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’ INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are low
emission, high efficiency, energy conversion devices.1�3 The pro-
ton exchangemembrane (PEM) is a crucial component serving as a
separator to prevent mixing of reactant gases and as an electrolyte
for conducting protons from anode to cathode.1 The material
requirements for a PEM include high proton conductivity, good
mechanical and chemical stability, low gas permeability, and low
production cost.2,4,5

State-of-the-art membranes are based on perfluorosulfonic
acid (PFSA) ionomers. PFSA membranes offer high proton
conductivity under fully hydrated conditions, excellent mechanical
strength, and long-term stability in both oxidative and reductive
environments. However, high production cost, vulnerability to
dehydration, poor fuel barrier properties, and emerging issues
about recycling are major concerns in the use of PFSA mem-
branes in the mass commercialization of PEMFCs. Over the past
decade, attention has been focused on the design of alternative PEM
materials prepared at lower cost and with improved properties.2,4�7

Although a wide variety of novel polymer systems have been studied
for this purpose, there is yet a comprehensive understanding of
fundamental structure�property relationships in PEMs. In par-
ticular, the role of polymer microstructure on the morphology

and, subsequently, on the physicochemical properties of mem-
branes are subjects of much research interest.8�11

The nanostructure and morphology of membranes are be-
lieved to play a profound role on their proton conduction.8 The
morphology of Nafion membranes, for example, has been
characterized as possessing an interconnected network of nano-
meter-sized ionic channels in a fluorocarbon matrix.12�16 Proton
conduction occurs through hydrophilic ionic channels, wherein
protons dissociate and are mobilized by water molecules.15,17

However, it is not fully understood how the polymer microstruc-
ture affects ionic aggregation and connectivity of ionic domains,
and how themembranemorphology influences water sorption and
proton conductivity. In this context, model polymers that form
distinct but variable morphological structures are useful for eluci-
dating structure�property relationships and for gaining insights
into optimal structures for membrane design.

It is well-established that block copolymers, having immiscible
segments, self-assemble into a range of ordered, periodic struc-
tures through the process of microphase separation.18,19 The
enthalpy of demixing of incompatible segments provides the
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ABSTRACT: Diblock copolymers of sulfonated poly([vinylidene difluoride-co-
hexafluoropropylene]-b-styrene) [P(VDF-co-HFP)-b-SPS] were prepared for
the purpose of studying the role of ionic purity and connectivity on proton
exchange membranes. Block ratios were controlled to provide membranes with
different morphologies. Within each membrane series, the ion content was
controlled either by varying the length of the fully sulfonated polystyrene (PS)
block, or by varying the degree of sulfonation of a fixed PS block. For a given ion
exchange capacity (IEC), water uptake and proton conductivity were shown to
be significantly influenced by the degree of sulfonation of the PS block and, thus,
the ionic purity of the “ion-rich” channels. Fully sulfonated membranes with
6�17 vol % PS possessed disordered ionic clusters (6�20 nm in diameter). Although these membranes show relatively high water
sorption at low IEC ranges, their water sorption and proton conductivity are less sensitive to changes in IEC. This reduced their
tendency for acid dilution at high ion contents, allowing for a continuous increase in proton conductivity over a greater range of IEC.
Partially sulfonated membranes with 35, 45, and 50 vol % PS displayed a lamellar morphology. Water content was found to be lower
in the partially sulfonated membranes due to the influence of the nonsulfonated PS host matrix surrounding the ionic aggregates of
polystyrenesulfonic acid (PSSA). For a given IEC, partially sulfonated membranes with lower PS contents required relatively high
degree of sulfonation, resulting in enhanced connectivity of ionic PSSA aggregates, which, in turn, led to greater water uptake and
proton conductivity. This work concludes with the finding that the design of polymers that form well-defined “proton-conducting
channels”, as determined by electron microscopy, do not necessarily translate to high proton conductivity membranes, as it is the
connectivity of the protogenic aggregates within these channels that has the strongest influence on themembrane transport properties.
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driving force for microphase separation in block copolymers,
while further separation into macroscopic domains is prevented
by chemical bonding between segments. The extent of phase
separation and the resulting morphological structures are depen-
dent upon several parameters such as chemical dissimilarity
between blocks, length of each block, block ratio, and crystallinity.

The high-level of morphological control renders block co-
polymer ionomers potentially useful for studying structure�
property relationships in PEMs, and these are the subject of a
recent review by Elabd and Hickner.20 Block ionomers for PEM
materials are typically comprised of an ionic and a nonionic block.
This is often achieved by having constituent blocks to be
composed of chemically different units, or of units that are
chemically identical except that one block is sulfonated and the
other is not. Chemical immiscibility between the constituent
blocks induces phase separation of ion and nonionic domains,
wherein proton transport is facilitated by the ionic domain while
mechanical strength is provided by the nonionic domain. Well-
defined sulfonated block copolymers can yield ordered nanos-
tructures with tailored morphologies and domain sizes and thus,
allow for an investigation of the effects of morphology and
molecular order on proton transport.

The morphology and properties of PEMs based on polystyr-
enesulfonic acid-containing block ionomers have been extensively
studied.21�43 Partially sulfonated poly(styrene-b-[ethylene-co-
butylene]-b-styrene) (S-SEBS), possessing a sequence of io-
nic/nonionic/ionic block, have been investigated for elucidating
structure�property relationships as well as the potential applica-
tion as low-cost membranes in hydrogen PEMFCs.21�35 It is
reported that different morphologies can be obtained for S-SEBS
when membranes are cast from different solvents, and proton
conductivities is highly dependent upon membrane morpho-
logies.28,34 Elabd and co-workers37�40 examined a similar tri-
block copolymer, partially sulfonated poly(styrene-b-isobuty-
lene-b-styrene) (S-SIBS), which is also found to adopt different
morphologies that are dependent upon the casting solvent.
Proton conductivity (in-plane direction) is significantly higher
in membranes with lamellar structure compared to those with
disordered structure. In addition, S-SIBS exhibits a change in
morphology with increasing ion contents.40 Hickner and co-
workers44 have prepared midblock-sulfonated triblock copoly-
mers to investigate how the location of the sulfonated block as
well as the chemical composition of the nonionic blocks influ-
ence proton transport properties. ABA triblocks with an ionic
center block comprising of sulfonated polystyrene and nonionic
outer blocks comprising of poly(hexyl methacrylate) (PHMA)
were found to provide higher proton transport compared to their
partially fluorinated analogue (i.e., nonionic outer blocks con-
sisting of poly(perfluorooctyl methacrylate). This is presumably
due to the lower glass transition temperature (Tg) and higher
solubility of the hydrocarbon PHMA block in the casting solvent,
which led to a greater degree of morphological order.

