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ABSTRACT: A series of reactive poly(norbornenylethylstyrene-s-styrene)-poly(n-propyl-p-styrenesul-
fonate) (PNS-PSSP) block polymers were prepared by atom transfer radical polymerization. Solutions
containing PNS-PSSP, the cyclic olefins dicyclopentadiene and/or cyclooctene, and the second-generation
Grubbs metathesis catalyst were prepared, cast as thin films, and allowed to cure at room temperature by a
ring-opening metathesis polymerization mechanism. Small-angle X-ray scattering (SAXS) data on cured
films were consistent with the formation of nanostructuredmaterials containing PSSP domains confined in a
cross-linkedmatrix of themetathesis-reactive PNSblock and the poly(cyclic olefins). The PSSPphase in these
filmswas converted into the sulfonic acid formby hydrolysis of the propyl sulfonate ester. The resulting cross-
linked polymer electrolyte membranes (PEMs) were characterized by SAXS and transmission electron
microscopy. A bicontinuous morphology with continuous domains of the sulfonic acid phase supported by a
continuous and mechanically robust phase was evident in these films. The molecular weight of the PNS-
PSSP block polymer controlled the domain sizes, and the mechanical properties of the membranes could be
tuned through the choice of cyclic olefins used. The PEMs exhibited pronounced mechanical and thermal
robustness. Furthermore, proton conductivities in all the PEMswere similar to those observed inNafion (the
most frequently used PEM in fuel cells) at high humidity. Select PEMs showed significantly lower methanol
crossover than Nafion while maintaining high-saturated proton conductivities, which could result in higher
direct methanol fuel cell power densities. This reactive block polymer strategy for the preparation of PEMs is
attractive due to the ready formation of bicontinuous structures, the facile control of domain size, and the
ability to independently control mechanical and swelling properties of the matrix material.

Introduction

Fuel cells are promising alternative energy delivery devices
capable of highly efficient chemical energy conversions for a
range of practical applications spanning portable electronic to
automotive technologies.1 Direct methanol fuel cells (DMFCs),
in particular, have received a great deal of attention2 as alter-
natives to lithium ion rechargeable batteries due to their high
power densities, sustainable nature,3 and the convenient nature of
the liquid fuel (i.e., for instant recharge). A key component of fuel
cells is the polymer electrolyte membrane (PEM) that separates
the anodic and cathodic reactions while simultaneously allowing
proton transfer.4

Currently,Nafion, a perfluorinated ionomer, is the benchmark
PEM for the DMFC due to its high proton conductivity and
excellent chemical, oxidative, and mechanical stabilities.5 The
high proton conductivity of Nafion has been attributed to
its ionic structure in the fully hydrated state. Although various
morphological models for Nafion have been presented, a phase-
segregated morphology with continuous ionic domains is well
accepted. For example, Hsu and Gierke6a proposed a morphol-
ogy with ionic clusters less than 5 nm in size contained in the
perfluorinated matrix linked by narrow ionic channels of about
1 nm in diameter.6 The bicontinuity of this morphology is
important for the performance of Nafion; the continuous ionic
structure allows for proton conductivity, and the continuous
matrix provides ample mechanical support. However, the use of

Nafion in DMFCs has generally limited overall efficiencies to
∼20-25% and feed concentrations to∼1-2Mmethanol due to
methanol crossover (high methanol permeability in Nafion).7 If
PEMswith high proton conductivity and lowmethanol crossover
could be developed, then higher methanol concentrations could
be used (e.g.,∼18M; the ideal equimolar half cell reaction in the
DMFC), resulting in significantly higher DMFC efficiencies and
power densities.

Many efforts to design alternatives to Nafion have been
reported, and this area has been extensively reviewed over the
past decade.8 Some key examples of sulfonated homopolymers
include sulfonated polystyrene (SPS),9 polyimides,10 polyphos-
phazenes,11 polybenzimidazoles,12 poly(phenylene sulfone)s,13

poly(arylene ether)s,14 and aromatic copolymers.15 In all of the
aforementioned sulfonated membranes, the ionic nanostructures
were, in general, poorly controlled.

Over the past several years, nanostructured PEMs produced
from block and graft copolymers containing SPS have been
extensively studied. Self-assembled block copolymers can lead
to well-defined nanostructures where the morphology and do-
main size are tunable on the nanoscopic length scale.16 More
importantly, the physical attributes of the resultant materials can
be independently tailored in many cases. For example, grafting
SPS onto a fluorinated polymer using radiation-mediated poly-
merizations,17 chemical grafting of SPS on PS,18 poly(arylene
ether),19 poly(ethylene-co-tetrafluoroethylene),20 poly(vinylidene
difluoride),21 and poly(vinylidene difluoride-chlorotrifluoro-
ethylene)22 have all been explored. Studies of these graft copoly-
mer membranes presented compelling evidence that ionic
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conductivity was significantly enhanced by forming continuous
nanochannels of polyelectrolyte in the matrix material; proton
conductivity of all these membranes was an order of magnitude
higher than that of SPS, a material that exhibited no clear
nanostructure at similar ionic contents.

Studies on other block polymers, such as sulfonated PS-b-
poly(ethylene-s-butene)-b-PS,23 sulfonated PS-b-polyisobutene-
(PIB)-b-PS,24 poly(ethylene-s-styrene) with short alternating
sulfonted PS segments,25 and poly(vinylidene difluoride-
hexafluoropropylene)-b-SPS26 have also indicated that the
orientation of ionic domains in the PEM membrane could have
a significant effect on the proton conductivity; the copolymer
composition and the membrane preparation conditions are
critically important in this regard. For example, Park et al.27

studied a series of poly(methylbutylene) (PMB)-b-SPS diblock
polymers and showed that the bicontinuous morphologies like
gyroid or perforated lamellae benefited the proton conductivity.
Moreover, they clearly demonstrated that the domain sizes
formed by the SPS block played a critical role in preventing
membrane dehydration at high temperatures or low humidities.
For example, some PEMs with domain sizes <5 nm in the dry
state exhibited increases in conductivity with increasing tempera-
ture up to 90 �C. They proposed that the suppression of water
evaporation from the PEMs was due to the capillary condensa-
tion of the water in confined nanochannels, thus reducing its
chemical potential. From these studies we can conclude that the
morphology in self-assembled PEMs and the size of the ionic
phase are critically important to achieve a material with high
proton conductivity at high temperatures and low humidities.

