
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
01

4.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
2:

59
:2

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Facilitating hydro
Dept. Chemical Engineering, Stanford Unive

frank@stanford.edu

† Electronic supplementary information
DOI: 10.1039/c4ta02942a

Cite this: J. Mater. Chem. A, 2014, 2,
16489

Received 10th June 2014
Accepted 5th August 2014

DOI: 10.1039/c4ta02942a

www.rsc.org/MaterialsA

This journal is © The Royal Society of C
xide transport in anion exchange
membranes via hydrophilic grafts†

Steve S. He and Curtis W. Frank*

Alkaline exchange membranes (AEMs) are a promising class of polyelectrolytes whose alkaline operating

environment enables the use of non-precious metal catalysts in low-temperature fuel cells. However,

their poor ionic conductivities, which are often an order of magnitude lower than traditional acidic

membranes (e.g., Nafion), have limited their practicality. The performance problem can partially be

ascribed to the poorly-defined morphologies of typical random copolymer AEMs, leading to tortuous ion

transport pathways. Here, we show the ability to form nanoscale (5 to 10 nm diameter) anion

transport channels by grafting hydrophilic poly(ethylene glycol) side-chains along a model

benzyltrimethylammonium polysulfone-based AEM. Concomitant with the structure formation is a 100%

increase in the IEC-normalized hydroxide conductivity from 20.2 mS g cm�1 mmol�1 to 40.3 mS g cm�1

mmol�1 as well as a 50% increase in the peak power density from 118 mW cm�2 to 180 mW cm�2 when

incorporated into a fuel cell.
Introduction

Polymer electrolyte membrane fuel cells have been gaining
scientic and commercial traction over the past several years
owing to their promise of clean energy and high scalability. The
most prominent devices employ proton exchange membranes
(PEMs) operating under low pH conditions; however, this
corrosive, acidic environment necessitates the use of platinum-
group catalysts, severely limiting commercial feasibility. A
potential solution is to use an anion exchangemembrane (AEM)
that transports hydroxide ions instead of protons, thereby
creating an alkaline operating environment in which earth-
abundant catalysts, such as nickel and manganese derivatives,
exhibit suitable activity and stability.1,2 Although AEM tech-
nology has improved immensely in the past decade, AEM fuel
cells continue to perform unfavorably compared to their PEM
counterparts. The performance gap can be partially attributed
to the lower ionic conductivities of AEMs, whose typical litera-
ture-reported values are oen an order of magnitude lower than
Naon, the de facto standard PEM.3,4

Given the high performance of acidic proton exchange
membranes (PEM), it is no surprise that their structure and
chemistry have heavily inuenced AEM design. As in PEMs, the
general motif for synthesizing AEMs has been to attach pendant
ionic salts along a robust hydrophobic polymer backbone. This
approach typically manifests as aryl- or benzyl- substituted
rsity, CA 94305-4125, USA. E-mail: curt.
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hemistry 2014
cations along an aromatic polymer chain. Whereas sulfonate is
the pendant counter-anion of choice for PEMs, the pendant
counter-cation in AEMs has been more varied, with the aim of
improving hydroxide conductivity and alkaline stability. Recent
approaches have involved membranes based on quaternary
ammonium,5–11 imidazolium,12 guanidinium,13 triazole,14

phosphonium15 and sulfonium cations,16 amongst others.
Quaternary ammonium based on trimethylamine is by far the
most widely studied of these pendant cation groups and has
been introduced on an assortment of different polyaromatic
backbones, including polysulfone,5–8 poly(phenylene oxide)9,10

and polyetheretherketone.11

However, in these systems, the close proximity of the
pendant cation to the rigid polymer backbone inhibits the
formation of strongly segregated hydrophilic–hydrophobic
domains.17,18 Consequently, these membranes are oen char-
acterized by poorly dened water-rich phases, leading to ion
transport occurring in highly constricted and tortuous path-
ways. A natural approach for improving AEM performance,
then, is to design ionomers with better-dened ion transport
domains19,20 by promoting strong microphase separation
between the pendant counterion and the polymer backbone.
Indeed, several groups have recently implemented this concept
by introducing linear spacers either between the backbone and
the counterion (a la Naon)21 or as a side-chain of the
counterion.9,22