Balsara and co-workers45 have reported an extensive morpho-
logical study of sulfonated poly(styrene-b-methylbutylene) (PSS-
b-PMB) to determine the effects of molecular weight, sulfonation
level, and temperature on their phase behavior. It was observed
that PSS-b-PMB, despite having a narrow PSS volume fraction of
0.45�0.5, exhibited a wide variety of phases including disor-
dered, lamellar, cylinders, perforated lamellar, and gyroid, as a
function of the sulfonation level in the PSS block. In this range of
block ratio, only lamellar phases are expected in conventional block
copolymers with no ions present. It was suggested the standard

diblock theories are insufficient to accurately describe the phase
behavior of ion-containing block copolymers and that more
sophisticated models incorporating dipolar and electrostatic inter-
actions are needed for these systems.45 Very recently, Park and
Balsara46 have investigated the effect of alignment of the proton
conducting pathways in PSS-b-PMB on proton transport
properties. Various processing techniques such as solvent
casting, pressing, shearing and electric field alignment were
used to obtain membranes with different orientation of the
lamellar domains, from which the degree of conductivity
anisotropy was found to be consistent with the morphological
anisotropy observed.46 Hillmyer and co-workers47 have pre-
pared diblock ionomers of poly([norbornenyleneethylstyrene-
r-styrene]-b-styrenesulfonic acid) (PNS-b-PSSA) in which the
norbornenylene groups were cross-linked by ring-opening me-
tathesis polymerization (ROMP) during membrane casting. A
bicontinuous morphology was observed where the PSSA domain
size increases directly with the molecular weight of the diblock
copolymer; at 90% RH, proton conductivity was found to
increase with decreasing PSSA domain size, which is attributed
to the capillary condensation effects in smaller ionic domains.47

Sulfonated block copolymers possessing fluorinated segments
have several advantages including increased thermal and chemical
stability, low water absorptivity and higher resistance to oxidation
over hydrocarbon analogues. Furthermore, the hydrophobicity of
the fluorocarbon block may lead to a higher degree of hydrophilic/
hydrophobic microphase separation.48 Recently, diblock ionomer
systems based on sulfonated poly([vinylidene difluoride-co-
hexafluoropropylene]-b-styrene) [P(VDF-co-HFP)-b-SPS] posses-
sing a hydrophobic fluorous linear segment attached to a hydro-
philic sulfonated styrene block have been reported.49�51 These
were prepared by ATRP of styrene from a fluoropolymer
macroinitiator, followed by postsulfonation (Scheme 1). This
partially fluorinated diblock ionomer system provides great
structural control over the lengths of both the fluorinated and
the polystyrene segments as well as the ion content via degree of

Scheme 1. Synthetic Scheme for P(VDF-co-HFP)-b-SPS
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sulfonation of the PS block. The presence of the fluorinated block is
reported to improve phase separation, and thereby enhanced proton
conductivity compared to random copolymers of styrene and
styrenesulfonic acid (PS-r-PSSA) as well as to other nonfluorous
polystyrene-based block ionomers (i.e., S-SEBS, S-SIBS).50

In this paper, we utilize the P(VDF-co-HFP)-b-SPS diblock
ionomer approach to further elucidate structure�property rela-
tionships by preparing several series of diblocks possessing different
block ratios (Scheme 2). Within each membrane series, the ion
content was controlled either by varying the length of the fully
sulfonated polystyrene (PS) block (Scheme2a), or by changing the
degree of sulfonation of a fixed PS block (Scheme 2, parts b and c).
Proton conductivities, proton mobilities, water content, and acid
concentration are studied and compared. As anticipated, the
membrane morphology plays a profound role on proton transport
but surprisingly, the degree of sulfonation of the PS block plays a
stronger role as it determines the extent of ionic purity and
connectivity within the so-called “proton-conducting channels”.
A previous neutron scattering study52 indicated that the ionic
channels in these diblock membranes consist of ionic aggregates of
polystyrenesulfonic acid (PSSA) in a matrix of nonsulfonated PS.
Thus, here, ionic purity is defined as the proportion of ionic PSSA
aggregates within the PSSA/PS domains, and is directly related
to the degree of sulfonation of the PS segment. The structure�
property relationships reported in this work provide useful insights
into the design of next-generation proton-conductingmembranes.

’RESULTS AND DISCUSSION

Synthesis of P(VDF-co-HFP)-b-SPS Diblock Copoly-
mers. Diblock ionomers of sulfonated poly([vinylidene

difluoride-co-hexafluoropropylene]-b-styrene) [P(VDF-co-
HFP)-b-SPS] were synthesized according to Scheme 149,50

Trichloromethyl-terminated fluoropolymers of vinylidene
difluoride (VDF) and hexafluoropropylene (HFP) were
obtained by emulsion copolymerization in the presence of
chloroform as the chain transfer agent. The resulting CCl3-
terminated P(VDF-co-CTFE) were subsequently used as
macroinitiators in the atom transfer radical polymerization
(ATRP) of styrene to yield P(VDF-co-HFP)-b-PS diblock
copolymers. Postsulfonation with acetyl sulfate confered
sulfonic acid (�SO3H) groups onto the polystyrene seg-
ment. The ionicity, and thus ion exchange capacity (IEC), of
the P(VDF-co-HFP)-b-SPS diblock copolymers were con-
trolled either by varying the length of a fully sulfonated
polystyrene block, or by varying the degree of sulfonation on
a fixed polystyrene segment. In the former case, the fully
sulfonated polystyrene block was kept relatively short com-
pared to the hydrophobic fluorous block in order to yield
water-insoluble diblock copolymers.
Gel permeation chromatography (GPC) and NMR spectros-

copy were employed to verify each reaction step and to deter-
mine the molecular weights of the block segments. GPC traces of
the P(VDF-co-HFP) macroinitiators and their resulting P(VDF-
co-HFP)-b-PS diblock copolymers were obtained (see Support-
ing Information, Figure S1). After ATRP, GPC traces shift to a
highermolecular weight, indicating the polymerization of styrene
onto the macroinitiator. The unimodal GPC peak of the diblock
copolymer indicates that the �CCl3 terminus of the fluorous
macroinitiator is a single initiator unit, i.e., no double or triple
initiation, which is consistent with previous reports on CCl3-
terminated macroinitiators.53�55

Figure 1 shows typical 1H NMR spectra of a P(VDF-co-HFP)
macroinitiator (Figure 1a) and its resulting P(VDF-co-HFP)-
b-PS diblock copolymer (Figure 1b). Peaks at 2.8�3.5 ppm (peak a)
correspond to head-to-tail structures of VDF sequences, whereas
peaks observed between 2.3�2.6 ppm (peak a0) are due to head-to-
head or tail-to-tail structures.49 These peaks are observed for both the
macroinitiator and the resulting diblock copolymer. The presence of
the�CCl3 terminal group on the macroinitiator was also confirmed
by 1H NMR: the small peaks at 3.7�3.8 ppm (peak i, see inset) are
due to CCl3-related structures of �CH2*�CF2�CCl3 or �CF2�
CH2*�CCl3; small peaks at 6.2�6.4 ppm (peak j) are due to
H-terminated chains with structures of �CF2�CH2�CF2H*
or �CH2�CH2�CF2H*. The ratio of integrals of peaks i to
j provides an estimation of the ratio of �CCl3 to H-terminated
chain ends. This ratio was typically found to be 0.85 ( 0.15,
which suggests that one terminal group is not in large excess of
the other. The compositions of the P(VDF-co-HFP) macroini-
tiators were determined by 19FNMR spectroscopy (see Support-
ing Information, Figure S2) as previously described,56 and found
to be 84 ( 3% of VDF and 16 ( 2% of HFP.
As shown in Figure 1b, the 1H NMR spectrum of P(VDF-

co-HFP)-b-PS possesses additional peaks at 1.3�1.7 ppm (peak
b, methylene, 2H), 1.8�2.0 ppm (peak c, benzylic, 1H), and
6.4�7.4 ppm (peaks d and e, aryl, 5H), which further indicates the
successful polymerization of styrene onto the macroinitiator. Quan-
titative analysis of the styrene units is obtained by the ratio of in-
tegrated signals due to the aromatic styrenic protons (peaks d and e)
and the methylene protons of VDF (peaks a and a0), as follows:

