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ABSTRACT: In this article, we report the syntheses and charac-

terizations of a series of novel block polyelectrolytes, poly(sty-

rene-block-sulfonated hydroxystyrene) (PS-b-sPHS), containing

pendant sulfonic acid groups attached to the backbone via

propyl spacers in the sPHS domain. PS-b-sPHS with various

compositions were synthesized via anionic polymerization and

the following analogous chemistry to achieve accurate control

of molecular weight (Mw), narrow polydispersity and high

degree of sulfonation. Proton exchange membranes (PEMs)

were prepared from PS-b-sPHS with sulfonic acids in either po-

tassium salts or tetra-alkylammonium salts via solvent casting

and following treatments. Some unique morphologies, such as

hallow channels and lamellar arrangement of strings of beads,

were observed as a consequence of equilibrium between

microphase separation and columbic interactions between pol-

yelectrolytes. The transportation properties were found to

closely relate to the morphologies of the PEMs. The combina-

tion of microphase separation of block polyelectrolytes and

freedom of movement of pendent alkylsulfonic acids was dem-

onstrated to effectively enhance the proton transport and sup-

press the methanol crossover for the PEMs, leading to the

selectivity higher than Nafion 117 by five times at most. VC 2011

Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 49:

2325–2338, 2011
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INTRODUCTION Direct methanol fuel cells (DMFCs) have
drawn tremendous attention as alternative power sources
due to their high efficiencies, environmental benignity, and
the use of portable and inexpensive fuel.1,2 So far, the critical
factors preventing DMFCs from successful commercialization
are mainly associated with slow reaction kinetics at anode
and methanol crossover from anode to cathode through the
proton exchange membrane (PEM), a solid electrolyte to sep-
arate the electrodes and to conduct proton from anode to
cathode.3–5 Methanol crossover would lead to a decrease in
open circuit voltage resulting in a suppression of overall cell
efficiency, a decline in the fuel utilization efficiency, as well
as a shortening of the lifetime.6–8 Thus, a successful PEM for
DMFC should exhibit high proton conductivity, low methanol
permeability, good thermal and dimensional stability, good
mechanical strength as well as long-term electrochemical
durability.9

NafionVR , the mostly used polyelectrolyte for PEM in DMFC,
is consisted of a hydrophobic fluorocarbon backbone and
perfluoroether side chains with sulfonic acids at the chain
ends and it exhibited microphase separated structures with
continuous hydrophilic clusters for efficient proton transpor-
tation.10,11 Although NafionVR membranes exhibit high proton

conductivities and good thermal, chemical, and oxidative sta-
bility, the high methanol permeability severely limits the per-
formance of the corresponding DMFC since the channels for
proton transportation are also good pathways for methanol
permeation. In addition, the strong affinity between metha-
nol and fluorocarbons might considerably worsen the metha-
nol crossover.12

Block copolymers with narrow molecular weight distribution
are capable of facilitating well-ordered self-assembled nano-
structure driven by microphase separation as a result of
thermodynamic incompatibility between different blocks.13–15

Block polyelectrolytes16 composed of a hydrophobic segment
and a hydrophilic segment containing sulfonic acids were
employed for the PEMs owing to their microphase separated
morphologies, enabling the formation of continuous proton
transportation domain. Furthermore, the transport proper-
ties of the PEMs can be tailored by altering the compositions,
the degree of sulfonation17 and the molecular weights of the
building blocks. Sulfonated poly(styrene-block-ethylene-ran-
dom-butylene-b-styrene) (s-SEBS), obtained from postsulfo-
nation of the polystyrene segment of SEBS, were the most
studied block polyelectrolyte. The proton conductivity and
the methanol permeability of the membrane prepared from
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s-SEBS with 37 mol % degree of sulfonation (IEC was similar
to that of Nafion 117) simultaneously decreased to half of
those values for Nafion 117, suggesting the similarity
between the selectivity of s-SEBS and of Nafion 117.18–20

Kim and coworkers also investigated the solvent effect on
the morphologies and the transport properties of s-SEBS
membranes.20–22 Sulfonated poly(styrene-block-isobutylene-
block-styrene) (s-SIBS), an analogue of s-SEBS, revealed simi-
larities to the s-SEBS membranes in proton conductivity,
methanol permeability, selectivity and solvent effect.23–26

Other block polyelectrolytes studied include sulfonated poly-
styrene-block-poly(dimethylsiloxane) (sPS-b-PDMS),27 sulfo-
nated poly(styrene-block-ethylene) (s-SE),28 sulfonated
hydrogenated poly(styrene-block-butadiene) rubber (s-
HSBR),29 sulfonated polystyrene- block-poly(methyl methac-
rylate) (sPS-b-PMMA),30 polystyrenesulfonate-block-polyme-
thylbutylene (PSS-b-PMB)31–33 and sulfonated polybenzimi-
dazoles.34,35 In general, the transport properties of the PEMs
prepared from the hydrocarbon ionic block copolymers were
found to closely relate to their morphologies. In comparison
with NafionVR 117 having similar IEC, most of these PEMs
showed simultaneous decrements in methanol crossover and
proton conductivity, leading to similarity in selectiv-
ity.18,23,26,27,29 Moreover, the much higher water uptake and

methanol uptake of these membranes might be an issue for
dimensional stability.

To achieve high proton conductivity and low methanol cross-
over simultaneously, our molecular design strategy was to
incorporate flexible alkyl spacers between the sulfonic acids
and the polymer backbone, instead of the direct attachment
of ASO3H to the polymer backbone in most aforementioned
polymers, to provide the ASO3H more freedom in movement
and thus enhance the relay motion of proton to improve the
proton conductivity. The use of alkyl spacers have been dem-
onstrated to be a successful approach in some systems based
on poly(aryl ether).36,37 Moreover, the spacers might occupy
some spaces in the proton transport channels to provide
blockage for methanol crossover.