Another avenue for modication is to gra side-chains along
the same backbone as the pendant counterion. A recent study
by Pan et al.23 showed that graing alkyl chains along a model
AEM polymer material facilitated clustering of the hydrophobic
species, resulting in a interstitial water-rich ion transport
J. Mater. Chem. A, 2014, 2, 16489–16497 | 16489
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Scheme 1 Synthesis of QA PSf-g-PEGx where ‘x’ corresponds to the
molecular weight of the PEG graft. Red and blue denote hydrophobic
and hydrophilic portions, respectively, of QA PSf-g-PEGx.
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“highway”. In this work, we show that structure formation in
these random gra copolymer systems can be achieved through
a different mechanism. Specically, we show that introducing
exible, hydrophilic poly(ethylene glycol) (PEG) gras along a
typical pendant counterion-hydrophobic polyaromatic back-
bone ionomer can induce local phase separation and leads to
enhanced hydroxide conductivity.

The synthetic approach we adopt is applicable to several
AEMs previously reported in the literature. As a model system,
we graed PEG moieties along the highly-studied benzyl-
trimethylammonium-functionalized polysulfone (QA PSf) AEM
to yield quaternary ammonium polysulfone-gra-poly(ethylene
glycol) (QA PSf-g-PEGx) (Scheme 1). The design rationale for
promoting phase separation is two-fold. First, the hydrophilic
PEG gra has a repulsive c interaction parameter with the
hydrophobic polysulfone backbone and favorable interaction
with water (highlighted by its reported use as a PEM humidi-
fying agent24). Moreover, PEG's electron-rich ether groups have
been shown to complex with cationic quaternary ammonium
salts25,26 and are expected to interact favorably with the pendant
benzyltrimethylammonium (BTMA) species along the poly-
sulfone backbone. The culmination of these effects leads to co-
localization and concentration of the quaternary ammonium
groups into efficient, water-rich hydroxide transport domains,
resulting in increased ionic conductivity.
Experimental section
Materials

All chemicals were used as purchased without further puri-
cation. Udel P3500 MB8 polysulfone was provided by Solvay
Chemicals. Chlorotrimethylsilane, paraformaldehyde, poly-
(ethylene glycol) monomethyl ether, stannic chloride, trime-
thylamine (4.2 M in ethanol) and sodium hydride (60% w/w in
mineral oil) were purchased from Sigma Aldrich. All solvents,
16490 | J. Mater. Chem. A, 2014, 2, 16489–16497
including chloroform, dimethylformamide, ethanol, and
petroleum ether were purchased from Fisher Scientic.

Synthesis of QA PSf-g-PEGx

The synthesis of QA PSf-g-PEGx followed a three-step procedure
outlined in Scheme 1 wherein polysulfone (Udel P3500 MB8) is
sequentially chloromethylated, PEGylated, and nally quater-
nized with trimethylamine. The specic details of each step are
as follows.

Chloromethylation of polysulfone

The protocol for polysulfone chloromethylation was adapted
from Avram et al.27 Chlorotrimethylsilane (42.5 mL) and para-
formaldehyde (10.0 g) were added to a round-bottom ask
containing a polysulfone solution (14.88 g polysulfone in 750
mL of chloroform). Aer 30 minutes of mixing, stannic chloride
(0.392 mL) was added dropwise to the reaction solution. The
reaction ask was then tted with a reux condenser and
heated to 50 �C in a silicone oil bath; the mixture was stirred
with heating for 48 to 72 hours, depending on the desired
degree of substitution. Upon completion, excess reagents were
ltered out and the ltrate was precipitated into ethanol with a
3 : 1 ratio of ethanol to ltrate. The precipitate was then washed
with excess ethanol and collected as a white powder. The
powder was redissolved in chloroform, repuried following the
precipitation process just described and dried in a vacuum
desiccator at room temperature for 48 hours to yield chlor-
omethylated polysulfone (CMPSf). The degree of chlor-
omethylation was determined by 1H NMR.

Pegylation of CMPSf

The PEGylation reaction follows the modied Williamson-Ether
Synthesis described by Park et al.28 A typical PEGylation proce-
dure is described as follows. In a nitrogen glove bag, 1.6 mmol
of sodium hydride (60%w/w suspension inmineral oil) was rst
dissolved in THF at a concentration of 0.01 g mL�1, and then
added to a 25%w/w poly(ethylene glycol) monomethyl ether (1.2
mmol) solution in THF. The reaction was allowed to proceed for
2 hours with stirring, aer which it was added dropwise to a
solution of chloromethylated polysulfone (1.0 g of DS 1.05 in 20
mL THF). The solution was reacted for 20 hours at room
temperature and then precipitated into a 3 : 1 mixture of
petroleum ether to ethanol. The precipitate was collected by
vacuum ltration to yield polysulfone-gra-poly(ethylene glycol)
monomethyl ether (PSf-g-PEG). The degree of PEGylation was
determined by 1H NMR.