St
VDF

¼ D þ E
A þ A0 �

2
5

ð1Þ

Scheme 2. P(VDF-co-HFP)-b-SPS Membranes Studied
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where D, E, A and A0 are the integrals of peaks d, e, a and a0 in
Figure 1b, respectively. The molecular weights of the diblock
estimated from NMR were comparable to those estimated using
GPC data, as shown in Table 1.
The volumes of the fluorous and the styrenic segments were

estimated using their respective pure component density (1.78 g/cm3

for P(VDF-co-HFP), and 1.05 g/cm3 for polystyrene). The
volume percentage of polystyrene (vol % PS) was calculated by:

vol % PS ¼
Mn, NMRðPSÞ

FPS
Mn, NMRðPSÞ

FPS
þ Mn, GPCðPðVDF�co�HFPÞ

FPðPVDF�co�HFPÞ

ð2Þ

where Mn,NMR (PS) and Mn,GPC (P(VDF‑co‑HFP)) are the number-
average molecular weights of the polystyrene and the fluorous

segments, respectively; FPS and FP(VDF‑co‑HFP) are their respec-
tive densities. The estimated volume percentages of polystyrene
in the diblock copolymers are also listed in Table 1. The volume
percentages based on sulfonated polystyrene were also consid-
ered (see Supporting Information, Table S1): using space-filling
model software,57 it was estimated that addition of a �SO3H
group would increase the volume of a single styrene unit by
∼30%. For the P(VDF-co-HFP)-b-PS diblock copolymers,
complete sulfonation of the polystyrene blocks was estimated
to increase the volume percentages of the polystyrene portion of
the entire diblock by 2�4 vol %. In the case of partial sulfonation
of the polystyrene blocks, sulfonation increases the volume
percentages by only 2�3 vol %. Thus, changes in nonfluorous
volume fraction due to the incorporation of �SO3H groups is
very small, and can be neglected.

Figure 1. 1H NMR spectra of (a) P(VDF-co-HFP) macroinitiator, (b) P(VDF-co-HFP)-b-PS diblock, and (c) partially sulfonated P(VDF-co-HFP)-b-
SPS (DS = 37%).

Table 1. Chemical Compositions of P(VDF-co-HFP)-b-PS Parent Diblock Copolymers

P(VDF-co-HFP) macroinitiator P(VDF-co-HFP)-b-PS

diblock copolymer Mn,GPC
a (Da) DP(VDF+HFP)

b Mn,GPC
a (Da) Mn,NMR

d (Da) Mn,NMR (PS)
e (Da) DP(St)

f Vol % PSg

1 24 300 316 N/Ac 25 200 900 9 6

2 24 300 316 N/Ac 25 600 1300 13 8

3 24 300 316 N/Ac 26 100 1800 17 11

4 24 300 316 N/Ac 26 400 2100 20 13

5 24 300 316 26 200 27 200 2900 28 17

6 23 900 310 29 900 31 400 7500 72 35

7 17 900 233 25 300 26 000 8100 78 45

8 12 100 168 18 700 19 200 7100 68 50
aMeasured by THF�GPC, calibrated with linear PS standards. bCombined degree of polymerization of VDF and HFP, calculated using Mn,GPC

[P(VDF-co-HFP)] and the mole ratio of VDF/HFP from 19F NMR. c Increase in molecular weight could not be measured accurately by GPC.
dCalculated usingMn,GPC [P(VDF-co-HFP)] and the ratio of St/VDF from 1H NMR. eMolecular weight of the polystyrene segment, calculated from
the difference betweenMn,NMR [P(VDF-co-HFP)-b-PS] andMn,GPC [P(VDF-co-HFP)].

fDegree of polymerization of styrene, calculated fromMn,NMR

[polystyrene]. gVolume percentage of polystyrene in the diblock copolymer, calculated according to eq 2.



8849 dx.doi.org/10.1021/ma2010469 |Macromolecules 2011, 44, 8845–8857

Macromolecules ARTICLE

P(VDF-co-HFP)-b-PS diblock copolymers possessing 6, 8, 11,
13, 17, 35, 45, and 50 vol % PS were systematically prepared, and
their compositions are described in Table 1. For parent diblocks
with low PS content (6�17 vol %), the polystyrene segments
were fully sulfonated. Collectively, these yield a series of proton-
conducting membranes in which the ionic content is controlled
by varying the length of the fully sulfonated polystyrene, as
illustrated in Scheme 2a. Whereas for parent diblocks with higher
polystyrene content (35, 45, and 50 vol % PS), complete
sulfonation of the polystyrene segments leads to water-soluble
polymers; thus, the parent diblocks were partially sulfonated to
provide membranes with different ionicity, as illustrated in
Scheme 2, parts b and c. In these membranes series, IEC was
controlled by varying the degree of sulfonation on a fixed
polystyrene block length. The 50 vol % PS diblock possessed a
relatively short fluorous segment (DP(VDF+HFP) = 168) com-
pared to the 35 and 45 vol % PS diblocks (DP(VDF+HFP) ∼
250�300) in order to yield a high PS content diblock. Only one
IEC sample is reported for the 50 vol % PS diblock (Scheme 2d).
A typical 1H NMR spectrum of a partially sulfonated diblock

copolymer is given in Figure 2c. The peak at 6.8�7.4 ppm(peak e) is
due tom- and p- protons on the nonsulfonated styrene units; whereas
the peak at 7.4 to 7.8 ppm (peak f) is assigned to aromatic protons
adjacent to the sulfonate group. The degree of sulfonation (DS, %) is
estimated using the ratio of integrals for peaks e and f, as follows:

DS ð%Þ ¼
F
2

F
2
þ E

3

� 100% ð3Þ

where E and F represent the integrals of peaks e and f in Figure 2c,
respectively.

The chemical compositions, degrees of sulfonation and IECs
for the P(VDF-co-HFP)-b-SPS membranes are summarized in
Table 2. For ease of discussion, the membranes series are referred
to their PS content: 6�17, 35, 45, and 50 vol % PS, and to the
degree of sulfonation: fully or partially sulfonated.
TEM. The nanostructure and morphology of the membranes

were investigated using transmission electronmicroscopy (TEM)
on cross-sectional slices (∼100 nm) of dry membranes. Mem-
branes were stained with lead acetate prior to imaging, therefore
the dark areas in the TEMs correspond to regions of high ionic
content. TEM images of selectedmembranes from the 6�17 vol%
PS, fully sulfonated series are shown in Figure 2, parts A, B, and
C. No ion phase separation morphology is observed for the
membrane possessing the lowest IEC of 0.07 mmol/g (not
shown). With increasing IEC (>0.40 mmol/g), a phase-sepa-
rated morphology characterized by disordered ionic clusters is
observed (Figure 2, parts A, B, and C). The size of the ion clusters
(dark domains) is found to increase from 6 to 20 nm as IEC
increases from 0.40 to 1.13 mmol/g, and is attributed to the
increasing length of the fully sulfonated polystyrene segment,
which leads to enhanced phase separation and aggregation of
larger ionic cluster. Similar trends in ionic domain size have been
previously reported by our group.58,59 Using graft copolymers
comprising polystyrenemain chain and ionic polystyrenesulfonic
acid graft chains (PS-g-PSSA), it is reported59 that ionic cluster
size and the degree of phase separation increase as the length of
the PSSA graft chains increase.
In general, ordered lamellar-like morphologies are observed in

partially sulfonated membranes, with low to intermediate IEC, for
the 35 (Figure 2D,E), 45 (Figure 2G,H), and 50 vol % (Figure 2J)
PS series, and are consistent with the morphological phase diagram
reported for diblock copolymers of poly(styrene-b-isoprene), in