We aim to produce new cross-linked PEMs that (i) adopt a
bicontinuous structure, (ii) contain a SPS phase, (iii) possess
tunable domain sizes, and (iv) are mechanically and thermally
robust. To this end, we prepared a series of poly(norbor-
nenylethylstyrene-styrene)-poly(n-propyl-p-styrenesulfonate)
(PNS-PSSP) block copolymers by atom transfer radical poly-
merization (ATRP) and utilized these materials in a polymeriza-
tion-induced phase separation scheme to yield robust precursor
membranes (Figure 1).28,54 These materials were converted into
PEMs with bicontinuous structures where the size of the ionic
domains is controlled by the molecular weight of the PNS-PSSP
copolymer. The proton conductivities of some of these PEMs
were similar to Nafion at high humidity, and membrane swelling
was managed by tuning the modulus of the structural phase. The
PEM that exhibited the least amount of swelling gave the lowest
methanol permeability while still retaining high-saturated proton

conductivity. These membranes hold a great deal of promise as
PEMs for highly efficient DMFCs.

Results and Discussion

Polymer Synthesis and Characterization. Ionic block co-
polymers containing poly(styrenesulfonic acid) are typically
produced by sulfonation of a PS-containing block19-27 or by
radical polymerization of sodium styrenesulfonate.17,18 In
these examples, the processabilities of the resultant copoly-
mers can be compromised by their ionic character. The
polymerization of styrenesulfonate esters, on the other hand,
allows for the synthesis of copolymers with tailored levels of
sulfonation using controlled free radical polymerization
followed by base hydrolysis.29,30 The approach shown sche-
matically inFigure 1 requires the synthesis of a reactive block
polymer containing a norbornene-functional PS block for
ultimate metathesis cross-linking as in our previous work28

and a polystyrenesulfonate ester block as the precursor to a
proton conducting phase. To this end, n-propyl-p-styrene-
sulfonate (SSP) was synthesized by the esterification of
styrenesulfonyl chloride and n-propyl alcohol, and norborn-
enylethylstyrene (N) was prepared by our previously re-
ported method.31

Atom transfer radical polymerization (ATRP) has been
utilized for the controlled polymerization of a variety of
styrene derivatives including styrenesulfonate esters.32 We
prepared poly(norbornenylethylstyrene-s-styrene)-poly-
(propyl-p-styrenesulfonate) (PNS-PSSP) block polymers
by sequential ATRP reactions (Scheme 1). The PNS block
was prepared by ATR copolymerization of N and styrene,
using 1-bromoethylstyrene as the initiator. By manipulating
the relative amounts of the comonomers and the initiator,
we were able to prepare bromo-terminated PNS samples
with tailored molecular weights and norbornene contents as
summarized in Table 1. SEC analyses of these polymers gave
polydispersity indices (PDIs) around 1.5, consistent with
styrene homopolymerizations under similar conditions.33

The Mn and N content of PNS blocks were determined by
NMR spectroscopy (Table 1). Between 4 and 12 norbornene
groups were incorporated into the PNS blocks.34

ATRP of SSP using the bromo-terminated PNS as a
macroinitiator resulted in near-quantitative conversion of
SSP and the formation of PNS-PSSPblock polymers in 60-
80% isolated yield. The less than quantitative yields were
attributed tomass losses that occurred during removal of the
Cu catalyst (see Experimental Section). TheMn of the PSSP
was determined using 1H NMR spectroscopy and the pre-
determinedMn of the PNS block. A representative 1HNMR
spectrum for PNS-PSSP (2-5) is shown in Figure S2; the
retention of both norbornene and sulfonate ester functional
groups is evident. The SEC data for PNS-PSSP (2-5) is
shown in Figure S1; a clear shift to lower elution volume for
this sample compared to PNS (2) confirms the conversion of
the bromo-terminated PNS to the PNS-PSSP block poly-
mer. However, SEC analysis of the two higher molecular
weight PNS-PSSP samples in CHCl3 using either a differ-
ential refractive index detector or a UV-vis detector pro-
duced very weak signals. This may be due to interactions
between the sulfonate ester block and the column packing
material. The PNS-PSSP (6-13) and PNS-PSSP (10-23)
copolymers were evaluated by SEC in THF containing 1 vol
% N,N,N0,N0-tetramethylethylenediamine and using a com-
bination of refractive index and light scattering detectors.
While a peak associated with the copolymer was observed, a
high molecular weight tail was evident in both samples. We
attribute this high molecular weight signal to aggregation of

Figure 1. Preparation of a cross-linked polymer electrolyte membrane
(PEM) from PNS-PSSP and COE/DCPD by ring-opening metathesis
polymerization-induced phase separation.
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the PNS-PSSP block polymers in THF based on prelimin-
ary dynamic light scattering analysis of a dilute solution of
PNS-PSSP (10-23). The peak molecular weights of these
copolymers from this analysis based on PS standards are
given in Table 1.

DSC analysis of these copolymers (between -40 and
200 �C) only revealed one Tg associated with the PNS block
(between 90 and 100 �C). The morphologies of these copoly-
mers were probed by small-angle X-ray scattering (SAXS).
Each of the copolymer samples exhibited a principal scatter-
ing peak indicative of microphase separation between the
PNS and PSSP blocks. The domain spacing increased with
increasing PNS-PSSP molecular weight as expected. How-
ever, due to lack of high-order reflections, even after anneal-
ing these copolymers at 150 �C for 10 min, no specific
morphology could be determined. Possibly, equilibration
in these copolymers was hindered by the high glass transition
temperature (Tg) of the PSSP block, which has been reported
to be higher than 200 �C.35 Heating the PNS-PSSP block
polymers to temperatures higher than 200 �C resulted in an
irreversible exothermic transition as determined by DSC.
Consistent with this observation, in SAXS experiments
performed at 195 �C for 10 min, an irreversible change of
domain spacing (Figure S3) indicated decomposition of the
PSSP block before achieving an equilibrium morphology. It
was further confirmed by IR spectroscopy that the PSSP
block was converted into poly(styrenesulfonic acid) (PSSA)
after prolonged annealing (Figure S4); thermal decomposi-
tion of similar PS sulfonate esters has been previously
reported.29

Cross-Linked Precursor Membranes. In our previously
reported nanoporous membrane synthesis, a PNS-polylac-

tide (PLA) block polymer containing a metathesis reactive
segment (PNS) and a chemically etchable segment (PLA)
was combined with dicyclopentadiene (DCPD) and a ruthe-
nium-based metathesis catalyst in a suitable solvent to give
robust nanostructuredmembranes upon casting, curing, and
drying. Removal of the PLA component from these mem-
branes yielded nanoporous samples with bicontinuous mor-
phologies.28

Here we take a similar approach using PNS-PSSP as the
doubly reactive block polymer and DCPD and/or cyclo-
octene (COE) as the metathesis reactive comonomers to
produce nanophase-separated bicontinuous morphologies
(Figure 1). PNS-PSSP samples and reactivemonomers were
dissolved in THF to give an optically homogeneous solution.
The second-generation Grubbs metathesis catalyst36 dis-
solved in a minimum amount of THF was added to the
solution of PNS-PSSP and monomers. Cast films formed
gels in about 2 min and were allowed to cure at room
temperature (RT) overnight and then at 90 �C for 1 h. For
this study, we prepared five cross-linked precursor films
containing roughly 42 wt % PSSP (Table 2). The resultant
films were transparent and slightly yellow. The color was due
to the low levels of metathesis catalyst that remained in the
films.