Quaternization of PSf-g-PEG

QA PSf-g-PEGx was synthesized by in situ quaternization of tri-
methylamine via the Menshutkin reaction. Specically, trime-
thylamine (4.2 M in ethanol) was added dropwise to a solution
of either chloromethylated polysulfone or polysulfone-gra-
poly(ethylene glycol) (1 g in 10mL DMF) at 3�molar excess. The
reaction mixture was stirred under ambient conditions for 48
hours.
This journal is © The Royal Society of Chemistry 2014
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Membrane fabrication

The aforementioned QA PSf-g-PEG solutions in DMF were
ltered, cast onto 3 in. � 2 in. glass slides, and dried under
vacuum for 48 hours to form membranes in the chloride form.
These membranes were ion exchanged in a 0.5 M KOH solution
for 48 hours and washed thoroughly with 18.2 MU cm MilliQ
water prior to conductivity and MEA testing in order to remove
excess KOH. The membranes were placed into a nitrogen-
purged cell to prevent extensive conversion of the hydroxide
anions into carbonate/bicarbonate species on reaction with
atmospheric carbon dioxide.
1H NMR characterization

All 1H NMRmeasurements were performed on a VarianMercury
400 MHz FT-NMR using deuterated chloroform solvent. Inte-
gration values were normalized against either the bisphenol A
methyl hydrogens or the b-hydrogens of the sulfone group.
Ion Exchange Capacity (IEC)

The theoretical IEC was calculated by the following equation:

IEC ¼ 1000�DSCl

MWMonomer

where DSCl is the average number of CH2Cl groups per poly-
sulfone monomer (as determined by 1H NMR), and MWMonomer

is the average molecular weight of a repeat unit considering the
molecular weight and density of the PEG gra (see ESI†).

The IEC was also determined experimentally using a back-
titration method. Here, membranes in the hydroxide form were
immersed in 30 mL HCl (0.01 N) for 18 hours. The resulting
solution was then titrated with NaOH (0.01 N) using phenol-
phthalein indicator. Following titration, the membrane was
rinsed with 18.2 MU cm water, dried in a vacuum desiccator for
24 hours, and weighed. The experimental IEC was then be
calculated by:

IEC ¼ CHClVHCl �CNaOHVNaOH

mdry

where CHCl/CNaOH and VHCl/VNaOH denote the molar concen-
tration and volume, respectively, of HCl or NaOH, and mdry is
the mass of the dried membrane following titration.
Conductivity measurements

In-plane conductivity was measured using a BekkTech BT-552
Conductivity Test System. In a typical test, a 5 mm wide strip of
the polyelectrolyte lm to be tested was placed in a BekkTech
BT-112 conductivity cell with a 4-point probe setup. The cell was
then loaded into a Fuel Cell Technologies 5 cm2 fuel cell test
xture under a 300 SCCM stream of fully hydrated nitrogen gas.
A cyclic DC sweep between �0.15 to +0.15 V was applied with a
Keithley 2400 sourcemeter. The resulting voltage–current data
were linearly t to determine the overall resistance of the lm.
The in-plane conductivity s was then calculated from the
measured resistance, R, given the lm thickness, T, lm width,
W, and inter-electrode distance, L, via the following equation:
This journal is © The Royal Society of Chemistry 2014
s ¼ L

RTW

The temperature dependence of the conductivity was deter-
mined by ramping up the temperature in 5 �C to 10 �C intervals,
holding the lm at each temperature setpoint for 60 minutes to
allow equilibration; the temperature of the water saturators
were set equal to the temperature of the test cell to maintain
100% RH.

Water uptake

Water uptake (WU)measurements were performed at 22 �C. The
hydrated mass was measured gravimetrically aer immersing
the membranes in 18.2 MU cm water for 1 hour. The dry mass
was determined aer drying the samples in a vacuum desiccator
for 24 hours. The water uptake was then calculated by:

WUð%Þ ¼100� mwet �mdry

mdry

The l value was calculated via:

l ¼ 1000� WUð%Þ
MWH2O �IEC

where the IEC used was based on the titrated value.