Figure 2. TEM images of selected P(VDF-co-HFP)-b-SPS membranes from the 6�17 vol % PS series with IECs (mmol/g) of (A) 0.46, (B) 0.70, (C)
1.20; the 35 vol % PS series with IECs of (D) 0.42, (E) 0.68, (F) 0.73; the 45 vol % PS series with IECs of (G) 0.62, (H) 0.89, (I) 1.31; and the 50 vol % PS
series with an IEC of (J) 1.09.
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which pure lamellar structures have been observed for 35 to
65 vol % PS block fractions.60,61 In the present work, clear signs
of phase separation are observed for the 35 vol % PS series even
for the lowest IEC sample (0.31 mmol/g, not shown). As IEC
increases (from 0.42 to 0.68 mmol/g, Figure 2D,E), phase
separation becomes more distinct, and the interface, sharper.
The width of the ionic lamellae is ∼15�20 nm, and the
interdomain spacing is∼20�40 nm. For higher IEC membranes
(e.g., 0.73 mmol/g, Figure 2F), the morphology becomes dis-
ordered. Such an order�disorder transitionmay have a significant
impact on the membrane properties, as will be discussed later.
Changes in morphology with sulfonation have been reported in
other sulfonated block copolymer systems. For instance, using
sulfonated poly(styrene-b-isobutylene-b-styrene) triblock copo-
lymers (31 wt % PS), Elabd et al.40 observed a morphological
transition from cylinders to lamellar at DS of 13%, and a second
periodic to nonperiodic cocontinuous morphology at DS > 40%.
Park and Balsara45 reported that sulfonated poly(styrene-b-
methylbutylene) (PS volume fraction of 0.45�0.5) displayed a
range of phases including disordered, lamellar, cylindrical, and
gyroid as a function of sulfonation in the styrene block. The work
of Mauritz et al.35 on sulfonated poly(styrene-b-[ethylene-r-
butylene]-b-styrene) revealed morphological transitions from
hexagonally packed cylinders to lamellae as the DS increases
from 0 to 12%. A few mechanisms have been suggested for the
morphological shift with sulfonation. These include changes in
chain conformation of the sulfonated block due to strong dipole
and electrostatic interactions between ionic monomers, in-
creased Flory�Huggins interaction parameter (χ) between the
sulfonated and unsulfonated segments, and increased interfacial
surface tension between phases leading to a minimization of
interfacial surface area.35,45,62

TEM micrographs of partially sulfonated membranes for the
45 vol % PS series with IECs of 0.62 and 0.89 mmol/g are
shown in Figure 2, parts G and H, respectively. The width of the
ionic lamellae phase is found to be 20�30 nm, i.e., larger than

the 35 vol % PS membranes; but possessing a interdomain spacing
of 20�40 nm, which is similar to the 35 vol % PS membranes.
A disordered morphology is observed for high IEC membranes
(1.31 mmol/g, Figure 2I). For the 50 vol % PS membrane
possessing an IEC of 1.09 mmol/g (Figure 2J), the width of
the ionic lamellae is found to be 15�20 nm with a fluorocarbon
interdomain spacing of 10�25 nm. The fluorocarbon and ionic
domains are narrower compared to the 35 vol % and 45 vol % PS
membranes, due to both the shorter fluorous and ionic segments
in the 50 vol % PS membrane.
Although the TEM images shown above are for dry mem-

branes, the morphology is expected to be preserved in the water-
swollen membranes, as evidenced in our previous study.52 Small-
angle neutron scattering (SANS) analysis of P(VDF-co-HFP)-b-
SPS membranes showed that, upon hydration, the overall
morphology of themembranes is maintained, but the dimensions
of lamellar spacing vary accordingly.52

Water Sorption. The water sorption properties of the mem-
branes in the protonic form are expressed both as water content
and molar ratio of water to sulfonic acid ([H2O]/[SO3

�], λ).
Water content and λ versus IEC are plotted in Figure 3 (that for
Nafion 117, IEC = 0.91 mmol/g, is also plotted for comparison).
As expected, water sorption increases with IEC for all membrane
series.
Considerable differences are found in water sorption behavior

between different series of membranes. In the low IEC range
(<0.6 mmol/g), the partially sulfonated membranes absorb
significantly less water than the fully sulfonated membranes.
For instance, for an IEC range of 0.3 to 0.6 mmol/g, water
contents are found to be 2�12 and 5�21 wt % for the partially
sulfonated membranes with 35 and 45 vol % PS, respectively;
whereas the water content is 19�27 wt % for the fully sulfonated
membranes with 6�17 vol % PS. The lower water uptake in the
former is attributed to the PS segment being only partially
sulfonated. A neutron scattering study52 on partially sulfonated
P(VDF-co-HFP)-b-SPSmembranes reveals a hierarchicalmembrane

Table 2. Chemical Compositions of P(VDF-co-HFP)-b-SPS Membranes

series membrane Mn (fluorous)
a (Da) Mn (PS)

b(Da) DSc (%) IECd (mmol/g)

6�17 vol % PS, fully sulfonated 1�1 24 300 900 100 0.34 ( 0.02

1�2 1300 0.46 ( 0.01

1�3 1800 0.64 ( 0.02

1�4 2100 0.70 ( 0.04

1�5 2900 1.20 ( 0.03

35 vol % PS, partially sulfonated 2�1 23 900 7500 16 0.31 ( 0.02

2�2 21 0.42 ( 0.01

2�3 27 0.52 ( 0.02

2�4 32 0.59 ( 0.02

2�5 37 0.68 ( 0.02

2�6 41 0.73 ( 0.03

45 vol % PS, partially sulfonated 3�1 17 900 8100 12 0.26 ( 0.01

3�2 17 0.53 ( 0.02

3�3 22 0.72 ( 0.05

3�4 32 0.89 ( 0.03

3�5 40 1.18 ( 0.05

3�6 49 1.31 ( 0.05

50 vol % PS, partially sulfonated 4�1 12 100 7100 35 1.09 ( 0.05
aMolecular weight of the fluorous segment, measured by THF-GPC using linear PS standards. bMolecular weight of the polystyrene segment, estimated
using the ratio of St/VDF from 1H NMR. cOn the basis of 1H NMR according to eq 3. dMeasured by acid�base titration.
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microstructure, involving two levels of phase separation, as
illustrated in Figure 4. At one level of phase separation (Figure 4a),
the hydrophobic fluoropolymer segment segregates from the
sulfonated PS segment forming alternating fluorocarbon and
ionic PSSA/PS domains; and within the ionic PSSA/PS domain
(Figure 4b), a sublevel of phase separation exists in which ionic
aggregates/clusters of PSSA are formed in a matrix of the PS host,
similar to that found in randomly sulfonated polystyrene (PS-r-
PSSA).24,63,64 In addition to the hydrophobic fluorocarbon
domains, the nonsulfonated PSmatrix provides further opposition
to water swelling. In contrast, for the 6�17 vol % PSmembranes,
the PS segments are fully sulfonated and swell considerably even
for low IEC membranes.
As IEC is increased above 0.6mmol/g, the water sorption of all