Table 2 summarizes the properties of the cross-linked
precursor, PEMXe, films, where “e” indicates that the films
contain sulfonate groups in the ester form. Transmission
electron microscopy (TEM) analysis demonstrated that
similar structures were adopted in all samples. As an exam-
ple, a TEM micrograph of a cryo-microtomed slice of
PEM2e is shown in Figure 2. In this image, the bright
domains correspond to the unstained PSSP phase, and the

Table 1. Molecular Characteristics of PNS Macroinitiators and PNS-PSSP Block Polymers

entrya
NMR Mn

(kg mol-1)
SEC Mn

(kg mol-1)b PDI PSSP (wt %)
av no. of N
per chain

mol % N
in PNSd D (nm)e

PNS (10) 10.1 9.2 1.55 12 0.14
PNS-PSSP (10-23) 33.0 20.9c 70 12 0.14 24
PNS (6) 5.9 6.4 1.45 7 0.14
PNS-PSSP (6-13) 18.9 14.4c 69 7 0.14 15
PNS (2) 2.0 2.5 1.23 4 0.32
PNS-PSSP (2-5) 6.5 4.2 1.19 69 4 0.32 10

aPNS (A) and PNS-PSSP (A-B) denote a bromo-terminated PNS and a PNS-PSSP copolymer, where A and B indicate the NMR Mn values
(in kg/mol) for the PNSandPSSPblocks, respectively. b SECdata acquired inCHCl3 using aRI detector andPS standards. cPeakMn values obtainedby
SEC in THFusing a combination of refractive index and light scattering detectors based on PS. d x in Scheme 1. eDomain spacing (D) in copolymers was
obtained through SAXS analysis at 100 �C and calculated based on D = 2π/q*, where the q* is the primary peak position in the 1D SAXS plot.

Scheme 1. Synthetic Protocol for PNS-PSSP Block Polymers

Table 2. Summary of the Cross-Linked Precursor Films

entrya PNS-PSSP sample monomer(s) PNS-PSSP (wt %) PSSPb (wt %) Dc (nm) fa
c

PEM1e PNS-PSSP (10-23) COE 59.9 41.6 37.3 -0.48
PEM2e PNS-PSSP (6-13) COE 64.1 44.1 17.7 -0.87
PEM3e PNS-PSSP (2-5) COE 59.9 41.5 10.5 -0.86
PEM4e PNS-PSSP (6-13) COE:DCPD (1:1) 60.6 41.7 27.3 -0.72
PEM5e PNS-PSSP (6-13) DCPD 61.3 42.2 19.0 -0.71

a “e” indicates these precursor membranes contain the sulfonyl group in the ester form. bPSSP content in the cross-linked precursor films, given all
components were fully cross-linked. cDomain spacing (D) and amphiphilicity factor (fa) determined by SAXS analysis using the Teubner-Strey
model.37
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dark domains are the PCOE-containing phase with the
backbone double bonds selectively stained by OsO4. A
microphase-separated morphology with interconnected
PSSP domains (ca. 18 nm in width) is evident from this
image.

Synchrotron SAXS experiments were conducted to probe
the microstructure in the resultant PEMXe samples. A single
scattering peak was observed for each of the membranes and
suggested a phase-separated but disorganized structure. We
analyzed the scattering data using theTeubner-Streymodel37

for a bicontinuous microemulsion given the structural simila-
rities indicated by the TEM image (Figure 2). The scatter-
ing profile and Teubner-Strey fit for PEM2e are shown in
Figure 3 (SAXS profiles and fits for the other PEMXe
membranes are given in Figure S7). A domain spacing (d)
and amphiphilicity factor (fa) were extracted using this mod-
el.37 The amphiphilicity factor is a parameter that describes
the character of bicontinuousmicroemulsions. For example, a
value of fa between -1 and 0 indicates a well-defined bicon-
tinuous phase.38 The values of fa for the PEMXe membranes
(Table 2) were between -0.86 and -0.48.

The domain spacing of PEM2e by SAXS (17.7 nm) was
consistent with TEM data (Figure 2). Furthermore, the
domain spacings of PEMs 1e, 2e, and 3e decreased with
decreasing molecular weight of PNS-PSSP. The domain
spacings of PEMs 4e and 5e were both larger than that of
PEM2e produced using the same molecular weight copoly-
mer but different cross-linking monomer. The difference
could be partially accounted for by the higher fraction of
monomer in PEMs 4e and 5e and the difference in the nature
of the cross-linkedmatrix phase (see below). From the above
results, we hypothesize that during the in situ metathesis
reactions of PNS-PSSP and the reactivemonomers the PNS
component and the monomers were polymerized to render a
highly interconnected structure, favoring a bicontinuous
phase based on the example of in situ grafting polymerization
in a binary polymer blend.39

The tensile properties of the dry PEMXemembranes were
examined under ambient conditions (Figure S5) and are
summarized in Table 3. The modulus, tensile strength, and
elongation at break values for the PEM1e-4e samples were
comparable to the parent PCOE homopolymer: moduli
between 300 and 540 MPa, tensile strengths between 20
and 28 MPa, and elongations at break between 70% and
190%were observed. In the dry state, Nafion has a modulus
of about 250MPa, a tensile strength of about 35MPa, and an
elongation at break of about 250%.40 PEM5e exhibited a
higher modulus and tensile strength but lower elongation at
break due the higher level ofDCPD in themonomermixture.

PEM Synthesis. The PSSP block in these precursor films
was hydrolyzed by treatment with a concentrated NaOH
solution. Protonation of the sulfonate groups was accom-
plished using aqueous HCl (see Experimental Section for
details). IR characterization confirmed that the PSSP com-
ponent in all precursor films was fully converted into the
acid form. The IR spectra of PEM2e and PEM2a (the “a”
indicates the acid form of the membrane) are shown in
Figure S6. The PEM2e membrane exhibited strong absor-
bance at 1370 and 1170 cm-1 for the SO2 stretching of
sulfonate ester; upon hydrolysis, these absorbance bands
were absent, and a characteristic band for the SO3

- stretch-
ing of sodium sulfonate group was observed at 1200 cm-1;
after protonation, an absorbance band associated with the
sulfonic acid group at 1155 cm-1 was observed.