In this work, we synthesized a series of novel block polyelec-
trolytes, poly(styrene-block-sulfonated hydrostyrene) (PS-b-
sPHS), comprising of a hydrophobic polystyrene segment
and one or two hydrophilic sulfonated polyhydroxystyrene
(sPHS) segment(s) containing pendant sulfonic acids
attached to the backbone via alkyl spacers (Scheme 1). Ani-
onic polymerization was employed to synthesize the precur-
sor block copolymers poly(styrene-block-tert-butoxystyrene)
(PS-b-PtBS) having different molecular weights and

SCHEME 1 Synthesis route of

PS-b-sPHS and the membrane

preparation.
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compositions. The following analogous reactions and sultone
chemistry were adopted to afford the product PS-b-sPHS.
The corresponding PEMs were prepared from PS-b-sPHS
with the sulfonic acids in either potassium salts (PS-b-sPHS-
K) or tetra-ammonia salts (PS-b-sPHS-NR4) via solvent cast-
ing and the following treatment to recover the acidity for all
further measurements of membrane properties. The mem-
branes prepared from PS-b-sPHS-K, denoted as K-mem-
branes, generally exhibited less ordered morphologies while
those made from PS-b-sPHS-NR4 (N-membranes) showed
more organized morphologies. Nevertheless, the presence of
alkyl spacers resulted in complicated microphase separation
behaviors, leading to some unique morphologies and
enlarged domain sizes comparing to the corresponding
sSEBS membranes. In comparison with the s-SEBS mem-
brane having similar IEC, the N-membranes exhibited higher
proton conductivity. In addition, all the membranes exhibited
methanol permeability much smaller than that of Nafion 117
and s-SEBS. The enhancement in transport properties were
suggested to be contributed by both the self-assembled mor-
phologies and the flexibility of the alkyl spacers.

RESULTS AND DISCUSSION

Molecular Design, Synthesis and Characterization
The molecular weights, compositions and polydispersity
index (PDI) of PS-b-PtBS are summarized in Table 1. PS-b-
PtBS were named as PX-Y, where X indicates the target mo-
lecular weight of polystyrene segment while Y refers to the
target molecular weight of PtBS segment. For example, P3-1
represents the PS-b-PtBS consisted of a PS block with the
target molecular weight of 30 kg/mol and a PtBS block with
the target molecular weight of 10 kg/mol. P3-1, P6-2, P9-3,
P12-4, and P30-10, having the ratio of the target molecular
weight of PS to PtBS fixed at 3/1, were designed to investi-
gate the effect of molecular weight on the morphologies and
the transport properties of the membranes. Based on the
assumption that the degree of sulfonation is 100 mol %
(each repeating unit in sPHS is modified with an alkylsulfo-
nated group) and the densities of PS and sPHS are similar,

the volume fraction of the sPHS segment is �31%. According
to the phase diagram based on the mean-field theory regard-
less the interactions between sulfonic acids, these PS-b-sPHS
were expected to exhibit morphologies with sPHS cylinders
embedded in PS matrix, resulting in continuous ionic chan-
nels for proton transportation. P6-1, P6-2, and P6-4, having
the same molecular weight of PS but different chain lengths
of PtBS, were designed to exhibit different morphologies for
evaluation of the interplays between the morphologies and
the transport properties of the membranes. P3-2-3 was
designed to possess composition similar to P6-2 to study the
differences between triblock and diblock polyelectrolytes. To
evaluate the effect of alkyl spacers of pendant alkylsulfo-
nated groups, P6-2 and P9-3 were intentionally designed to
match the molecular weights of the corresponding s-SEBS
containing �30 wt % of PS reported in the literature.18,19

The molecular weight and the polydispersity of PS as well
as the molecular weight distribution (PDI) of PS-b-PtBS
were obtained from GPC. The molecular weight of PtBS was
calculated from the ratio of the number of repeating units in
PtBS to that in PS as suggested by 1H NMR spectrum (see
Supporting Information for detail calculations). All PS-b-
PtBS possessed compositions close to the corresponding tar-
gets and narrow molecular weight distributions. The 1H
NMR spectrum of P6-4 and the consequent deprotected
polymer PS-b-PHS are shown in Figure 1. The successful
deprotection of tert-butyl group was confirmed by the ab-
sence of the characteristic signal of tert-butyl group at d ¼
1.25ppm in Figure 1(b). After the attachment of alkylsulfo-
nated groups to PHS backbone using sultone chemistry and
following post-treatments, the resulting PS-b-sPHS would
have the sulfonic acids in various forms, including ASO3H,
ASO3K and ASO3NR4. PS-b-sPHS were denoted as PX-Y-Z
where Z (¼ H, K or NR4) indicates the form of sulfonic
acids. The degree of sulfonation (DS, the ratio of the number
of repeating units attached with alkylsulfonated group in
PHS to the total number of repeating units in PHS) was cal-
culated using eq 1:

TABLE 1 The Molecular Weights and the Compositions of PS-b-PtBS and PS-b-PtBS-b-PS

Sample

Target Mn of PS-b-PtBS

(Target Mn of PS-b-sPHSa)

Mn (PDI) of

PSb (GPC)

Mn of PtBSc

(NMR)

Total

Mn
d

Mn (PDI) of

BCPb (GPC)

P3–1 30k-10k (30k-14k) 28,400 (1.28) 9,200 37,600 36,800 (1.21)

P6–1 60k-13k (60k-19k) 47,900 (1.03) 10,900 58,800 56,700 (1.04)

P6–2 60k-20k (60k-28k) 54,900 (1.14) 17,000 71,900 75,300 (1.10)

P6–4 60k-40k (60k-56k) 52,100 (1.17) 40,800 92,900 99,600 (1.15)

P9–3 90k-30k (90k-42k) 85,100 (1.17) 28,400 113,500 118,500 (1.15)

P12–4 120k-40k (120k-56k) 128,000 (1.07) 44,900 172,900 146,800 (1.06)

P30–10 300k-100k (300k-139k) 319,300 (1.08) 103,000 422,300 364,600 (1.09)

P3–2–3e 30k-20k-30k (30k-28k-30k) 26,500 16,800 69,800 64,800 (1.30)

a Assuming the degree of sulfonation is 100%.
b Determined from GPC.
c Calculated from the integration areas in the 1H NMR spectrum.
d The summation of Mn of PS and Mn of PtBS calculated from NMR

spectrum.

e Mn of PtBS was measured from GPC and Mn of PS ¼ [Mn of BCP

(obtained from GPC) – Mn of PtBS]/2.
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DS% ¼ sulfur ðwt %Þ=carbon ðwt %Þ obtained from element alanalysis

theoretical value of sulfur ðwt %Þ=carbon ðwt %Þ based on 100% DS
� 100% (1)