the membrane series are observed to increase significantly
(Figure 3). For the partially sulfonated, 35 and 45 vol % PS
membranes, water sorption shows a slower rate of increase with
IEC initially, followed by a sharp increase, indicative of reaching
an interconnected network of PSSA clusters within the ionic
PSSA/PS domains, as depicted in Figure 4b: For low ion contents,
or low degrees of sulfonation (Figure 4b left), the ionic purity
within the PSSA/PS domains is low—i.e., the PSSA/PS domains
contain mostly of the nonsulfonated PS host matrix. Both the
number and the size of the ionic PSSA clusters are small and they
remain relatively isolated and thus, water uptake is low. With
increasing degrees of sulfonation (Figure 4b right), the ionic purity
and the cluster size increase, leading to increasing amounts of water
absorbed; eventually, an interconnected network of ionic PSSA
clusters is formed for which water uptake increases dramatically.

Despite the fully sulfonated 6�17 vol % PS membranes exhibit-
ing relatively large water sorption at low IEC ranges, they do not
exhibit a threshold effect and water swelling is less sensitive to
changes in IEC. This may be attributed to the formation of
smaller short-range ionic domains (Figure 2, parts A, B, and C),
which allows for a greater continuity in the hydrophobic fluoro-
carbon matrix that resists osmotic pressure-driven swelling at the
high IEC ranges.
Comparisons between the different series of partially sulfo-

nated membranes reveal that water sorption decreases with
increasing PS content in the membranes. For instance, over
the IEC range, 0.5�0.7 mmol/g, the water content is 12�33 and
2�12 wt % for 35 and 45 vol % PS membranes, respectively; and
for IEC of∼1.1 mmol/g, the water content is 47 and 36 wt % for
the 45 and 50 vol % PS membranes, respectively. That is, for
a given IEC, water content decreases in the order of 35 > 45 >
50 vol % PS. To achieve an IEC of∼0.7 mmol/g, the 35 vol % PS
polymer membrane requires a degree of sulfonation (DS) of
∼40%; whereas the 45 vol % PS membrane requires only∼20%
DS (Table 2). The higher degree of sulfonation reduces the
proportion of nonsulfonated PS and allows for closer spatial
proximity between neighboring sulfonic acid groups, which may
lead to the formation of larger and more interconnected PSSA
clusters. Membranes with high PS content require relatively low
degrees of sulfonation to obtain a given IEC value; thus, the ionic
purity within the ionic PSSA/PS domains is low, which restricts
the formation of an interconnected ionic cluster network. Simply
put, high PS content membranes are less prone to water swelling,
which significantly impacts proton transport within them.
Proton Conductivity. In plane proton conductivities versus

IEC for various membrane series are plotted in Figure 5a. For the
35 and 45 vol % PS membranes, conductivities increase initially
with IEC, and decrease upon further increases. Figure 6a plots
the acid concentration ([�SO3H]) in hydrated membranes. For
the partially sulfonated 35 and 45 vol % PS membranes, the
[�SO3H] initially increases with IEC but dilution occurs with
further increases. These trends are consistent with the water
sorption behavior, as shown in Figure 3a: For the 35 and 45 vol %
PSmembranes, water sorption increases sharply above IEC values

Figure 3. (a) Water content vs IEC; (b) λ vs IEC for P(VDF-co-HFP)-
b-SPSmembranes with 6�17 (green4), 35 (redb), 45 (blue9) and 50
(purple 1) vol % polystyrene. Note: open symbols represent fully
sulfonated membranes; filled symbols, partially sulfonated.

Figure 4. Schematic representation of the hierarchical microstructure
in P(VDF-co-HFP)-b-SPS: (a) the large scale morphology consists of
stacks of alternating fluorocarbon and ionic PSSA/PS domains; (b)
within the PSSA/PS domains, ionic aggregates of PSSA exist in a matrix
of host PS.



8852 dx.doi.org/10.1021/ma2010469 |Macromolecules 2011, 44, 8845–8857

Macromolecules ARTICLE

of 0.5 and 0.7 mmol/g, respectively. Thus, the drop in proton
conductivity observed for high IEC membranes is due to acid
dilution caused by excessive water uptake, as reported for other
sulfonated polystyrene-based copolymer systems.27,37,42,58,65,66

The fully sulfonated, 6�17 vol % PS membranes exhibit a
continuous increase in proton conductivity over the range of
IEC studied (Figure 5a), and possess a proton conductivity of
0.11 S cm�1 at an IEC of 1.20 mmol/g � the highest value
observed in this study. Water sorption in the 6�17 vol % PS
membranes is relatively less sensitive to changes in IEC compared
to the other membrane series (Figures 3a and b), which enables
these membranes to maintain a reasonably high [�SO3H], which
remains constant at ∼0.6 M for IECs > 0.4 mmol/g.
Comparisons between partially sulfonated membranes with

different PS contents reveal that membranes with lower PS content
possess a lower IEC threshold beyond which conductivity increases
sharplywith IEC (Figure 5a). For the 35 and 45 vol%PSmembrane
series, the threshold is∼0.4 and∼0.7 mmol/g, respectively. Over a
similar IEC range of 0.3 to 0.7mmol/g, the 35 vol % PSmembranes
exhibit higher proton conductivities than the 45 vol % PS mem-
branes. A lower IEC threshold and greater proton conductivity in
the 35 vol%PSmembranes are due to the relatively higher degree of
sulfonation. As discussed previously, a higher degree of sulfonation
results in closer spatial proximity between neighboring sulfonic acid
groups, which in turn, leads to the formation of larger ionic PSSA
clusters and a more interconnected ionic network. This allows for
higher water sorption as well as enhanced proton transport with the
hydrophilic PSSA/PS domains.

It is reported that perfluorosulfonic acid ionomer membranes
show a significant increase in proton conductivity when λ > 6.67

Figure 5b shows the relationship between proton conductivity as
a function of water content (λ). For λ values of 10�20, the
partially sulfonated, 35 and 45 vol%PSmembranes exhibit similar
proton conductivities. However, for λ values between 20 and 40,
the ordering of conductivity is 45 > 35 > 6�17 vol % PS. The
maximum proton conductivity value occurs when λ∼40 for both
the 35 and 45 vol % PS membranes, and conductivity drops with
further increases in λ (>40). Similar observations are reported in
other proton conducting block copolymer systems.68 It is con-
cluded that for sulfonated block copolymer membranes, increas-
ing λ values from 0 to 40 increases the proton conductivity
by enhancing proton mobility; however, beyond this, further

Figure 5. (a) Proton conductivity vs IEC and (b) proton conductivity
vs λ for P(VDF-co-HFP)-b-SPS membranes with 6�17 (green 4), 35
(redb), 45 (blue9), and 50 (purple 1) vol % polystyrene. Note: open
symbols represent fully sulfonated membranes; filled symbols, partially
sulfonated.