Alkaline stability

Stability measurements were performed by soaking sections of
hydroxide-exchanged membranes in 1 M and 6 M KOH solu-
tions at 60 �C. Samples were removed at various exposure times
and rinsed thoroughly with 18.2 MU cm water prior to
measurement. The in-plane conductivity was measured at
22 �C. The mass was measured gravimetrically aer drying the
samples in a vacuum desiccator for 12 to 24 hours.

Fuel cell tests

The preparation of membrane electrode assemblies (MEAs) for
fuel cell testing is described as follows. Anode catalyst ink was
prepared by combining 11 mg of Pt/C (TKK TEC10E50E) and
26 mL ionomer solution (Fumion FAA-3) in 413 mL of a 60% v/v
aqueous isopropanol solution. The cathode ink was prepared by
combining 25 mg of PtIr/C (ETEK) and 59 mL ionomer solution
in 938 mL of a 60% v/v aqueous isopropanol solution. The inks
were sonicated for 10 minutes at room temperature and then
painted onto 6.25 cm2 squares of woven carbon paper (Sigracet
GDL35 BC) to a Pt loading of 0.5 mg cm�2 for the anode and 2
mg cm�2 for the cathode. The MEA was prepared by sand-
wiching the hydroxide-exchanged polyelectrolyte lm between
the anode and cathode in a Fuel Cell Technologies 5 cm2 fuel
cell test xture, with Teon gaskets (0.25 mm thick) at both
electrodes to prevent puncturing by the serpentine ow
channels.

MEA fuel cell performance was evaluated using a BekkTech
BT-552 test system with a water-saturated gas ow rate of 200
SCCM O2 at the cathode and 150 SCCM H2 at the anode. An
Agilent 6060B load box was used to apply a set load from 1.0 V to
0.200 V in increments of 0.05 V; the current was recorded aer
J. Mater. Chem. A, 2014, 2, 16489–16497 | 16491
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60 seconds at each load setpoint to generate a polarization
curve.
Small angle X-ray scattering (SAXS)

All SAXS measurements were performed on beam line 1–4 at the
Stanford Synchrotron Radiation Lightsource, a Directorate of
SLAC National Accelerator Laboratory. Fully hydrated samples
in the chloride form were folded onto themselves to an
approximate thickness between 0.5 mm to 1 mm, loaded into
windowless Teon sample holders, and subjected to 5 min
exposure times. The beam center and sample-to-detector
distance were calibrated using a silver behenate standard.
Radial averaging and background subtraction of the raw scat-
tering data were facilitated by the Nika package provided by
Argonne National Laboratory.29 All data tting were done in Igor
Pro using an iterative Levenberg–Marquardt algorithm.
Results and discussion
Synthesis

The 1H NMR spectrum of CMPSf in shown in Fig. 1a. Successful
chloromethylation of polysulfone was veried by the emergence
of a singlet at 4.52 ppm associated with the Ar–CH2–Cl hydro-
gens. The integration of this peak estimates an average of 1.14
chloromethyl groups per polysulfone monomer.

A representative NMR spectrum of PSf-g-PEG350 is
provided in Fig. 1b. The broad feature between 3.5 ppm and
3.8 ppm corresponds to the hydrogens in the –CH2CH2O–
repeat unit. Integration of this peak gives 7.9 ethylene glycol
repeat units per PEG350 side-chain, corresponding to a
Fig. 1 1H NMR spectra of (a) CMPSf and (b) PSf-g-PEG350.

16492 | J. Mater. Chem. A, 2014, 2, 16489–16497
molecular weight �350 Da, as expected. The emergence of
an additional peak at 4.46 ppm is a result of the partial
conversion of Ar–CH2–Cl to Ar–CH2–PEG; integration of this
peak gives an average degree of PEGylation of 0.22 PEG350
side-chains per polysulfone repeat unit. The singlet at 3.36
ppm represents the methoxy hydrogens terminating the end of
each PEG monomethyl ether chain; integration of this peak
quanties the number of PEG chains in the membrane and
was found to be 0.21. That the total number of PEG chains per
repeat unit is equivalent (within error) to the PEG gra density
veried that there were no excess, unreacted PEG reagents in
the puried product. The gra density of �0.22 PEG350
chains per repeat unit translates to a mass composition of
12% w/w PEG350. A similar 1H NMR analysis performed on
PSf-g-PEG750 reveals a gra density of �0.10 PEG750 chains
per repeat unit, or a mass composition of 12% w/w PEG750.
Morphology