The theoretical weight ratio of sulfur to carbon based on
100% DS could be obtained using the following estimation.
The molar ratio of PS to sPHS, that is, the ratio of the num-
ber of repeating units in polystyrene to that in sPHS, was
identical to the molar ratio of PS to PtBS calculated from the
1H NMR spectrum of PS-b-PtBS based on the assumption
that every repeating unit in PtBS was successfully depro-
tected and modified with an alkylsulfonated group. The
molar number of sulfur in PS-b-sPHS was equivalent to the
molar number of repeating units of sPHS since only sPHS
contained sulfur. The molar number of carbon was the sum
of the number of carbon (8) in a repeating unit in PS timed
the number of repeating units in PS and that in a repeating
unit (11) in sPHS timed the number of repeating units in
sPHS. Hence, the molar ratio of sulfur to carbon should equal
to 1/[11 þ (the molar ratio of PS to sPHS) � 8]. The theo-
retical weight ratio of sulfur to carbon could be calculated
from eq 2:

Weight ratio of S to C

¼ molar number of sulfur�molar weight of sulfur
molar number of carbon�molar weight of carbon

¼ molar ratio of
S
C

� 32
12

ð2Þ

Table 2 lists the theoretical and the experimental weight ra-
tio of S to C, as well as the calculated degree of sulfonation.
The DS of all PS-b-sPHS were close or above 100%, suggest-

ing the attachment of alkylsulfonated group using sultone
chemistry with mild reaction conditions was highly effective.

Preparation of Membranes
PS-b-sPHS with sulfonic acids in ASO3H form were insoluble
in most common organic solvents and solvent combinations
owing to the very distinctive solubility between the two
building segments. Hence, the sulfonic acids needed to con-
vert to the corresponding ASO3K or ASO3NR4 salts to pro-
mote the solubility of sPHS segment in organic solvents. P6-
1-K could not afford the corresponding membrane because
of the difficulty in dispersing P6-1-K in solvents. The mem-
brane made from P6-4-K was too brittle to perform further
measurements owing to the high content of sPHS. The suc-
cessful conversion of ASO3H to ASO3NR4 could be suggested
by the presence of characteristic peaks corresponding to the
alkyl groups of tetrapropylammonium salts in the 1H NMR
spectrum of PS-b-sPHS-NR4 (R ¼ propyl). Figure 2 illustrates
the 1H NMR spectrum of P6-4-NR4, where the three broad
peaks at d ¼ 0.99, 1.7, and 3.2 ppm corresponding to the
propyl groups in ASO3NR4 are clearly observed. The molar
ratio of nitrogen to sulfur (N/S), calculated from the elemen-
tal analysis results listed in Table 3, could describe the
degree of complex of NR4

þ to SO3
� (i.e., the number of NR4

þ

attached to a SO3
�). The N/S ratios of all PS-b-sPHS-NR4

were less than unity, indicating not every SO3
� would bond

with one NR4
þ due to the bulkiness of NR4

þ. In general, the
degree of complex was around 50–70% except P6-1-NR4

FIGURE 1 1H NMR spectrum of (a) P6-4; and (b) the corresponding PS-b-PHS.
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with the lowest content of sPHS, showing the degree of com-
plex �30%. Nevertheless, the partial chelating between
NR4

þ and SO3
� enabled the resulting samples soluble in

many organic solvents except P30-10-NR4 having the largest
molecular weight. The membranes were named as NX-Y (N-
membranes) and KX-Y (K-membranes), representing those
prepared from PS-b-sPHS-NR4 and PS-b-sPHS-K, respectively.
Before the measurements of transport properties and the
morphology studies, all �SO3K and �SO3NR4 were converted
to SO3H by thorough acid wash.

Morphologies of Membranes
Figures 3 and 4 show the TEM images of dry N-membranes
and K-membranes with sulfonic acids in ASO3H form. The
microtomed thin slices were treated with lead acetate to
stain the sulfonic acid rich domains, which appeared dark in
the TEM images. The speckles observed might attribute to

the presence of lead carbonate38 as the lead ion would inevi-
tably react with CO2 in air during the staining process. In
general, the N-membranes exhibited more well-defined mor-
phologies while the K-membranes possessed less-ordered
morphologies, as a consequence of better solubility of sPHS-
NR4 in organic solvent comparing to sPHS-K.

N3-1 [Fig. 3(a)] exhibited a lamellae-like morphology with
alternative dark and bright strips aligned in parallel. The
dark strips, around 40 nm wide, were composed of spheres
connected in a serial fashion, resembling strings of beads.
The formation of the spheres might result from the strong
interaction between sulfonic acids in sPHS-NR4 segment
owing to the smaller degree of complex of NR4

þ to SO3
�.

Both N6-2 [Fig. 3(c)] and N9-3 [Fig. 3(e)] showed well-
organized lamellae morphologies with the periodicity �250
nm for the former and �300 nm for the latter. N12-4,

TABLE 2 Elemental Analysis Results and the Degree of Sulfonation of PS-b-sPHS-K

Sample

Theroetical Calculation Elemental Analysis

DS (%)a Mn of PS-b-sPHS-Kb

Molar Ratio of

PS/sPHS

Molar Ratio

of S/C

Weight Ratio

of S/C � 102
C

(wt %)

S

(wt %)

Weight Ratio

of S/C � 102

P3–1-K 5.23 1/52.84 5.05 73.11 3.67 5.02 99 28,400–14,600

P6–1-K 7.47 1/70.76 3.77 59.84 2.35 3.93 104 47,900–17,300

P6–2-K 5.48 1/54.84 4.86 72.92 3.51 4.81 99 54,900–26,700

P6–4-K 2.16 1/28.28 9.43 62.24 5.49 8.82 94 52,100–65,000

P9–3-K 5.08 1/51.64 5.16 72.79 3.50 4.81 93 85,100–44,700

P12–4-K 4.82 1/49.56 5.38 67.49 4.11 6.09 113 128,000–71,500

P30–10-K 5.25 1/53.00 5.03 68.08 5.97 8.77 174 319,300–164,100

P3–2–3-K 5.33 1/53.64 4.97 72.40 3.44 4.75 96 53,000–26,300

a Calculated from the division of the weight ratio of S/C from elemental

analysis by the theoretical weight ratio of S/C.

b Based on the experimental DS%

FIGURE 2 1H NMR spectrum of P12-4-NR4 in CDCl3.
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interestingly, showed a less-organized microstructure having
parallel dark and bright strips arranged alternatively despite
the expectation for a ordered lamellae morphology. The dark
strips, averaging 200-300 nm in width, were composed of
interconnected short-worms, and each worm contained sev-
eral to tens of beads (spheres). The formation of beads
might associate with the large molecular weight leading to
more interaction between sulfonic acids in sPHS-NR4 to pro-
duce aggregations of sulfonic acids despite a good degree of
complex of NR4