Figure 6. (a) [�SO3H] in hydrated membranes vs IEC, (b) effective
proton mobility (μeff) vs IEC, and (c) μeff vs water volume fraction
(Xv) for P(VDF-co-HFP)-b-SPS membranes with 6�17 (green 4),
35 (red b), 45 (blue 9), and 50 (purple 1) vol % polystyrene. Note:
open symbols represent fully sulfonated membranes; filled symbols,
partially sulfonated.
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increases inλ dilute the acid concentration and this effect outweighs
any further increase in proton mobility. Such acid dilution does not
occur in the fully sulfonated 6�17 vol % PS membranes due to
their limited water swelling at high IEC, and thus these membranes
exhibit a continuous increase in proton conductivity even beyond λ
values of 40.
Proton Mobility. The effective proton mobility, μeff—where

the effects of acid concentration on conductivity are removed—
provides meaningful insights into the combined factors of degree
of acid dissociation, ionic channel tortuosity, and spatial proximity
between neighboring acid groups within the ionic domains.68

Figure 6b shows the relationship between μeff and IEC for the
various series of membranes. μeff generally increases with IEC in
these membranes, which is expected, as increasing the IEC leads
to increased water sorption and proton mobility. Comparisons
between the various partially sulfonated membranes indicate that
proton mobility is higher for membranes with lower PS content.
For instance, for IEC values between 0.4 and 0.7 mmol/g, μeff is
(0.17�0.83) � 10�3 cm2 s�1 V�1 for the 35 vol % PS mem-
branes compared to (0.04�0.22) � 10�3 cm2 s�1 V�1 for the
45 vol % PS membranes. The greater proton mobility in the
35 vol % PSmembranes is attributed to the relatively higher degree
of sulfonation and therefore, closer spatial proximity between
acid groups. For example, to obtain an IEC of∼0.7 mmol/g, for
the 35 vol % PS membranes, a degree of sulfonation of ∼40% is
required; whereas ∼20% is required for the 45 vol % PS
membranes (Table 2). At this IEC, in the 35 vol % PSmembranes,
each sulfonic acid group is separated by 1 to 2 unsulfonated styrene
units; whereas for the 45 vol % PSmembranes, each sulfonic acid is
5 styrene units apart. The high degree of sulfonation favors the
formation of larger ionic clusters with greater water sorption,
which promotes proton dissociation and transport within the ionic
channels. It is worth noting that the 35 vol % PS membrane with
the highest IEC exhibits a lower proton mobility. This might
be explained from the TEM image (Figure 2F), which shows
disordered and tortuous ionic channels.
Plots of μeff versus water volume fraction (Xv) (Figure 6c) can

be used to gain insights into the degree of tortuosity and
connectivity of the ionic domains. The partially sulfonated 35,
45, and 50 vol % PS membranes possess significantly greater μeff
than the fully sulfonated 6�17 vol% PSmembranes. This suggests
that the ionic channels in the partially sulfonated membranes are
more contiguous with fewer dead ends, which is consistent with
the morphology revealed in the TEM images (Figure 2D�J). In
contrast, the fully sulfonated membranes are characterized as
possessing highly encumbered ionic pathways.
Conductivity Anisotropy. In an operating PEMFC, proton

transport is perpendicular to the plane of the membrane—in the
through-plane direction; thus, anisotropies in both membrane
morphology and proton conductivity are important factors for
evaluating PEMmaterials. Soboleva et al.69 report that the degree

of conductivity anisotropy in Nafion is influenced by the casting
method: extruded membranes (Nafion 112, 1135, 115, and 117)
demonstrate relatively anisotropic conductivity, whereas solu-
tion-cast membranes (Nafion 211) exhibit isotropic conductiv-
ity; Gebel et al.70 reported on the anisotropic proton conductivity
in sulfonated polyimide membranes possessing distinct morpholo-
gical anisotropy. Park and Balsara46 have recently studied conductiv-
ity anisotropy in sulfonated poly(styrene-b-methylbutylene) mem-
branes possessing controlled orientations of the ionic domains that
are obtained from various processing techniques.
In order to examine conductivity anisotropy, proton conduc-

tivity in the in-plane (both X and Y) and through-plane (Z)
directions were measured on selected membranes. Membranes
possessing similar water volume fractions of∼0.40 were chosen,
that is, IECs of 0.64, 0.68, 0.89, and 1.09 mmol/g for the 6�17,
35, 45, and 50 vol % PS membranes, respectively. Conductivity
anisotropy (σ )/^), quantified by the ratio of in-plane (σ )) over
through-plane (σ^) conductivity, are given in Table 3. The fully
sulfonated 6�17 vol % PS membrane is found to show very
similar in-plane and through-plane proton conductivity indicat-
ing little anisotropy (σ )/^ = 0.8), which is consistent with the
randomly distributed ionic cluster morphology, as revealed by
TEM (Figure 2A�C).
For the 35, 45, and 50 vol % PS membranes, the in-plane

proton conductivity is found to be greater than the through-plane
conductivity, indicating a higher degree of anisotropy, and
the hydrophilic proton-conducting domains are oriented along
the plane of the membrane in such a way that the alternating
hydrophilic and hydrophobic layers are stacked parallel to the
membran�es surface. This is consistent with the visualized lamel-
lar morphology observed in the TEM analysis (Figure 2D�J).
The conductivity anisotropy of Nafion-112 membranes is found
to be 1.2, which is in close agreement to previous reports.69

’CONCLUSION

Diblock ionomers of sulfonated poly([vinylidene difluoride-
co-hexafluoropropylene]-b-styrene) [P(VDF-co-HFP)-b-SPS],
possessing different polystyrene (PS) content, are useful for
investigating the role of sulfonation degree and morphology on
PEM membrane properties. Membranes with distinct phase-
separated morphology were obtained. Membrane properties
such as water sorption, acid concentration, proton conductivity
and mobility were greatly influenced by the membranes’ mor-
phology, visualized by TEM, but moreover by the constituent
polymer’s degree of sulfonation and the resulting ionic purity
within the proton-conducting domains.

Fully sulfonated membranes with 6�17 vol % PS possess
disordered ionic clusters for which the cluster size increases with
the length of the fully sulfonated styrene segment. Although
these fully sulfonated membranes exhibit high water sorption at

Table 3. In-Plane and Through-Plane Conductivity of Selected P(VDF-co-HFP)-b-SPS Membranes

membrane IEC (mmol/g) Xv σx (S cm
�1) σy (S cm

�1) σz (S cm
�1) σ )/^

a

6�17 vol % PS, fully sulfonated 0.64 0.39 0.025 ( 0.002 0.021 ( 0.002 0.030 ( 0.004 0.8

35 vol % PS, partially sulfonated 0.68 0.41 0.049 ( 0.002 0.047 ( 0.001 0.016 ( 0.002 3.0

45 vol % PS, partially sulfonated 0.89 0.37 0.054 ( 0.002 0.056 ( 0.001 0.022 ( 0.001 2.5

50 vol % PS, partially sulfonated 1.09 0.45 0.047 ( 0.002 0.048 ( 0.002 0.017 ( 0.003 2.8

