX phase. The lack of a water peak in the vicinity of ¢ = 1.8 nm ™" in
the hydrated state implies the presence of homogeneous hydrophilic
PSS domains.

the free energy penalty due to the presence of concentration
gradients. Confining mixtures to small regions results in the
reduction of the gradients because of the increasing importance
of the gradient free energy penalty, relative to the free energy gain
of separating the components. In the case of binary mixtures that
are phase separated in the bulk, confinement results in homog-
enization if the length scale of the confinement is below a well-
defined cutoff.** We propose that similar effects are responsible
for the observed cutoff for randomly sulfonated block copolymers
when the hydrophilic PSS domain width approaches 6 nm. The
3—5 nm water domain spacing observed more or less universally
in PEMs probably represents a balance between enthalpic gains
due to a decrease in contacts between hydrophobic portions
of the chains and water and the gradient free energy penalty
associated with the formation of watery domains in the absence
of finite size effects. It is evident that the homogeneous hydro-
philic PSS phases with characteristic widths less than 6 nm are
more effective for retaining water at elevated temperatures and
for promoting proton transport.

We conclude this section commenting on the ramifications of
our work on the structure of widely studied randomly sulfonated
homopolymers such as Nafion and SPEEK. Whether the forma-
tions of watery domains in randomly sulfonated homopolymers
and randomly sulfonated block copolymers are similar in origin
or not remains an interesting open question.*> There are, how-
ever, two important similarities in the scattering data obtained
from these two systems that suggest that the origin is similar:
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Figure 8. In-situ SANS intensity versus magnitude of the scattering
vector, ¢, of P4(44), P9(53), and P17(42) obtained at RH = 95% and
60 °C. The inverted filled triangles (¥) of P4(44), the inverted open
triangles (V) of P9(53), and the arrows () of P17(42) indicate Bragg
peaks with ratio of 1, «/3 and v4; of 1, /3, /4, /7, /9, V11, V12,
V16, and v24; and of 1, v/3, V4, v/7, v/9, v/11, and v/12, respectively.
The scattering profiles of P9(53) and P4(44) are offset vertically by
factors of 10 and 50, respectively. Inset plot shows degree of hydration,
A, of samples.
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Figure 9. Water domain spacing . vs SL for different randomly
sulfonated PSS-b-PMB block copolymers.

(1) The fact that the water peak is seen in the same location
(dyater between 3 and S nm) in both randomly sulfonated homo-
polymers and block copolymers. (2) If one disregards the modu-
lations from the Bragg reflections, the rapid decay in low-angle
scattering are similar in both randomly sulfonated homopolymers

Kim et al.

and block copolymers. In the case of the block copolymers it
is clear that the d.., 1s unrelated to the spacing between
the hydrophilic PSS domains. In fact, in the case of the most
conductive block copolymer, P4(44), the water peak was absent.
The most logical conclusion is thus that the arrangement of
the watery domains in randomly sulfonated homopolymers is
entirely aperiodic with no well-defined length scale. The only
length scale in these materials arises from the formation of a
water-rich and water-poor substructure w1th1n the nominally
hydrophilic domains as proposed by Nich et al."

Conclusion

We have studied hydrated morphology of PSS-»-PMB block
copolymer electrolyte membranes in equilibrium with humidified
air using in-situ SANS. Our experiments cover a wide range of
sulfonation levels, copolymer molecular weight, temperature,
and relative humidity. The existence of several higher order peaks
in the SANS data enables quantitative determination of the
arrangement of the nominally hydrophilic PSS domains that
form the matrix of microphases. We demonstrate that the
nominally hydrophilic PSS domains contain a substructure
periodically arranged water-rich domains with a characteristic
length scale d .- This length scale is unrelated to the spacing
between the hydrophilic PSS domains as long as that spacing
exceeds 10 nm and decreases with increasing sulfonation level of
the PSS chains. The watery domain substructure ceases to exist
when the spacing between the hydrophilic PSS domains is
decreased to 6 nm over the entire range of temperature and
relative humidity investigated. Homogeneous water distribution
within the nominally hydrophilic PSS domains may be respon-
sible for the rapid proton transport seen in low molecular weight
PSS—PMB copolymers.”
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