þ to SO3
�. All the above four N-membranes

prepared from PS-b-sPHS-NR4 having similar compositions
but different molecular weights showed different morpholo-
gies, suggesting factors affecting the resulting microstruc-
tures are more complicated than the incompatibility between
the two constituting blocks. For N6-1, N6-2, and N6-4, pre-
pared from PS-b-sPHS-NR4 having similar PS block and dif-

ferent lengths of sPHS segments, the microstructures were
found to be determined by the molecular weight ratio
between PS and sPHS. N6-1 showed an ill-defined morphol-
ogy with discontinuous sPHS domains dispersed in PS matri-
ces, although sPHS cylindrical morphology was expected
according to �30 wt % content of sPHS-NR4 in P6-1-NR4.
The high degree of sulfonation, the pendant flexible spacers
and the low degree of complex of NR4

þ to SO3
� would all

contribute to a much stronger interaction between sulfonic
acids to disrupt the regularity of the morphology. In Figure
3(d), N6-4 exhibited a cylindrical morphology with PS em-
bedded in sPHS matrix despite the expectation for a lamellae
morphology based on 62 wt % of sPHS-NR4 in P6-4-NR4.
The high volume fraction of sPHS-NR4 might attribute to the
bulkiness of NR4 to occupy more volume and to prevent coil-
ing of sPHS-NR4.

TABLE 3 Elemental Analysis Results and Degree of Complex (DC) of NR4
1 to SO3

2 in PS-b-sPHS-NR4

Sample

Elemental Analysis Degree of Complex

(DC ¼ Molar

Ratio of N/S)a

Calculations Based on DC

S (wt %) N (wt %) Mn of PS-b-sPHS-NR4 Weight % of sPHS-NR4

P3–1-NR4 3.50 0.54 0.357 28,400–17,400 38.0

P6–1-NR4 2.86 0.45 0.323 47,900–20,200 29.7

P6–2-NR4 3.70 0.87 0.526 54,900–34,500 38.6

P6–4-NR4 4.11 1.03 0.556 52,100–83,900 61.7

P9–3-NR4 3.89 1.06 0.625 85,100–60,000 41.4

P12–4-NR4 3.18 1.17 0.833 128,000–102,800 44.6

P30–10-NR4 3.18 0.99 0.714 319,300–225,600 41.4

a DC described the number of NR4
þ attached to a SO3

�, which could be obtained from the molar ratio of N/S suggested by elemental analysis

results as [N (wt %)/14]/[S (wt %)/32].

FIGURE 3 Cross-sectional TEM images of N-membranes: (a) N3-1, (b) N6-1, (c) N6-2, (d) N6-4, (e) N9-3, (f) N12-4. The dark areas

represent the sPHS-rich domains.
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In contrast to the N-membranes, K-membranes generally
showed morphologies having sPHS domains dispersing in PS
matrix with poor arrangements and some continuity. The
sizes of the sPHS domains, around 100–300 nm, did not
have clear correlations with the molecular weights. The lack
of organization in the morphologies could be attributed to
the self-aggregation of sPHS-K, much stronger than the
microphase segregation of the block copolymer, dominating
the driving forces for the microstructure formation. Interest-
ingly, the sPHS domains in K9-3 [Fig. 4(c)] and K12-4 [Fig.
4(d)] formed hallow channels, which might result from the
stronger microphase separation between PS and sPHS-K due
to the larger molecular weights to compete with the self-
aggregation of sPHS-K. In K3-2-3, prepared from the triblock
copolymer P3-2-3-K having compositions and molecular
weights similar to P6-2-K, the sPHS domains (dark areas)
were randomly distributed in the PS matrix [Fig. 4(f)] with
much smaller domain sizes in comparison with K6-2 [Fig.
4(b)], suggesting a denser packed microstructure owing to
the physical crosslinking of a ABA triblock copolymer.39

Small angle X-ray scattering (SAXS) studies, whose patterns
are shown in Figure 5, were performed on unstained dry N-
membranes to further investigate the morphological informa-
tion to exclude the artificial effect cause by staining in the
TEM studies. For N3-1, only a broad peak at q1 correspond-
ing to a d-spacing of 36 nm was observed, suggesting a less
ordered microstructure in accordance with the morphology
depicted by the TEM image showing lamellar-like arrange-
ment of beads. N6-2 and N9-3 showed clear patterns with
distinct peaks at q1, 2q1, 3q1…, where q1 was referred to the
Bragg spacing of 62 and 85 nm for N6-2 and N9-3, respec-
tively. These scattering patterns typically suggested lamellar
morphologies, in agreement with the observation from TEM.

Nevertheless, the d-spacings determined from the SAXS stud-
ies were much smaller than the periodicities of the lamellae
observed from TEM. N12-4 exhibited a broad peak corre-
sponding to a d-spacing of 80 nm, indicating a less ordered
morphology. For N6-4, scattering peaks at q1,

ffiffiffi

3
p

q1 were
detected with q1 ¼ 0.015 referring to d-spacing ¼ 42 nm,
which suggested a cylindrical morphology. Although the mor-
phologies suggested by SAXS studies and by TEM studies
were generally in good agreement, the periodicities deter-
mined from the SAXS patterns were smaller than those iden-
tified by the TEM studies by two to three times. The remark-
able differences in domain sizes have not been observed in
the s-SEBS systems.21,40 Unfortunately, SAXS could not be
performed on the stained samples to further verify the origin

FIGURE 4 Cross-sectional TEM images of K-membranes: (a) K3-1, (b) K6-2, (c) K9-3, (d) K12-4, (e) K30-10, (f) K3-2-3. The dark

regions represent the sPHS-rich domains.

FIGURE 5 SAXS of dry N-membranes.
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of the discrepancy since the very strong contrast between
stained sPHS domains and unstained PS domains leading to
signal intensities exceeded the limit of the instrument. This
difference might possibly result from the stretch of flexible
spacers upon staining to direct the sulfonic acids away from
the polymer backbone to reduce the packing density. Once
the sulfonic acids bonded with lead ions, the stretched alkyl
chains would retain extension after drying to result in larger
domain sizes for the stained samples.

By comparing the domain sizes of the s-SEBS membranes
and those of N-membranes having similar molecular weights
and compositions, the formers were apparently smaller than
the laters. For example, the membrane casting from s-SEBS
(Mw � 118,000, 28 wt % PS, 42 mol % DS) dispersing in a
80/20 THF/MeOH cosolvent exhibited a lamellar microstruc-
ture with the ionic domain in �8 nm and the lamellar thick-
ness in �30 nm,21,22 while the periodicity of the lamellae in
N9-3 was �85 nm as suggested by the SAXS studies. The
much larger domain size in N-membranes could be attrib-
uted to the presence of alkyl spacers as well as the bulkiness
of NR4 to occupy more spaces during the formation of
membranes.