Nafion 117 0.91 0.38 0.077 ( 0.001 0.075 ( 0.002 0.069 ( 0.002 1.1
a Expressed as the ratio of in-plane (σ )) to through-plane (σ^) conductivity. σ ) is obtained from the average of σx and σy.
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low IEC, the water sorption is less sensitive to changes in IEC.
Consequently, these membranes are able to possess a high acid
concentration, leading to a continuous increase in proton con-
ductivity over a large IEC range. In contrast, partially sulfonated
membranes with 35, 45, and 50 vol % PS are characterized by a
phase-separated morphology comprising of lamellar structures.
At low IEC ranges, these membranes exhibited lower water
sorption compared to the fully sulfonated, 6�17 vol % PS
membranes, which is attributed to the presence of the hydro-
phobic PS hostmatrix that surrounds the ionic PSSA clusters. For
partially sulfonated membranes, increasing the PS content of the
diblock leads to a lower water uptake and a higher IEC threshold
for proton conduction. This is ascribed to the lower degree of
sulfonation required, which in turn leads to smaller and more
isolated ionic PSSA clusters. Acid dilution effects are more
pronounced for the partially sulfonated membranes due to their
excessive water uptake at high ion content, resulting in drops in
proton conductivity for high IEC membranes. Once an inter-
connected network of ionic PSSA clusters is formed within the
PSSA/PS domains, the lamellar structure of the diblock provides
little resistance to swelling. For a similar water volume fraction,
proton mobility is observed to be greater in the partially sulfonated
membranes due to the presence of long-range, linear ionic domains
but conductivity anisotropy is larger. In summary, this work stresses
the point that the degree of sulfonation plays a significant role on
proton transport as it determines the ionic purity and the con-
nectivity of ionic clusters within a proton-conducting channel.

’EXPERIMENTAL SECTION

Materials. Vinylidene difluoride (VDF, SynQuest Laboratory Inc.,
99+%), hexafluoropropylene (HFP, Aldrich, 99+%), potassium persul-
fate (KPS, Allied Chemical, reagent grade), sodium metabisulfite
(Na2S2O5, Anachemia, anhydrous, reagent grade), chloroform (Caledon,
spectrograde), pentadecafluorooctanoic acid (Aldrich, 96%), copper(I)
chloride (CuCl, Aldrich, 99.995+%), 2,20-dipyridyl (bpy, Aldrich, 99+%),
1, 2-dichloroethane (DCE, Caledon, reagent grade), sulfuric acid
(Anachemia, 95�98%, ACS reagent), and acetic anhydride (Caledon,
reagent grade) were used as received. n-Butyl acetate (Caledon, reagent
grade) was refluxed with small portions of KMnO4, distilled in the
presence of CaH2 under reduced pressure, and stored under N2 at
�20 �C. Styrene (St, Aldrich, 99+%) was washed twice with aqueous 5%
NaOH and twice with water, dried overnight with MgSO4, distilled in
the presence of CaH2 at 40 �C under reduced pressure, and stored under
nitrogen at�20 �C. As receivedNafion 117 (Du Pont)membranes were
pretreated by boiling sequentially in 3% H2O2 (by volume), 0.5 M
H2SO4, and Milli-Q water (18 MΩ, Millipore Systems) for 2 h and
stored in Milli-Q water prior to use.

Poly([vinylidene difluoride-co-hexafluoropropylene]-b-styrene) was
synthesized by atom transfer radical polymerization (ATRP) of styrene
initiated by a trichloromethyl-terminated fluorous macroinitiator, as
previously described.49,50 The fluorous macroinitiator was prepared by
emulsion copolymerization of VDF and HFP in the presence of
chloroform, which served as a chain transfer agent. A typical emulsion
polymerization was performed as follows: to a 160 mL pressure vessel
(Parr Instruments) equipped with a 600 psi pressure relief valve and a
magnetic stir bar, an aqueous solution containing water (100 mL), KPS
(0.80 g), Na2S2O5 (0.58 g), pentadecafluorooctanoic acid (0.04 g), and a
predetermined amount of chloroform was added. An initial monomer
mixture of 45 mol % HFP and 55 mol % VDF was introduced into the
reactor. A constant pressure of 300 psi was maintained by supplying to
the vessel a supplemental monomer mixture of 20 mol % HFP and
80 mol % VDF. The polymerization times were varied from 2 to 4 h

depending on the amount of chain transfer agent. The resulting P(VDF-
co-HFP) polymer latex was coagulated by freezing, and then washed
repeatedly with water and ethanol. The crude P(VDF-co-HFP) macro-
initiator was purified by dissolution in acetone and precipitation in ethanol,
and then dried at 50 �C under vacuum for 24 h. 1H NMR (500 MHz,
acetone-d6), δ (ppm): 2.8 to 3.5 (�CF2�CH2�CF2�CH2*�CF2�
CH2�), 2.3 to 2.6 (�CH2�CF2�CF2�CH2*�CH2�CF2�). 19F
NMR (400 MHz, acetone-d6), δ (ppm): �71.4 (�CH2�CF2�
CF(CF3*)�CF2�CH2), �76.0 (�CF2�CF2�CF(CF3*)�CH2�
CF2), �92.0 to �94.5 (�CF2�CH2�CF2*�CH2�CF2), �96.2
(�CF2�CH2�CF2*�CH2�CH2), �104.4 (�CF2�CH2�CF2*�
CF2�CF(CF3)�), �109.7 to �114.5 (�CH2�CF2�CF2*�CH2�
CH2), �115.5 to �120.0 (�CH2�CF2�CF2*�CF(CF3)�CH2),
�185.1 (�CF2�CF*(CF3)�CF2� or �CH2�CF*(CF3)�CF2-).
The composition of the P(VDF-co-HFP) macroinitiator was esti-
mated by 19F NMR according to published methods56 and found to
be 16 ( 2 mol % HFP and 84 ( 2 mol % VDF.

Trichloromethyl-terminated P(VDF-co-HFP) was subsequently used
as amacroinitiator in the ATRP of styrene. Typical procedures for ATRP
reactions were as follows: P(VDF-co-HFP) macroinitiator (0.50 g),
copper(I) chloride (CuCl) (0.064 g), dipyridyl (bpy) (0.30 g) and
styrene (1.0 mL) were dissolved in n-butyl acetate (3.0 mL) in a dried
flask equipped with a rubber septum and a magnetic stir bar. After
deoxygenation using three cycles of freeze�pump�thaw, the reaction
mixture was heated to 110 �C under a nitrogen blanket for 24 h. The
resulting P(VDF-co-HFP)-b-PS diblock copolymer was purified by dis-
solving inTHF, passing through a columnof alumina, precipitating in ethanol
and then drying at 50 �C under vacuum for 24 h. 1H NMR (500 MHz,
acetone-d6) δ (ppm): 6.4�7.4 (aryl), 2.8 to 3.5 (methylene, head-to-tail
VDF sequences), 2.3 to 2.6 (methylene, head-to-head or tail-to-tail VDF
sequence), 1.8 to 2.0 (benzylic), 1.3 to 1.7 (methylene, styrene).