Synchrotron SAXS analysis of the resulting acid PEMXa
dried samples at ambient conditions displayed a single
scattering peak that waswell fit by the Teubner-Streymodel
as in the PEMXe samples.37 Representative SAXS data for
PEM2a are given inFigure 3 (seeFigure S7 for SAXSdata on
the other PEMXa membranes). The increased scattering
intensity for PEM2a as compared to PEM2e is likely due
to the enhanced electron density difference between the acid
phase and the matrix phase.

A summary of the SAXS results (D and fa values) for the
PEMXa membranes is given in Table 4. Interestingly, the
domain spacings of the PEMXamembranes containing only
PCOE were consistently larger than their corresponding
PEMXe precursors. This phenomenon is likely due to the
increase in the Flory-Huggins parameter between PSSA

Table 3. Summary of Tensile Tests on the Precursor Films

entry
Young’s modulus

(MPa)
tensile strength

(MPa)
elongation at
break (%)

PEM1e 315( 11 21.6( 1.3 176 ( 16
PEM2e 422( 42 22.4( 1.0 152( 3
PEM3e 416( 42 19.5( 1.0 70( 11
PEM4e 520( 20 27.8( 1.9 126( 13
PEM5e 993( 49 30.0( 2.5 13( 3

Figure 2. TEMmicrograph of PEM2e. The film was cryo-microtomed
and stained with OsO4; the PCOE-containing PNS domains appear
dark.

Figure 3. Synchrotron X-ray scattering profiles of the PEM2e (circles)
and the PEM2a (the “a” indicates the acid form of the membrane)
(squares) with curve fitting using the Teubner-Strey model.37 The
difference in scattered intensity is due to the increased scattering
contrast for the acid form of the membrane.
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and thematrix; the relatively soft and ductile PCOEdomains
could accommodate domain increases. Consistent with this,
the PDCPD containing membranes PEM4a and PEM5a
exhibited domain spacings that were approximately the same
as the PEM4e and PEM5e samples.We estimated the sizes of
the individual PSSA domains using simple cylindrical and
lamellar models, and the averages are given in Table 4 (see
Supporting Information for details). Ion exchange capacity
(IEC) in these PEMs was calculated based on the predicted
PSSA content and determined by elemental analysis (EA).
In general, these measured IEC values were in good agree-
ment with the anticipated values. The somewhat lower IEC
values from EA may be attributed to absorbed moisture in
these PEMXa films under ambient conditions. An absor-
bance associated with water in the IR spectra (3400 cm-1) in
the PEMXa films is consistent with this notion.

From the Teubner-Strey analysis, amphiphilicity factors
between -0.86 and -0.50 were extracted for the PEMXa
membranes. Supporting evidence for the bicontinuous struc-
ture was provided by TEM analysis. A TEM image of thin
section of PEM2a with OsO4 staining is given in Figure 4a;
the bright domains correspond to the PSSA. TEM analysis
of all PEMXa membranes was also performed using a Pb2þ

stain.18 This reverses the contrast from the OsO4. The TEM
image for PEM2a shown in Figure 4b is similar in structure
and domain spacing to that in Figure 4a. TEM images for
other PEMXamembranes are shown in Figure 5. The PSSA
domain sizes in the resultant PEMXa membranes were

estimated from these TEM images. For PEMs 1a, 2a, and
3a, the PSSA domain size increases with the length of the
PSSA block, and the PSSA domain sizes measured from
TEM images were comparable with those values estimated
by SAXS analyses. PEMs 2a, 4a, and 5a all contain the same
molecular weight precursor, PNS-PSSP (6-13). A consis-
tent decrease in the PSSA size was observed with increasing
DCPD content in the matrix phase in these PEMs.

DSC analysis of PEMs 1a, 2a, and 3a (Figure S8) showed
melting endotherms between 0 and 50 �C upon heating
consistent with the semicrystalline nature of PCOE. De-
creased melting temperature (Tm) and crystallinity of PCOE
generally agreed with the reduced domain sizes. No thermal
transitions were observed for PEMs 4a and 5a up to 120 �C
(Figure S8). SAXS analysis of PEMXa indicated persistent
scattering peaks at high temperatures (150 �C), for example,
the SAXS profiles for PEM 2a shown in Figure S9. In
contrast, morphologies of un-cross-linked PEMs from block
copolymers were sensitive to both humidity and tempera-
ture.41 Tensile testing of PEM2a (Figure S10) under ambient
conditions indicated an elongation at break of 90% and a
tensile strength of 21 MPa.

Methanol Permeability and Proton Conductivity Measure-
ments.Prior to testing thePEMXamembranes any surface skin
layer was completely removed using O2 plasma etching.28 As a
confirmation of effective skin removal, XPS analysis (Figure
S11) of the surface of PEM1a after etching indicates a sulfur
composition (5.8 wt%) comparable to that in bulk (6.4 wt%).

Table 4. Summary of the Resultant PEMs

PSSA width (nm) IEC (mmol/g)

entrya PSSAb (wt %) Dc (nm) fa SAXSd TEMe predictedf measuredg

PEM1a 36.7 41.5 -0.50 18.7 19 2.00 1.98
PEM2a 39.1 22.6 -0.85 10.8 11 2.12 2.06
PEM3a 36.6 14.4 -0.86 6.6 7 1.99 1.93
PEM4a 36.8 28.3 -0.68 13.0 10 2.00 1.86
PEM5a 37.3 19.5 -0.71 9.0 8 2.03 1.96

a “a” indicates these membranes contain sulfonyl group in acid form. bComposition of the PSSA phase in each PEM was calculated based on the
membrane composition based on the PSSP composition. cDomain spacing (D) was calculated from SAXS analysis. dEstimated PSSA domain size from
SAXS analysis described in the Supporting Information. eEstimated PSSA domain size from TEM micrographs, (1 nm. fMoles of sulfonic acid per
gram of sample, calculated based on the PSSA content: IEC = 1 (g) � (PSSA wt %)/184 (g/mol) � 1000/1 (g), in units of mmol/g. gDetermined by
elemental analysis.

Figure 4. TEM images of PEM2a: (a) the filmwas cyro-microtomed and stained byOsO4; (b) the filmwas stained in a saturated Pb(acetate)2 aqueous
solution and then cyro-microtomed.
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Table 5 lists the water sorption and swelling properties of
each PEMa. Consistent with the isotropic morphology in-
dicated by the SAXS and TEM analysis, isotropic swelling
was observed for PEM1a, 2a, 3a, and 4a. Some swelling
anisotropywas observed for PEM5a. PEMs 2a, 3a, and 4a all
have similar swelling and normalized water uptake λ (mol
H2O/mol SO3H) behavior as Nafion. Interestingly, PEMs
with such high IEC values (double that of Nafion) typi-
cally result in much higher λ values than we observed
for the PEMXa membranes (typically, λ ≈ 100 at IEC
≈ 2 mmol/g).42 The cross-linked nature of the PEMXa

membranes is likely responsible for this behavior. For
DMFC applications, low volumetric swelling is desirable
for long-term operational stability; thus, PEM5a with
DCPD cross-linker as the sole monomer is optimal.