Transport Properties of the Membranes
Table 4 summarizes the transport properties of the N-mem-
branes and K-membranes in protonated forms. The mem-
branes prepared from P3-1-Z, P6-2-Z, P9-3-Z, P12-4-Z, and
P30-10-Z (Z ¼ NR4 or K), possessing similar compositions
but different molecular weights exhibited similar IEC (1.0–
1.1 mmol/g) slightly smaller than the theoretical IEC (�1.2
mmol/g) based on 100% degree of sulfonation. The mea-
sured IEC values for N6-1 and N6-4 were 0.76 and 1.87,
which were also slightly smaller than the theoretical values
of 0.9 and 2.0, respectively. The proximity of the experimen-

tal and the theroretical IEC values also suggested the high
degree of sulfonation.

Figure 6(a,b) show the water uptake (WU) and the methanol
uptake (MU) of N- and K-membranes of P3-1-H, P6-2-H, P9-3-
H, P12-4-H, and P30-10-H, respectively. WU (32–71%) of both
N- and K-membranes were higher than WU of Nafion 117
(25%), indicating the greater water affinities in these mem-
branes. As suggested by the TEM images and the SAXS studies,
pendant alkylsulfonated side chains would expand the size of
proton conducting channels resulting in an increase in the vol-
umes for water absorption. Nevertheless, the WU of these
membranes were smaller than that (98%) of the s-SEBS mem-
brane having similar IEC, which might infer the pendant alkyl-
sulfonated side chains would suppress the swelling of the
membranes. For N-membranes, the increment in molecular
weight of the block polyelectrolyte would lead to the suppres-
sion in WU due to the dimensional stabilization by the larger
hydrophobic domains. For K-membranes, no clear trend was
observed for WU as a function of molecular weight. Consider-
ing the membranes prepared from the same PS-b-sPHS with
the sulfonic acids in different forms, N3-1 and N6-2 exhibited
higher WU than their counterparts in K-membranes; while K9-
3 and K12-4 showed larger WU than the corresponding N-
membranes. The above observation might attribute to the var-
iance in morphologies: the ordered morphologies in N3-1 and
N6-2 would assist the water absorption through well-con-
nected hydrophilic domains; while the hallow channels in K9-
3 and K12-4 might function as water reservoirs to further
enhance the water uptake. Except N3-1, all the membranes
exhibited MU lower than or close to that of Nafion 117
(�78%) and much smaller than that of s-SEBS (�300%). The
trends for MU regarding the effect of molecular weights are
similar to those for WU. In contrast to Nafion 117 and s-SEBS,
whose MU is almost triple of the WU, MU of these PS-b-sPHS
membranes are only slightly higher than WU, suggesting the

TABLE 4 Transport Properties of the Membranes Prepared from PS-b-sPHS

Membranes

IECb

(mmol/g) WU (%) MU (%) kw

r � 102

(S/cm)

MP � 106

(cm2/s)

WP � 106

(cm2/s)

U � 10�4

(S s/cm3)

Nafion117 0.91 25 79 15.2 10.62 4.85 1.20 2.18

s-SEBSa 0.98 98 360 55.6 3.80 1.70 - 2.24

N3–1 1.05 69 127 36.5 4.64 1.29 1.72 3.60

N6–1 0.76 14 44 10.2 0.41 0.10 0.02 4.10

N6–2 1.09 60 80 29.3 3.64 0.98 1.97 3.71

N6–4 1.87 166 218 49.3 10.46 2.82 5.35 3.71

N9–3 1.01 58 72 31.9 4.37 0.83 2.32 5.27

N12–4 1.00 32 60 17.6 6.63 0.58 1.45 11.43

K3–1 1.09 56 75 28.6 6.24 0.58 1.33 10.76

K6–2 1.11 38 62 18.7 2.02 0.65 1.21 3.11

K9–3 1.01 71 86 39.1 3.13 0.56 1.01 5.59

K12–4 0.97 38 43 21.8 2.02 0.34 0.74 5.94

K30–10 1.04 51 60 27.2 1.54 0.57 1.54 2.70

K3–2–3 1.09 44 60 22.2 3.90 0.45 0.87 8.67

a Retrieved from ref. 22. b By titration.
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pendant alkylsulfonated groups could result in relative high
WU and low MU.

Figure 7 shows the proton conductivity (r) measured at room
temperature and 100% relative humidity as well as the metha-
nol permeability (MP) of the N- and K-membranes of P3-1-H,
P6-2-H, P9-3-H, P12-4-H, and P30-10-H. The N-membranes
exhibited higher proton conductivities than their counterparts
of K-membranes except N3-1, suggesting the well-organized
morphologies in the formers should assist the proton conduc-
tion. The proton conductivities of those N-membranes were
smaller than that of Nafion 117 but in the same order of mag-
nitude owing to the weaker acidity of alkylsulfonic acids in
comparison with fluorosulfonic acids. Nevertheless, these
membranes exhibiting ordered morphologies possessed
higher proton conductivities than the s-SEBS membranes,
which could be attributed to both the larger domain sizes as
well as the alkylsulfonated side chains promoting the relay
motion of protons since the alkyl spacers could serve as pen-
dulum to enhance the movement of sulfonic acids. Among
these membranes, N12-4 exhibited the largest proton conduc-

tivity despite the lowest WU. The proton conductivity is usu-
ally strongly dependent upon the amount of water absorbed
in the membrane when vehicular mechanism predominantly
contributes to the proton conduction. Hence, the above obser-
vation might infer that the relay mechanism participated more
progressively in the proton conduction in N12-4 for more effi-
cient utilization of sulfonic acids, which might owing to the
unique morphology. For K-membranes showing less-ordered
morphologies, the proportionality between the proton conduc-
tivity and the WU stood as expected.

The temperature dependent proton conductivities of N9-3
and N12-4 at relative humidity 60% ranging from 20 to 100
�C, shown in Figure 8, were higher than those of Nafion 117
through all the temperature range and which increased with

FIGURE 6 (a) Water uptake and (b) methanol uptake of mem-

branes N3-1, N6-2, N9-3, N12-4 and K3-1, K6-2, K9-3, K12-4,

K30-10. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

FIGURE 7 Proton conductivity and methanol permeability (MP)

of membranes N3-1, N6-2, N9-3, N12-4 and K3-1, K6-2, K9-3,

K12-4, K30-10. The solid lines represent the proton conductivity

and the dashed lines represent the methanol permeability.