We performed small angle X-ray scattering (SAXS) to charac-
terize the morphology of the PEGylated membranes. The SAXS
proles of QA PSf, QA PSf-g-PEG350 and QA PSf-g-PEG750 are
shown in Fig. 2a. The absence of notable scattering features for
QA PSf suggests a homogeneous morphology. This result is
consistent with the expectation that the short methyl linkage
between the polysulfone backbone and the quaternary ammo-
nium species inhibits strongly separated hydrophobic–hydro-
philic domains, and is corroborated by morphological studies
of pendant BTMA in similar systems.9,30 On the other hand, the
introduction of PEG gras gives rise to a broad scattering peak
in the mid-q region (0.1 nm�1 to 1 nm�1), indicating the
formation of distinct microphase separated regions. This
PEGylation-induced phase-separation is attributed to the strong
c repulsion between the exible PEG gra and the PSf
backbone.

The Teubner-Strey (TS) bi-continuous model was used to
help elucidate the structure associated with the SAXS data.
Originally developed to describe oil–water-surfactant micro-
emulsions, this model has since been employed to study the
structure of the ionomer phase in sulfonated PEMs.31–33 The
microemulsion analogy is rationalized by the surfactant-like
behavior of covalently bound hydrophobic–hydrophilic groups
within the polymer and is supported by recent theoretical work
on phase-separated random copolymer morphologies.34

The TS model proposes a structure factor of following form:

SðqÞ¼ 1

a2 þ c1q 2 þ c2q 4
þ bkg

A regression t of the structure factor proposed by this
model to the QA PSf-g-PEGx scattering curves yielded excellent
agreement (Fig. S1†), suggesting that the QA PSf-g-PEGx
membranes adopt a mesostructure characterized by a perco-
lating ionomer network co-continuous with a hydrophobic
matrix.

The two distinct length scales associated with this t are
given by:
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) Radially averaged SAXS data for QA PSf and QA PSf-g-PEGx. (b) Illustration of proposedmorphological influence of the PEG grafts. Red
and blue correspond to hydrophobic and hydrophilic regions, respectively. Restricted phase-separation in QA PSf (left) leads to poorly defined
mesoscale morphology, resulting in tortuous ion transport. The inclusion of PEG grafts (right) leads to more well-defined phase-separated
domains on the order of 5 to 10 nm in diameter, resulting in more efficient anion transport.
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d ¼ 2p

"
1

2

�
a2

c2

�1 =

2

� c1

4c2

#�1 =

2

and

x ¼
"
1

2

�
a2

c2

�1 =

2

þ c1

4c2

#�1 =

2

where d is a length scale representing a quasiperiodic spacing in
the pair correlation function and can be physically interpreted
as the average size of an ionomer domain;35 x is a characteristic
length for correlation falloff. The values of these length scales
derived from the TS t are listed in Table 1. The scattering data
can be rationalized by the chain architecture for both QA PSf-g-
PEG350 and QA PSf-g-PEG750. The larger domain size for QA
PSf-g-PEG750 is ascribed to the longer contour length of the
higher molecular weight PEG750 (5.8 nm) compared to PEG350
(2.8 nm). Water uptake in these hydrophilic channels results in
swelling and domain sizes exceeding the contour length of the
PEG gras. An illustration of our morphological interpretation
of the SAXS data is provided in Fig. 2b.

The weaker domain correlation (as manifest in the lower x)
of QA PSf-g-PEG750 can be explained by its lower PEG graing
density, which is roughly half that of QA PSf-g-PEG350 given the
Table 1 Structural and performance data

IECa sb snorm
c dd xe

QA PSf 2.02 (1.98) 40.0 20.2 — —
QA PSf-g-PEG350 1.50 (1.36) 48.2 35.4 6.20 1.93
QA PSf-g-PEG750 1.64 (1.57) 63.2 40.3 7.86 1.63

a IEC [mmol OH� g�1] determined by NMR and back-titration (in
parentheses). b OH� Conductivity [mS cm�1] at 60 �C. c OH�

Conductivity at 60 �C normalized against titrated IEC values [mS g
cm�1 mmol�1]. d Domain spacing d [nm] and correlation length x
[nm] from Teubner-Strey tting of the SAXS scattering proles.
e Domain spacing d [nm] and correlation length x [nm] from Teubner-
Strey tting of the SAXS scattering proles.