All PEMXa samples had similar conductivities compared
to Nafion (ca. (1-3) � 10-2 S/cm). Interestingly, proton
conductivity in PEMXa samples were independent of water
content, contrary to typical sulfonated polymers where con-
ductivity has been shown to be strongly dependent on water
content (see Figure S12).24c,43,44 For example, sulfonated
triblock copolymers at similar λ to Nafion resulted in

Figure 5. TEM images of four PEMXa membranes. The membranes were cryo-microtomed and stained by Pb(acetate)2, and dark domains
correspond to the PSSA/Pb2þ phase.

Table 5. Water Sorption and Swelling for the PEMXa Membranes

swelling

sample dry thickness (μm) thickness (%) width (%) length (%) volume (%) water uptake (%) λ (mol H2O/mol SO3H)

PEM1a 335( 32 30( 4 26( 0.4 28( 1 108( 6 118( 4 33( 1
PEM2a 243( 44 21( 5 20( 3 19( 1 68( 7 73( 12 21( 4
PEM3a 195( 16 21( 2 21( 5 18( 6 77( 1 78( 5 22( 1
PEM4a 184 ( 28 26( 3 19( 1 19( 0.1 78( 3 73( 2 20( 0.4
PEM5a 233( 21 21( 2 11( 1 11( 1 48( 0.3 42( 0.4 12( 0.1
Nafion 117 180( 2 20( 2 16( 2 19( 1 65( 2 34( 0.4 21( 0.2
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conductivities an order of magnitude lower than Nafion.
Furthermore, increasing λ in the sulfonated triblock poly-
mers to values similar to PEM5a resulted in even lower
conductivities.24c

Figure 6 shows measured methanol permeabilities as a
function of through-plane proton conductivity. In most
studies on sulfonic acid containing polymers, methanol
permeability and proton conductivity typically increase or
decrease in unison.8g Surprisingly, the methanol permeabil-
ity for PEM5a was 4-fold lower than Nafion 117 at a similar
proton conductivity. Furthermore, methanol permeability
decreases with increasing domain size; PEM1a has a lower
permeability compared to PEM2a and 3a. PEM4a and 5a
(both with DCPD cross-linker) have significantly lower
methanol permeabilities thanNafion at only slightly reduced
proton conductivities.

Methanol permeability is a product of two key properties:
methanol sorption and methanol diffusivity. In a recent
report by Hallinan and Elabd45 time-resolved FTIR-ATR
spectroscopy was used to measure multicomponent sorption
and diffusion of methanol and water in Nafion. The authors
concluded that themain contributing factor to the increase in
methanol permeability (or flux) with increasing methanol
solution concentration was methanol sorption and not
methanol diffusion. We suggest that the incorporation of
DCPD leads to increased cross-linked density, thereby low-
ering methanol flux while maintaining high proton conduc-
tivity. However, the precise mechanism that results in high
proton conductivity and low methanol permeability in
PEMXa membranes is still unclear. At comparable proton
conductivity, the selectivity (proton conductivity (in mS/
cm)/methanol permeability (in 10-6 cm2/s)) is greater than
30 for PEM5a whereas Nafion is ca. 15. This differs from
many studies, where similar selectivities have been observed
in most sulfonic acid containing polymers regardless of ion
content, water content, polymer chemistry, architecture, or
morphology.8g Polymer membranes with conductivities si-
milar to Nafion and higher selectivities are highly desirable
for improvedDMFCperformance, and PEM4a and PEM5a
are among the best performing membranes that were re-
cently reviewed.8g

Figure 7 shows the in-plane (four-electrode) proton con-
ductivity for all samples as a function of temperature at a
fixed relative humidity (RH) of 90%.At a given temperature,
the differences in proton conductivity between the PEMXa
samples are slightly more significant than the through-plane
conductivities. This may be attributed to the different envi-
ronment (water vapor), whichwould result in different water

contents in each sample compared to the liquid water
saturated conditions used in the through-plane conductivity
measurements. The effect of domain size can be seen by
comparison of PEM1a (red), PEM2a (green), and PEM3a
(blue). Conductivity increases at all temperatures with de-
creasing domain size, and PEM3a with the smallest domain
size exhibited the highest conductivity. In fact, the PEM3a
was nearly identical to Nafion at all temperatures. This
conductivity dependence on domain size is consistent with
the work of Park et al. in ref 27 and could be the result of
capillary condensation effects in the smaller domain size
materials. PEM1a, PEM2a, and PEM3a all show a similar
temperature dependence on conductivity compared to Na-
fion at 90% RH.

PEM2a (green), PEM4a (cyan), and PEM5a (magenta)
have similar domain spacings and similar conductivities at
low temperatures (30 and 40 �C);approximately half of the
conductivity of Nafion. However, at higher temperature
(80 �C), the conductivities of PEM4aandPEM5abothofwhich
incorporate DCPD as a cross-linking monomer are similar to
thatofNafion.To this end,Table6 shows thatPEM1a,PEM2a,
and PEM3a have approximately the same activation energy as
Nafion at 90% RH (10 ( 2 kJ/mol),24a,24c,46,47 while PEM4a
and PEM5a have nearly a 2-fold higher activation energy for
proton conductivity. This suggests that at high humidity the
DCPD cross-linker has a significantly different effect than the
COE cross-linker on proton conductivity at higher tempera-
tures.

Figure 8 shows the in-plane (four-electrode) proton con-
ductivity for all samples as a function of temperature at a
lower fixed relative humidity of 50% RH. Similar to 90%
RH data, PEM1a (largest domain spacing) is lower in
conductivity compared to PEM2a and both are lower in
conductivity compared toNafion. Also, listed in Table 6, the
activation energy for PEM1a remains relatively unchanged

Figure 6. Two-electrode (through-plane) proton conductivity and
methanol permeabilities of PEM1a (red), PEM2a (green), PEM3a
(blue), PEM4a (cyan), PEM5a (magenta), and Nafion (black).

Figure 7. Four-electrode (in-plane) proton conductivity versus tem-
perature at 90%RH for Nafion (black), PEM1a (red), PEM2a (green),
PEM3a (blue), PEM4a (cyan), and PEM5a (magenta).