FIGURE 8 Temperature dependent proton conductivity of N9-3,

N12-4, and Nafion 117 at 60% relative humidity. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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increasing temperature. It is worthy to point out that the
pendant alkylsulfonated side chains distributed in the well-
organized sPHS domains should assist the proton conduction
at low relative humidity possibly through the movement of
side chains and the formation of nano-water reservoirs
within the sPHS domains, enabling these membranes good
candidates for high temperature PEMFC. More investigations
will be carried out to understand the origin of the enhance-
ment in proton conductivity.

The methanol permeability of all the membranes, much
smaller than that of Nafion 117, was found to closely relate
to the propensity of MU. N-membranes exhibited higher MP
than the corresponding K-membranes despite that K9-3 pos-
sessed a larger MU than N9-3. Since methanol molecules
would permeate through the membrane via the hydrophilic
channels preferentially, the well-organized morphologies in
N-membranes could lead to more effective methanol trans-
portation. These N membranes also showed MP only 1/2–1/
3 of the MP of the s-SEBS membrane exhibiting well-organ-
ized morphology,22 suggesting the alkyl spacers in the pend-
ant alkylsulfonic acids might assist the blockage of methanol
transportation. One of the most interesting features of these
new membranes is that the water permeability is larger than
the methanol permeability by two to three times while the
WP is only a quarter of the MP in Nafion 117, indicating
these membranes possess higher water affinity to enhance
back diffusion of water which could be helpful in water man-
agement for passive modules.

WU, MU and MP, and solvent permeability of N6-1, N6-2,
and N6-4 were depicted in Figure 9(a), while IEC and proton
conductivity of the above membranes were shown in Figure
9(b). As discussed above, IEC increased with the increment
of the length of sPHS segment, leading to augmentation in all
the mentioned properties. Although IEC of N6-2 (1.09) was
only 1.4 times of IEC of N6-1 (0.76), the proton conductivity
and MP for the former are almost 10 times higher than those
for the later. In contrast, IEC of N6-4 (1.87) was 1.8 times
higher than IEC of N6-2; however, the transport properties
for N6-4 were only triple of the corresponding properties for
N6-2. These changes in the transportation properties suggest
the continuity of the proton conducting domains should play
a significant role as N6-1 showed isolated sPHS domains
while N6-2 showed well-organized lamellar morphology. It
was noticed that, different from all the other membranes,
the water permeability was only 1/5 of the methanol perme-
ability of N6-1 due to the much smaller water uptake, indi-
cating the continuity of the hydrophilic domains is more crit-
ical to the water transportation than to the methanol
diffusion.

P3-2-3-H and P6-2-H possessed similar compositions and
molecular weights except the former was a triblock copoly-
mer while the later was a diblock one. Their corresponding
membranes K3-2-3 and K6-2 showed similar IEC, WU, and
MU; nevertheless, the former exhibited a higher proton con-
ductivity and a lower methanol permeability. As suggested
by the TEM studies, PS in K3-2-3 might form physical cross-

links to confine the domain sizes so that the methanol and
water permeation were suppressed. Despite of the smaller
hydrophilic domains, the higher proton conductivity of K3-2-
3 might be contributed from the more pronounced relay
motion of protons between the alkylsulfonated side chains.

The selectivity, interpreted as the ratio of the proton conduc-
tivity to the methanol permeability, has been generally con-
sidered as an efficiency indicator for a PEM. A membrane
with a higher selectivity should have a higher potential for
better fuel cell performance. As shown in Figure 10, the se-
lectivity of all the membranes were better than that of
Nafion 117. For N3-1, N6-2, N9-3, and N12-4, the larger mo-
lecular weight would lead to a higher selectivity since the
increasing size of the hydrophobic domains would enhance
the dimensional stability and thus suppress the methanol
crossover. N12-4, despite a less-organized morphology, exhib-
ited a much higher selectivity, which might attribute to its
unique microstructure with interconnected hydrophilic beads
where the linkages between beads might serve as bottle-
necks for methanol transportation. For K3-1, K6-2, and K30-
10 having similar irregular morphologies should have exhib-
ited similar selectivity; nevertheless, K3-1 showed a much

FIGURE 9 (a) Solvent uptake and solvent permeability; (b) IEC

and proton conductivity of membranes N6-1, N6-2, and N6-4.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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higher selectivity because of the high proton conductivity
resulted from the unevenness of the membrane with sulfonic
acids concentrated in the middle of the membrane. In con-
trast, the selectivity of K9-3 and K12-4 were twice higher
than those of K6-2 and K30-10 because of the hallow chan-
nels for efficient proton transportation. For K3-2-3 and K6-2,
the former made from the triblock copolymer showed selec-
tivity almost triple of the later owing to the much densely
packed morphology. It was noticed that the selectivities of N-
membranes were not necessarily higher than the selectivities
of their counterparts in K-membranes, suggesting that the
membranes with well-organized morphologies might not be
the best for the selectivity.

EXPERIMENTAL

Materials
All reagents were purchased from Aldrich, TCI, Alfa or
Acros and used as received without further purification
unless described specifically. All solvents were from EHCO
or Mallinckrodt. Styrene (SHOWA, 99%þ) and 4-tert-butoxy-
styrene (tBS) (Aldrich, 99%þ) were purified by stirring
with di-n-butylmagnesium for 24 h at room temperature
under nitrogen. The dried monomers were distilled and
stored in custom designed RotafloVR reservoirs. Tetrahydro-
furan (THF) was predried over calcium hydride and distilled
from a mixture of sodium and benzophenone under nitrogen
atmosphere.

Synthesis of PS-b-sPHS
The precursor poly(styrene-block-4-tert-butoxystyrene), denoted
as PS-b-PtBS, was synthesized via anionic polymerization with
sequential monomer addition at �78 �C in THF using sec-BuLi
(1.3 M solution in cyclohexane) as the initiator. A general proce-
dure is described below using P3-1, consisted of a polystyrene

segment with the target Mn of 30000 and a poly(4-tert-butoxy-
styrene) with the targetMn of 10,000, as an example.