Sulfonation of P(VDF-co-HFP)-b-PS was carried out in 1,2-dichloro-
ethane according to a procedure reported in the literature,22 except a
reaction temperature of 40 �Cwas used. A typical sulfonation reaction is
as follows: P(VDF-co-HFP)-b-PS (0.6 g) and 1,2-dichloroethane
(15 mL) were added to a 50 mL three-neck flask equipped with a
dropping funnel and condenser. The mixture was heated to 50 �C under
nitrogen and stirred until complete dissolution. Acetyl sulfate was
prepared by injecting acetic anhydride (1.8 mL) and 1,2-dichloroethane
(3.0 mL) into a nitrogen-purged vial. The solution was cooled to∼0 �C
in a 10 wt % CaCl2 ice bath after which 95�97% sulfuric acid (0.6 mL)
was injected. The resultant acetyl sulfate was immediately added to the
polymer solution at 40 �C. Samples sulfonated to various extents were
periodically extracted and precipitated in ethanol/hexanes (50:50, v/v).
The precipitate was washed repeatedly with water until the residual
water was pH 7 and then dried under vacuum at 60 �C for 24 h. The 1H
NMR spectra of the sulfonated polymers showed similar signature
peaks to that of the pristine polymers, except an additional peak at
7.8�7.4 ppm, which is related to aromatic protons adjacent to the
sulfonate group.
Membrane Preparation and Characterization. Membranes

were prepared by dissolving the sulfonated diblock copolymers in THF,
drop-casting on a leveled Teflon sheet, and immediately covering the
film with a Petri dish to slow down the solvent evaporation. Polymer
membranes were dried at room temperature for 2 h, and then at 60 �C
under vacuum for 24 h. The membranes (∼100 μm thick) were
protonated by immersing in 2 M HCl for 24 h. The protonated
membranes were washed several times with Milli-Q water for 30 min
periods and stored in water for 24 h to remove excess acid on the surface
and interior of the membranes.

The pretreated membranes (protonic form) were equilibrated in 2 M
NaCl for at least 4 h to release the protons, which were subsequently
titrated with 0.025MNaOH to a phenolphthalein end point. Acid�base
control titrations were performed on 2 M NaCl solutions with no
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membranes present to determine the “blank” titration volume. Follow-
ing titration, the membranes were reprotonated by immersing in 2 M
HCl for a minimum of 4 h. After drying at 80 �C under vacuum for 24 h,
themembranes “dry”weights weremeasured. The ion exchange capacity
(IEC, mmol/g) of the membrane was calculated by

IEC ¼ VNaOHMNaOH

Wdry
ð4Þ

where VNaOH and MNaOH are the blank-corrected volume (mL) and
molar concentration (mol/L) of the NaOH titrant, respectively.Wdry is
the dry weight of the membrane.

Themembranes were equilibrated inMilli-Q deionized water for 24 h
and blotted with a Kimwipe to remove surface water prior to determin-
ing the “wet” weight. The water uptake was calculated as the percentage
increase in mass over the “dry” weight as follows

water uptake ¼ Wwet �Wdry

Wdry
� 100% ð5Þ

where Wwet and Wdry are the wet and dry weight of the membrane,
respectively.

The water content was calculated both as a mass and a volume
percentage of the water in the “wet” membrane and given by

water content ðwt %Þ ¼ Wwet �Wdry

Wwet
� 100% ð6Þ

water content ðvol %Þ ¼ Xv ¼ Volwet � Voldry
Volwet

ð7Þ

where Volwet and Voldry are the wet and dry volume of the membrane,
respectively. The length and width were measured with a Mitutoyo
Digimatic caliper while the thickness was measured using Series 293
Mitutoyo Quickmike thickness micrometer.

IEC, water uptake, and water content were taken as the average values
of at least five membrane samples.

Water sorption was also expressed as the average number of water
molecules per ion exchange site ([H2O]/[SO3

�]), often referred to as λ
value, and calculated by

½H2O�=½SO3
�� ¼ λ ¼ water uptake ð%Þ � 10

18� IEC ðmmol=gÞ ð8Þ

The analytical acid concentration in “wet” membrane was given by

½ � SO3H� ¼
Wdry ðgÞ

Volwet ðcm3Þ � IEC ðmmol=gÞ ð9Þ

The effective proton mobility in “wet” membranes (μeff) was calcu-
lated by

μeff ¼
σ

F � ½ � SO3H� ð10Þ

where F is Faraday’s constant and σ (S/cm) is the proton conductivity.
Instrumentation and Techniques. The molecular weights of

the fluorous macroinitiator and the diblock copolymers were estimated
by gel permeation chromatography (GPC) using three Waters Styragel
HT columns at 25 �C, a Waters 1515 isocratic HPLC pump, THF
eluant, a Waters 2414 differential refractometer, and a Waters 2487 dual
UV absorbance detector (λ = 254 nm). Polystyrene standards were used
for calibration. 1H NMR spectra (in acetone-d6) were recorded on a
500 MHz Varian Inova spectrometer. 19F NMR spectra (in acetone-d6)
were recorded on a 400 MHz Varian MercuryPlus spectrometer, and
chemical shifts were measured with respect to trichlorofluoromethane
(CFCl3).

In-plane and through-plane proton conductivities were measured by ac
impedance spectroscopy with a Solartron 1260 frequency response

analyzer (FRA) employing a two-probe electrochemical cell. Detailed
procedures of the method is described elsewhere.69,71 A 100 mV
sinusoidal ac voltage over a frequency range of 10 MHz to 100 Hz was
applied to obtain Nyquist plots. Data was analyzed using commercial
Z plot/Z view software (Scribner Associates).

In the case of in-plane proton conductivity, a strip of membrane
(10 mm�5 mm) was placed between two Pt electrodes (∼5 mm apart,
fixed in place by attaching them to an inert Teflon block). Another
Teflon block was placed on top and tightened to immobilize the membrane
while an alternating current was passed along the plane of the sample. The
resulting Nyquist plots were fitted to a Randles equivalent circuit consisting
of an interfacial contact resistance (Rc) acting in series with a parallel
combination of a membrane bulk capacitance (Cm) and a membrane bulk
resistance (Rm), as shown below:

In-plane proton conductivity (σ )) was calculating by

σ ¼ L
RA

ð11Þ

where L (cm) is the distance between Pt electrodes, R (Ω) is the
membrane resistance, and A (cm2) is the cross-sectional area of the
membrane.

For through-plane conductivity measurements, membranes (5 mm�
5 mm) were sandwiched between two Pt electrodes, and the electro-
chemical cells were tightened with screws. Prior to conducting the
measurements, the cell was calibrated to determine the high frequency
inductance of the cell by measuring the impedances of the shorted cell
and the “opened” cell. Both data files were saved and subsequently used
as nulling (i.e., background) files in the Z plot software. Membrane
resistances were obtained by fitting the Nyquist plots into an equivalent
circuit comprising of an interfacial double-layer capacitance (Cdl) acting
in series with a parallel combination of Cm and Rm:

Through-plane conductivity (σ^) was also calculated using the eq 11
except that L (cm) is the thickness of the membrane and A (cm2) is the
area of the Pt electrode. Conductivity values were reported as averages of
at least five membrane samples.

The degree of conductivity anisotropy is calculated by

σ||=^ ¼ σ||

σ^
ð12Þ

where σ )/^ is the proton conductivity anisotropy, σ ) is the in-plane
conductivity (average of X and Y directions) and σ^ is the through-plane
conductivity (Z direction).

Samples for transmission electron microscopy (TEM) were prepared
as follows: membranes were stained by immersing in a saturated lead
acetate solution for 12 h, then rinsed repeatedly in water, and dried at
room temperature under vacuum for 4 h. The stained membranes were
embedded in Spurr’s epoxy and cured for 6 h in a oven at 60 �C. The
samples were sectioned to yield slices∼100 nm thick using a Leica UC6
ultramicrotome and picked up on copper grids. Electron micrographs



8856 dx.doi.org/10.1021/ma2010469 |Macromolecules 2011, 44, 8845–8857

Macromolecules ARTICLE

were taken with a Hitachi H7600 TEM using an accelerating voltage
of 80 kV.
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