Table 6. Activation Energies

sample
EA (90% RH)a

(kJ mol-1)
EA (50% RH)a

(kJ mol-1)

PEM1a 12 ( 5 10 ( 1
PEM2a 13 ( 2 18 ( 2
PEM3a 14 ( 3 24 ( 21
PEM4a 25 17
PEM5a 23 31
Nafion 117 10 ( 2 24 ( 4

aValues correspond to average and standard deviation determined
from analyzing more than one experiment with the exception of PEM4a
and PEM5a.
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compared to the 90%RH data, while the activation energies
for PEM2a and Nafion are similar and both increase
to ∼20 kJ/mol compared to 90% RH. Contrary to the
90% RH data, PEM3a has a lower conductivity when
compared to Nafion and appears to have an irregular
temperature dependence with a poor fit to an Arrhenius
model. At 50% RH, PEM2a (green), PEM4a (cyan), and
PEM5a (magneta) all have conductivities lower than Nafion
at all temperatures.Unlike the 90%RHdata, the conductivi-
ties of PEM4a and PEM5a at 50% RH do not have con-
ductivities similar to Nafion at higher temperatures. Similar
to PEM3a, the PEM4a and 5a samples also have an irregular
dependence on temperature. Interestingly, PEMs 3a, 4a, and
5a all have the smallest ionic domain size (Table 4). The data
presented in Figures 7 and 8 suggest that PEMXa samples
have different proton conductivity-water content relation-
ships when compared to other sulfonated polymers.8g This
may be attributed to cross-linking resulting in different (and
reduced) water contents at given IECs.

Figure 9 shows the in-plane conductivity at 90% RH at
both 30 and 80 �C for all samples as a function of the ionic
domain size (Table 4). Caution should be taken when inter-
preting these results as the domain sizes were measured for
dry samples and conductivity values were measured on
samples equilibrated under humid conditions. However, it
is interesting to note that at both temperatures proton
conductivity appears to increase with decreasing ionic
domain size. Similar results have been observed in the

literature for nanopore-filled membranes, where the pores
were filled with cross-linked grafted polyelectrolytes and
proton conductivities in these membranes increased signifi-
cantly with decreasing pore size (particularly as the pores
approached 10 nm).48 Balsara and co-workers27 have also
observed increased conductivities in sulfonated block copo-
lymers with ionic domain sizes less than 5 nm.

Conclusions

We have demonstrated a facile method for the preparation of
cross-linked PEMs from PNS-PSSP block polymers and reac-
tive cyclic olefins. A bicontinuous morphology with continuous
PSSA domains supported by a continuous and mechanically
robust phase was evident in these films. Pronounced thermal and
mechanical stabilities in the resultant PEMs was realized. PSSA
domain size was tuned by the copolymermolecular weight. Select
PEMs showedmuch lowermethanol crossover thanNafionwhile
maintaining high-saturated proton conductivities. This is a sig-
nificant result, since many previous studies have found that the
trends in methanol crossover and proton conductivity are
coupled in PEMs. This reactive block polymer strategy for the
preparation of PEMs is attractive due the ready formation of
bicontinuous structures, the facile control of domain size, and the
ability to independently control mechanical and swelling proper-
ties of the matrix material. Potentially, the novel preparation
allows for facile increase in the acid content inPEMshaving small
PSSA domain size while maintaining the membrane robustness.
We anticipate enhanced DMFC performance using these mem-
branes given that recently reported blend membranes with
similarly low methanol permeability and high conductivity out
perform Nafion in terms of maximum power density at high
methanol concentrations.49

Experimental Section

Materials. Styrene (g99%) and cis-cyclooctene (COE) (95%)
were purchased from Aldrich, purified by passage through short
columns packed with active alumina (to remove the radical
inhibitors), and distilled over CaH2 under reduced pressure.
Norbornenylethylstyrene (N) was prepared according to the pro-
cedure described elsewhere.31 p-Propyl-n-styrenesulfonate (SSP)
was synthesized using a reported procedure. 29 Toluene (g99.9%)
was degassed by purging with nitrogen and rigorously purified by
passage throughahome-built solventpurification systemequipped
with activated alumina and a supported copper catalyst to remove
traces of protic impurities.50 Copper(I) bromide (g98%), thionyl
chloride (g99.0%), and sodium 4-styrenesulfonate (g90%) were
obtained from Fluka and used without purification. Pyridine
(g99.0%) and N,N-dimethylformamide (DMF) (g99.9%) were
distilled over CaH2 under reduced pressure. 2,20-Bipyridine
(g99%), n-propanol (99.7%), 1-bromoethylstyrene (97%), and
dicyclopentadiene (DCPD) were obtained from Aldrich and used
as received.Nafion 117 (1100EW, 178 μm, commercially extruded
film) was purchased fromAldrich. 1100EWcorresponds to an ion
exchange capacity (IEC) of 0.91mmol of sulfonic acid per gram of
polymer. The following chemicals were used to purify Nafion
membranes: hydrogen peroxide (30-32 wt %) diluted to 3 wt %,
ultrapure deionized (DI) water (resistivity ∼16 MΩ cm), and
sulfuric acid (99.999%). Methanol (Aldrich, g99.8%) was used
in permeability experiments.

General Methods. All NMR spectra were acquired on a
Varian 300 VI spectrometer at RT, and samples were dissolved
in CDCl3 (Cambridge) at a concentration of about 1 wt %. Size
exclusion chromatography (SEC) analyses were mostly per-
formed in CHCl3 (1 mL/min) at 35 �C using a Hewlett-Packard
1100 series liquid chromatograph equipped with three PLgel
5 μm mixed columns and a Hewlett-Packard 1047A refrac-
tive index detector. The SEC instrument was calibrated with

Figure 8. Four-electrode (in-plane) proton conductivity versus tem-
perature at 50%RH for Nafion (black), PEM1a (red), PEM2a (green),
PEM3a (blue), PEM4a (cyan), and PEM5a (magenta).