Dried THF (200 mL) was distilled from the THF solution of
living polystyryl anion and collected in a custom designed
flask equipped with RotofloVR stopcock. A suitable quantity of
sec-BuLi was added at �78 �C to remove the impurities and
the THF was then allowed to warm to room temperature
slowly. sec-BuLi (232 lL, 0.30 mmol) was added to the
above THF at �78 �C under nitrogen and purified styrene
(9.0 g, 87 mmol) was then transferred from the reservoir to
the mixture at the same temperature. The polymerization of
styrene was allowed to perform for 1 h and 1 mL polymer
solution was transferred to 3 mL methanol for sampling. 4-
tert-butoxystyrene (tBS, 3.0 g, 17 mmol) was transferred
into the above polystyryl anion solution at �78 �C under
nitrogen to undergo the polymerization of tBS. After another
1 h, anhydrous degassed methanol (2 mL) was added to ter-
minate the polymerization. The crude block polymer was iso-
lated by precipitation in methanol and the following filtra-
tion. Further purification through repeating dissolution-
precipitation afforded the final product.

The tert-butyl group was removed by treating PS-b-PtBS (1)
(12 g; 17.04 mmol of PtBS) with hydrochloric acid (37 wt %
in water, 7.055 mL) in 200 mL 1,4-dixoane at 60 �C for 36 h.
The crude product was obtained by precipitating the reac-
tion mixture in hexane. The precipitates was then washed
with copious amounts of water and dried under vacuum at
40 �C for 24 h to afford purified PS-b-PHS (2) (10.8 g).
Yield: 95%.

The sulfonic acid groups were grafted onto the PHS segment
by reacting PS-b-PHS (10.8 g; 17 mmol) with potassium
hydride (3.6 g; 25 mmol) and 1,3-propanesultone (5.35 g; 34
mmol) in 150 mL anhydrous THF at 60 �C under nitrogen
for 24 h. The excess KH was quenched by slow addition of
hydrated methanol (20 mL). The reaction mixture was then
pouring into a large amount of water to produce the precipi-
tates as the crude product. The precipitates were collected
and washed with hexane and methanol and dried under vac-
uum at 40 �C to afford purified PS-b-sPHS-K (3) (13.2 g).
Yield: 94%.

Synthesis of sPHS-b-PS-b-sPHS
The synthesis of the triblock copolymer poly(4-tert-butoxys-
tyrene-block-styrene-block-4-tert-butoxystyrene), PtBS-b-PS-
b-PtBS, was similar to that of the diblock copolymer PS-b-
PtBS except the mixture of sodium (1.25 g; 54 mmol)/naph-
thalene (6.4 g; 50 mmol) in 50 mL anhydrous THF was used
instead of sec-BuLi as a bifunctional initiator. A small amount
of the initiator solution was transferred to 15 mL methanol/
water (v/v ¼ 1/2) mixture and the above sampling mixture
was titrated using 0.1 M diluted hydrochloric acid to identify
the effectively concentration of the initiator as 0.85 M.41

Characterization of the Block Polyelectrolytes
and the Precursors
Gel permeation chromatography (GPC) measurements were
carried out using VISCOTEK HT-GPC module 350 with THF

FIGURE 10 Selectivity of all membranes prepared. The dash

line represents the selectivity of Nafion 117.
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as eluting solvent at 35 �C with an elution rate of 1 mL/min.
Polystyrene standards were obtained from VISCOTEK for cal-
ibration. 1H NMR spectra were obtained from BRUKER NRX-
400 MHz spectrometer using CDCl3 or THF-d8 as solvent.
Elemental analysis (EA) was performed with an HERAEUS
VarioEL-III (N, C, S, and H elements) using Sulfanilic Acid
and Acetanilide as standards.

Membrane Preparation
The membranes were prepared from solvent casting of PS-b-
sPHS with sulfonic acids in the forms of potassium salts
(denoted as PS-b-sPHS-K) and tetra-akylammonium salts
(denoted as PS-b-sPHS-NR4). PS-b-sPHS-K was dispersed in
N-methyl-2-pyrrolidone (NMP) at a concentration of 5 wt %
and the corresponding membrane was obtained by heating
the suspension at 50 �C for 2 h and then at 70 �C for 24 h.
The membrane was further dried under vacuum at 60 �C for
48 h. PS-b-sPHS-NR4 (4) was obtained by replacing Kþ in
SO3K with NR4

þ according to the following procedure. Tetra-
propylammonium hydroxide was added dropwise to a dis-
persion of PS-b-sPHS-K in CH2Cl2 until the dispersion
became clear. The resulting mixture was stirred overnight at
room temperature and then was concentrated to a small vol-
ume followed by the addition of methanol to afford the pre-
cipitates of PS-b-sPHS-NR4. The membranes were obtained
by heating a 5 wt % PS-b-sPHS-NR4 solution in THF/NMP
(w/w ¼ 1/1) at 50 �C for 2 h, 60 �C for 12 h, and then 70
�C for 24 h. The membranes were then annealed at 120 �C
under vacuum for 48 h. The sulfonic acids were regenerated
by immersing the membranes in a 1.5 M H2SO4 solution at
50 �C for 24 h to exchange Kþ and NR4

þ back into Hþ, and
the membranes with sulfonated groups in acid form were
then washed with DI water several times to remove the
excess sulfuric acid.

Ion Exchange Capacity (IEC), Water and Methanol
Sorption
A membrane was equilibrated in a saturated NaCl solution
for 24 h at 40 �C to exchange protons with sodium ions. The
resulting solution was titrated with 0.01 M NaOH using phe-
nolphthalein as indicator. After titration, the membrane was
placed in a 1.5 M H2SO4 solution for 24 h to reprotonate the
membranes, and was then dried under vacuum for 12 h at
60 �C to measure the weight of the dry membrane. IEC of
the membrane (mmol/g) was calculated according to eq 3.

IEC ¼ MNaOHVNaOH

Wdry
(3)

where MNaOH and VNaOH are the molar concentration of
NaOH solution and the volume used in titration, respectively.
Wdry is the weight of the dry membrane with sulfonic acid in
H form.17

The dry membrane was equilibrated in deionized water or
50 vol % methanol solution at 40 �C for 12 h and blotted
with a Kimwipe to remove surface water to measure the
weight of wet membrane. The water and the methanol

uptake of the membrane were calculated according to eqs 4
and 5, respectively.