This journal is © The Royal Society of Chemistry 2014
same PEG weight composition in the two systems. The larger
average spacing between the PEG chains coupled with their
random placement leads to decreased graing regularity and
diminished long-range interactions. This effect is again evi-
denced in the polydispersity of the domain sizes, as reected by
the x/d ratio, where a lower value corresponds to higher poly-
dispersity. The ratio for QA PSf-g-PEG750 (0.20) is two-thirds of
that for QA PSf-g-PEG350 (0.31), suggesting a broader distribu-
tion of hydrophilic domain sizes. In summary, PEGylation of QA
PSf gives rise to a broad scattering feature analogous to that of a
bi-continuous microemulsion; this scattering is attributed to
microphase separation of hydrophilic, PEG-rich ionomer
channels from the hydrophobic polysulfone matrix. Given the
same weight composition, QA PSf-g-PEG350 has narrower, but
less disperse domain sizes compared to QA PSf-g-PEG750.

Visual comparison between polysulfone-gra-poly(ethylene
glycol) lms with and without quaternary ammonium func-
tionalization showed striking macroscopic differences (Fig. 3).
The highly turbid PSf-g-PEG350 lm suggests micron-scale
phase-separation arising from the incompatibility between the
PEG and PSf. In contrast, the introduction of benzyl-
trimethylammonium groups in QA PSf-g-PEG350 results in an
optically clear lm, indicating that the presence of the charged
quaternary ammonium species inhibits macrophase-separation
and underscores the interaction between the PEG and the
pendant quaternary ammonium ions.
Scaling analysis

The Alexander-de Gennes scaling theory describes the physical
conformations of surface-tethered polymer chains. This theory
contends that the thickness (or extensional length) H of the
polymer brush scales as

H� x

�
N

g

�
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Fig. 3 Photographs of PSf-g-PEG350 (top) and QA PSf-g-PEG350
(bottom) films.

Fig. 4 Temperature dependence of hydroxide conductivity for QA
PSf and QA PSf-g-PEGx at 100% RH. The dashed lines represent
Arrhenius fits.
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whereN is the single-chainmolecular weight, g is the size of a de
Gennes blob and x is the correlation length dened by the
average distance between graing points.

We adopted the principles of this scaling analysis to eluci-
date the local structure of the anion transport domains by
modelling the gra-copolymer architecture of QA PSf-g-PEGx as
a simple one-dimensional polysulfone main-chain with teth-
ered PEG side-chains. In this case, the correlation length simply
scales inversely with the linear gra density L:

x �
�
1

L

�

and the blob size scales as

g �
�
x

b

�1=v

where b is the Kuhn length of the gra and v is the Flory scaling
exponent. Hence, we have the following scaling relationship
between the brush thickness, H, and the linear gra density, L:

H � L
1
v
�1Nb

1
v � LaNb

1
v

Here, a is the scaling exponent relating brush thickness and
gra density and is equal to 0.7 assuming real chains in a good
solvent (i.e., v ¼ 0.588).

From our SAXS data, we posit that the domain size d�H and
assume that both PEG350 and PEG750 have the same Kuhn
length b. Moreover, we note that at the same weight composi-
tion, the linear gra density ratios should simply be the inverse
of the molecular weights. With these assumptions, we arrive at
the following relationship:

dPEG350

dPEG750

�
�
LPEG350

LPEG750

�a
NPEG350

NPEG750

�
�
NPEG350

NPEG750

�1�a

Inputting the empirical domain sizes and molecular weights
of the PEG gras, we nd that a ¼ 0.689, which is very close to
the a ¼ 0.7 value assuming real chains in a good solvent.
16494 | J. Mater. Chem. A, 2014, 2, 16489–16497
The close conformity between the empirical scattering data
and the Alexander-de Gennes scaling theory suggests that the
PEG side-chains adopt a brush-like conformation in the ion-
omer channels. This local structure can be rationalized by the
thermodynamic propensity of the hydrophilic PEG side-chains
to extend away from the hydrophobic PSf backbone and into a
water-rich region upon hydration.
Hydroxide conductivity

Hydroxide conductivity is a critical performance metric for
AEMs. The hydroxide conductivity of un-PEGylated QA PSf was
40.0 mS cm�1 at 60 �C, consistent with previously reported data
in the literature.36 The introduction of 12% w/w PEG350 and
PEG750 gras increased the conductivity to 48.2 mS cm�1 and
63.2 mS cm�1, respectively. The temperature dependence of the
hydroxide conductivities followed an Arrhenius trend (Fig. 4).
Concomitant with the higher hydroxide conductivity was a
decrease in the apparent Arrhenius activation energy, from 17.5
kJ mol�1 (QA PSf) to 15 kJ mol�1 (QA PSf-g-PEG350) and 11.2 kJ
mol�1 (QA PSf-g-PEG750). The enhanced performance with
PEGylation supports the notion that a microphase-separated
structure is benecial to ion transport.