Figure 9. Four-electrode (in-plane) proton conductivity versus domain
size at 90% RH for Nafion (black), PEM1a (red), PEM2a (green),
PEM3a (blue), PEM4a (cyan), and PEM5a (magenta), where open and
filled symbols correspond to 80 and 30 �C, respectively. The domain size
for Nafion in this figure corresponds to the ionic domain size deter-
mined by TEM measurements in ref 55.
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polystyrene standards (Polymer Laboratories). Some SEC data
were collected using a system consisting of a Wyatt Optilab RI
detector, a Wyatt Dawn multiangle light scattering detector,
and three Phenolgel columns of 105, 104, and 103 Å pore sizes,
where THF with 1 vol % N,N,N0,N0-tetramethylethylenedi-
amine was used as the mobile phase at 40 �C with a flow rate of
1 mL/min, and molecular weights were extracted based on PS
standards. Differential scanning calorimetry (DSC) experi-
ments were conducted on a TA Instruments Q1000 at a heating
rate of 10 �Cmin-1. Fourier transform infrared (FT-IR) spectra
were collected on a Nicolet Magna-Infrared spectrometer 550.
Transmission electron microscopy (TEM) micrographs were
obtained on a JEOL 1210 transmission electron microscope at
120 kV accelerating voltage. Some polymer samples were cryo-
microtomed at -120 �C into about 80 nm thick slices and then
stained with 4 wt % OsO4 aqueous solution for 15 min; other
samples were first soaked in a saturated aqueous solution of
Pb(acetate)2 overnight and subseqently cryo-microtomed into
about 80 nm thick slices at -120 �C. Tensile tests were con-
ducted under ambient conditions using a Rheometric Scientific
MINIMAT instrument with a 200 N load cell installed at
crosshead speed of 4 mm/min. Measured films were cut into
rectangular bars (3.0 � 0.5 � 0.1 cm). Some small-angle X-ray
scattering (SAXS) experiments were performed on a 3.7 m
custom-built beamline at the University of Minnesota. Cu KR
X-rays (λ = 1.542 Å) were generated through the use of a
rotating anode. Samples were equilibrated under vacuum for
300 s before collection. The 2-D images were azimuthally
integrated to a 1-D plot of intensity vs q where q = 4π/λ
sin(θ/2) and θ and λ are the scattering angle and X-ray wave-
length, respectively. Other SAXS data for curve fitting were
acquired at the Argonne National Lab using the synchrotron
source at Sector 5-ID-D beamline. The source produces X-rays
with a wavelength of 0.84 Å. The sample-to-detector distance
was 5.65 m, and the detector radius is 81 mm. Scattering
intensity was monitored by a Mar 165 mm diameter CCD
detector. The 2-D scattering patterns were azimuthally inte-
grated to generate 1-D plot of scattering intensity vs q.

Synthesis of Norbornene-Functional Polystyrene. PNSmacro-
initiators were prepared by atom transfer radical polymeriza-
tions following the reported procedure.33 1-Bromoethylstyrene,
CuBr, and bipyridine in a molar ratio of 1:1:2 were mixed with
styrene andmonomerN (themonomer ratio variable) in bulk or
20% in toluene in an air free flask under an argon atmosphere,
followed by three freeze-pump-thaw cycles. The reaction
vessels were sealed under vacuum and placed in an oil bath at
110 �C.ForPNS(10) andPNS(6), themole ratio ofmonomers to
the initiator was 162, and the bulk polymerizations proceeded
for 6 and 4 h, respectively; for PNS(2), the mole ratio of
monomers to the initiator was 28, and the reaction time was
4 h in a 20% toluene solution. After polymerizations, the
reaction mixtures were diluted with THF and passed through
short alumina columns to remove the residue catalysts. The
resultant polymers were recovered through precipitation in
methanol followed by vacuum filtration, washed with extra
methanol, and finally dried at 60 �C overnight under reduced
pressure. Overall monomer conversions were between 40 and
60 wt%. 1HNMR spectroscopy was employed to determine the
number-average molecular weight (Mn) by end-group analysis
and compositions in resultant polymers. 1H NMR spectrum of
PNS (300 MHz, CDCl3) (multiplicity, identity) δ ppm: 6.2-7.3
(b, ArH), 5.9-6.2 (b, -CHdCH-), 4.3-4.6 (b, -CH-Br), 2.8
(b, -CH-CHdCH-CH-), 2.5 (b, Ar-CH2-), 0.6-2.0 (b,
remaining CH and CH2).

Synthesis of the PNS-PSSP Copolymers.29 PNS-PSSP
copolymers were synthesized via an ATRP scheme using the
bromo-terminated PNS. PNSBr (0.4 g), SSP (0.8-1.0 g), CuBr,
and bipyridine were dissolved in dry toluene (1 mL), where the
molar ratio of PNSBr, bipyridine, and CuBr was 1:2:4. After
three freeze-pump-thaw cycles, the reaction solutions were

kept under vacuum and reacted at 55 �C for 20 h. The resulting
brown mixtures were diluted with excess acetone, and the
catalyst was removed by passage through short columns filled
with Dowex ion exchange resins (sodium form) several times
until the solutions were light-colored. The resultant copolymers
were recovered by precipitation in pentane followed by filtration
and subsequently washed with cold pentane. After drying the
copolymers under reduced pressure overnight, light blue or
nearly white powders were obtained in 60-80% yield, while
conversions of SSP were nearly complete based on NMR
analyses of resulting block copolymers. 1H NMR spectrum of
PNS-PSSP (multiplicity, identity) δ ppm: 6.2-7.3 (b, ArH),
5.9-6.2 (b,-CHdCH-), 4.0 (b, O-CH2-CH2), 2.8 (b,-CH-
CHdCH-CH-), 2.5 (b, Ar-CH2-), 0.6-2.0 (m/b, other CH
and CH2).

Membrane Synthesis. In a capped vial, PNS-PSSP (0.4 g)
was dissolved into THF (2.0mL) until a homogeneous solution
(clear or slightly opaque) was obtained, and DCPD and/or
COE were subsequently added in the solution (stirring for 10
min). To the solution, a mixture of the second-generation
Grubbs catalyst (2.5 mg) and THF (0.4 mL) was quickly added
and stirred for 10 s. Solution-cast films onto alumina pans (6.5
cm in diameter) were placed in a covered chamber, and the
solutions gelled within 5 min. After curing the membranes at
RT overnight along with slow THF evaporation and at 90 �C
for 1 h, transparent and slightly yellow films were peeled off
the substrates and further dried. Base hydrolysis of the PSSP
block in the precursor membranes was performed in 30 wt %
NaOH in the H2O/MeOH (5:6) mixture at 70 �C for 48 h. After
rinsing the resultant films withDIwater several times, the films
were soaked in a 20 wt % HCl aqueous solution at room
temperature for 24 h. The resultant membranes were washed
with DI water and dried at 60 �C under reduced pressure
overnight.

Membrane Preparation. Nafion samples were purified ac-
cording to a procedure reported elsewhere,45 which included
multiple refluxing steps in 3 wt% hydrogen peroxide, DI water,
and 1 M sulfuric acid with excessive rinsing after each step. For
both Nafion and cross-linked PEMXa films used in this study,
samples ∼2.5 � 2.5 cm in size were used for two-electrode
(through-plane) proton conductivity and methanol permea-
bility experiments, while samples ∼3 � 0.5 cm were used for
swelling and four-electrode (in-plane) proton conductivity
experiments.