WU ð%Þ ¼ Ww �Wdry

Wdry
� 100% (4)

MU ð%Þ ¼ WM �Wdry

Wdry
� 100% (5)

The number of water molecules absorbed per ion exchange
site (kw) was calculated using eq 6.

kw ¼ WU

Mð18Þ � IEC
� 1000 (6)

Electrochemical Impedance Spectroscopy42

The proton conductivity of a membrane was measured at
room temperature using Alternating-current (AC) impedance
analyzer ZAHNER IM6eX with a through-plane setup
attached the platinum electrode with 1 mm diameter. The
impedance measurement was carried out from 3 MHz to 1
Hz at voltage amplitude of 10 mV. The membranes were
immersed in deionized water at least 12 h before measure-
ment. The conductivity was calculated from the ohmic resist-
ance determined from the intercept of the real-imaginary im-
pedance curve with impedance axis. The proton conductivity
was obtained using the following eq 7.

r ¼ L

R� A
(7)

where r is the proton conductivity (S/cm), L is the thickness
of membranes (cm), R is the ohmic resistance of the mem-
brane (X) and A is the area of the electrode (cm2).

Temperature-varied data were collected using custom
designed cell with a through-plane setup having two stain-
less electrodes (top electrode area ¼ 0.0314 cm2 and bottom
electrode area ¼ 0.785 cm2) in a environmental control
oven. The sample was placed between the two separate elec-
trodes in contact with only the bottom electrode, 1 h after
the desired temperature and R.H. were reached, the top elec-
trode was then pushed down to contact the sample. The EIS
measurement was carried out after another 30 minutes to
ensure the equilibrium condition. The dimensions of the
samples were assumed to be constant through the
experiments.

Methanol Permeability (MP) and Water
Permeability (WP)
Methanol permeability was measured at room temperature
by a side-by-side glass diffusion cell. Forty milliliter of 50
vol % methanol solution and 40 mL deionized water were
placed at the two opposite sides of the membrane. Methanol
flux and water flux were established across the membrane
due to the concentration difference between the two com-
partments. After a certain period, usually 4–6 h, the weight
of methanol diffuse from the methanol side to the water
side and the weight of water diffuse from the water side to
the methanol side can be obtained from the calculation
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associated with the total weight and the concentration of
methanol (wt %), measured by density/concentration meter
(DMA N35 Anton paar), at each side before and after the ex-
perimental according to eqs 8 and 9, respectively.

WMeOH;D ¼ ðwt %ÞMeOH@W;F �WW;F (8)

WH2O;D ¼ WW;I þWW;F �WMeOH;D (9)

Where WW,I and WW,F are the weight of the solution at the
water side before and after the experiment respectively;
while (wt %)MeOH at W,F is the concentration (wt %) of MeOH
in the solution at the water side after the experiment.

A model experiment was carried out within the experiment
period for the crossover measurement to monitor the change
of the methanol concentration versus time and a linear rela-
tionship was observed. Thus we could assume that the
amount of water/methanol diffused through the membrane
change linearly with time during the experiment. The metha-
nol flux and the methanol permeability could be retrieved
using eqs. 10 and 11, respectively.

FluxMeOH ¼ WMeOH;D=Mð32Þ
A� t

(10)

PMeOH ¼ FluxMeOH � L

DCMeOH
(11)

where WMeOH, D is the total weight of methanol diffused, M
is the molecular weight of methanol, t (sec) is the time
allowed for the permeation experiment, A (cm2) and L (cm)
are the effective area for diffusion and the thickness of the
membrane, DCMeOH is the average difference in the molar
concentration of methanol between the two sides of the
membrane throughout the experimental period. The flux and
the permeability of water can also be simultaneously
obtained using the same equations by replacing WMeOH, D

with WH2O, D, DCMeOH with DCH2O and using M(18) instead of
M(32).

The selectivity (U), evaluating the overall membrane per-
formance, is defined by the following relationship:

U ðS=cm3Þ ¼ r
P

(12)

where r is the proton conductivity (S/cm) and P the metha-
nol permeability (cm2/s) through of the membrane.

Morphologies of Membranes, Transmission Electron
Microscopy43 and Small Angle X-Ray Scattering
A piece (1 mm � 5 mm) of the membrane were stained by
soaking it in a saturated lead acetate solution for 12 h with
the following wash with DI water and drying under vacuum
at 60 �C for 2 h.44 TEM imagines of the microtomed thin sli-
ces were obtained from JOEL JEM-1230 TEM using an accel-
erating voltage of 100 kV with Gatan DualVision CCD Cam-
era. Small angle X-ray scattering was performed at 23A1
beam line at the National Synchrotron Radiation Research
Center (NSRRC) in Taiwan.45 The X-ray beam of a vertical

divergence of 0.3 mrad was extracted from the superconduct-
ing wavelength shifter source and focused by an Rh-coated
mirror to the detector position, with a focused beam size of
1.0 mm by 1.5 mm in the vertical and horizontal directions,
respectively. Ge (111) double crystal monochromator was
used for monochromating the beam for an energy about 39%
for 7 keV photons was used it obtain photon numbers with a
wave of k ¼ 1.77 Å and an energy resolution DE/E of �10�3.
The distance between the sample and the detector was 2.4 m.
The wave vector transfer of scattered photons q ¼ 4p sin (h/
2)/k is defined by the scattering angle y and wavelength k. Ag-
behenate was used for the calibration of the q value.

CONCLUSIONS

A series of novel block polyelectrolyte PS-b-sPHS containing
pendant alkylsulfonic acids with accurate molecular weight
control, narrow polydispersity and high degree of sulfonation
were successfully synthesized via anionic polymerization and
the following analogous chemistry. In comparison with the
accustomed postsulfonation, the sultone chemistry would
lead to a highly-efficient sulfonation via a mild reaction.
PEMs were prepared from PS-b-sPHS with sulfonic acids in
potassium salts and tetraproylammonium salts; and the for-
mers exhibited less ordered morphologies while the latter
showed well-organized morphologies. The presence of the
alkyl spacers and the columbic interactions between polye-
lectrolytes would complicate the microphase separation and
hence resulted in some unique morphologies. The transport
properties of the membranes were found to closely relate to
the morphologies and the domain sizes, which were affected
by various factors including the compositions, the molecular
weights and the forms of the sulfonic acids. The more organ-
ized morphologies did lead to enhancement in proton con-
ductivity and the continuity of the hydrophilic domains was
found to critical to water permeation and effective proton
transportation. Nevertheless, the organized morphologies did
not necessarily provide the best selectivity. In addition, the
movement of the pendent alkylsulfonic acid groups might
also involve in the improvement of the transport properties.
Comparing to the corresponding s-SEBS membrane having
similar IEC, both N-membranes and K-membranes exhibited
improved proton conductivities and methanol permeability
in the order of 10�7 cm2/s, leading to much improved selec-
tivities. The best selectivity could be higher than that of
Nafion 117 by five times at most.
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