Proton Conductivity. The proton conductivity of each sample
was measured with electrochemical impedance spectroscopy.
Membrane resistance was measured at AC frequencies ranging
from 100 Hz to 1 MHz using a Solartron impedance system
(1260 impedance analyzer, 1287 electrochemical interface, Zplot
software). Two-electrode proton conductivity experiments con-
sisted of measuring the resistance of the membrane perpendi-
cular to the plane of the membrane (referred to as through-
plane) by sandwiching each film between two stainless steel
blocking electrodes. All membranes were immersed in deionized
(DI) water for at least 1 week and then quickly removed and
enclosed in a sealable Teflon custom-made cell to maintain
hydration during impedancemeasurements. The real impedance
was determined from thex-intercept of the imaginary versus real
impedance data over a high frequency range.24b Conductivity
values for each sample reported in this study are an average of at
least two experiments. Wet membrane thickness (used in the
conductivity calculation) was measured after reimmersing each
membrane in water. Through-plane conductivity, σ^, was cal-
culated by

σ^ ¼ l

R^A^
ð1Þ

where l is the membrane thickness, R^ is the resistance (real
impedance), and A^ is the electrode area (1.22 cm2).
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Four-electrode proton conductivity experiments consisted of
measuring the resistance of themembrane along the plane of the
membrane (referred to as in-plane), where the resistance was
measured between two inner reference electrodes (∼1 cm apart)
and current applied to the outer electrodes (∼3 cm apart) on the
surface of the membrane. All membranes were immersed in DI
water for more than 1 week prior to being placed in a custom-
made four-electrode cell. The cell applied the appropriate
pressure between electrodes and the membrane and had open-
ings that allowed the membrane to be exposed to a controlled
environment. The four-electrode cell was then placed in a
Tenney chamber with electrical feedthroughs, where resis-
tance was measured as a function of temperature and relative
humidity using the same impedance system and frequency
ranges as reported for the two-electrode experiments. Experi-
ments were conducted as a function of temperature (ramping up
and down in temperature: 30, 40, 60, 80, 70, 50, 30 �C) at two
fixed relative humidities: 90 and 50% RH. At each relative
humidity, the system was allowed 15 min to ramp to each
temperature and then held at that temperature for 5 h.Measure-
ments were only taken when the resistance was constant (at
equilibrium) at each condition. At least 10 equilibriummeasure-
ments were collected for each sample at each temperature and
relative humidity. The in-plane conductivity values reported are
the average of these multiple measurements and repeated ex-
periments. The in-plane resistance, R ), or real impedance was
determined from the x-intercept of the imaginary versus real
impedance data. The in-plane proton conductivity, σ ), was
calculated by

σ ) ¼
d

R )A )

ð2Þ

where d is the distance between the reference electrodes (∼1 cm)
and A ) is the cross-sectional area for conduction (membrane
width times thickness). Thicknesses for conductivity experi-
ments were measured directly after each experiment. A sche-
matic diagram of both the two- and four-electrode apparatus
and more details regarding the procedures have been documen-
ted elsewhere.24b,51

Generally, the four-electrode technique (in-plane) is preferred
over the two-electrode technique (through-plane) because of the
significant frequency dependence on impedance at low frequen-
cies due to interfacial impedance in the latter technique.52 In this
study, impedance measurements with the two-electrode techni-
que were collected at the upper limit of the frequency range,
where there is only a minor dependence on frequency.52 Other
investigators have reported∼2.5-fold difference in conductivity
for Nafion 117 when comparing the four- and two-electrode
techniques.24b,53 Similar results were obtained in this study for
Nafion 117. Despite this difference, the two-electrode technique
is of great importance as it measures the membrane impedance
in the same direction as methanol transport, which is the
direction that is relevant for the direct methanol fuel cell. Also,
the values reported here give a magnitude of conductivity
required to obtain an adequate voltage response from a direct
methanol fuel cell. It is important to note that other investiga-
tors have observed an order of magnitude difference (higher)
when comparing in-plane to through-plane conductivity for
anisotropic sulfonated block copolymers (with lamellar mor-
phology with a preferred orientation in the plane of the mem-
brane). Therefore, great caution should be taken when
interpreting conductivity results since numerous publications
have reported misleading selectivities (proton conductivity/
methanol permeability) with four-electrode conductivity mea-
surements on anisotropic membranes. Although isotropic mor-
phologies were observed in the cross-linked PEMs, only
through-plane conductivity measurements were compared to
methanol permeability in this study.

Methanol Permeability.Methanol permeability of all samples
wasmeasured using a temperature-controlled, side-by-side glass
permeation cell (PermeGear, Inc.), where methanol concentra-
tion was detected downstream (receptor) with real-time, in-line
Fourier transform infrared-attenuated total reflectance (FTIR-
ATR) spectroscopy. All experiments were conducted at 25.0 (
0.1 �C at an upstream (donor) methanol concentration of 2 M,
and all samples were saturated in liquid water prior to each
experiment. The permeability was determined from the slope of
the early time data (downstreammethanol concentration versus
time). Thicknesses for permeability experiments were measured
directly after each experiment. This technique was developed in
previous work, and a schematic diagram of the apparatus and
details regarding the procedure and permeability calculations
have been documented elsewhere.24

Water Sorption and Swelling. Water sorption (uptake) was
measured according to a procedure detailed elsewhere.24b The
weights were recorded with a balance (Mettler Toledo, AB54-S)
with 0.1 mg accuracy, thicknesses were measured with a micro-
meter (Mitutoyo) with 1 μm accuracy, and the width and length
of all samples were measured with calipers (VWR) with 10 μm
accuracy. All sample weights and dimensions weremeasured for
both dry and water-saturated conditions (immersed in liquid
water for 3 weeks). Changes were calculated on a dry basis,
where weight uptake was determined by

wt %¼ mwet -mdry

mdry
� 100 ð3Þ

where mwet and mdry are the wet and dry weight of the mem-
brane, respectively. Swelling (e.g., thickness change) was deter-
mined by

swelling %¼ lwet -ldry

ldry
� 100 ð4Þ

where lwet and ldry are the wet and dry thicknesses of the
membrane, respectively. For thickness measurements, ∼5-10
readings at different positions on the membrane were collected,
while width and lengthmeasurements consisted of five and three
readings, respectively, at different positions. Aminimum of two
samples were used for each sorption and swelling experiment.
These changes in weights and dimensions from dry to water-
saturated states are listed in Table 1, where the average and
standard deviation of all the measurements (different positions
and samples) are reported. The thickness used to calculate other
values, such as conductivity and permeability, was only that of
the specific membrane of the experiment.
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