The structural inuence on the enhanced performance is
underscored by comparing the ion exchange capacities (IEC) of
the materials (Table 1). Of particular interest is that the PEGy-
lated membranes have lower IECs than QA PSf. While a
decrease in IEC typically manifests in decreased ionic conduc-
tivity as a result of lower charge content, both QA PSf-g-PEG350
and QA PSf-g-PEG750 show increased performance. Hydroxide
conductivity normalized by the IEC has been used as a quali-
tative metric for assessing ion transport efficacy16,37,38 and is
presented in Table 1. PEGylation increases the IEC normalized
conductivity by 81% and 100% for QA PSf-g-PEG350 and QA PSf-
g-PEG750, respectively, highlighting the inuence of structure
formation on ion transport properties.
This journal is © The Royal Society of Chemistry 2014
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Water uptake

Water content strongly inuences conductivity in ion exchange
membranes. Generally, under moderate water uptake condi-
tions (e.g., barring notable dilution of ion concentration,
mechanical degradation of the membrane, etc.), ionic conduc-
tivity scales directly with water content.3 Table 2 presents the
water uptake data for the prepared membranes.

Despite the presence of hydrophilic PEG gras, the PEGy-
lated membranes nonetheless exhibit lower water uptake
compared to bare QA PSf due to their signicantly lower IECs.
That the inuence of ion concentration on water uptake
outweighs that of PEG incorporation is unsurprising given that
the ion-dipole interaction associated with quaternary ammo-
nium cation solvation is stronger than the hydrogen-bonding
interaction involved in PEG hydration. This effect is evident in
the hydration numbers of their small molecule analogs. The
tetramethylammonium cation has been calculated to have a
hydration number of approximately 23;39 in comparison, PEG is
estimated to contain a maximum of one bound water molecule
per ethylene oxide repeat unit via hydrogen bonding at the ether
position.40

The l parameter denotes the average number of water
molecules per pendant BTMA group. Whereas bare QA PSf has l
¼ 41, QA PSf-g-PEG350 and QA PSf-g-PEG750 have l ¼ 33 and
34, respectively. Juxtaposing the l values for the different
samples against their conductivities, it becomes clear that
PEGylation yields higher conductivities at lower water content.
This effect is highlighted by the l-normalized conductivities,
where QA PSf-g-PEG350 and QA PSf-g-PEG750 show 77% and
133% improvements over QA PSf. This increase in efficiency
again corroborates the idea that PEGylation-induced structure
formation is facilitating hydroxide transport.
Alkaline stability

Quaternary ammonium polysulfone AEMs are known to have
questionable alkaline stability. It is well established that the
benzyltrimethylammonium cations in these AEMs are subject
to nucleophilic attack by hydroxide anions, resulting in
decreases in ion concentration and conductivity.41 Moreover,
Arges et al. have shown that the polysulfone backbone, other-
wise stable at high pH, becomes vulnerable to hydrolytic
cleavage upon quaternary ammonium functionalization,
leading to embrittlement and mechanical degradation.42 In
practice, the extent and rate of degradation is subject to envi-
ronmental conditions (e.g., pH, temperature, etc.) and chemical
Table 2 Water Uptake Data at 22 �C

WUa% lb sl
c

QA PSf 146% 41 0.48
QA PSf-g-PEG350 81% 33 0.85
QA PSf-g-PEG750 96% 34 1.12

a Gravimetric water uptake. b l [mol H2O mol�1 BTMA] as calculated
from water uptake and titrated IEC. c l-normalized OH� conductivity
[mS cm�1 mol�1 H2O mol BTMA].

This journal is © The Royal Society of Chemistry 2014
makeup (e.g., graing degree, IEC, etc.). Here we aim to assess
the effects, if any, that PEGylation may have on alkaline
stability, again using QA PSf as a baseline for comparison.
Specically, we exposed all three membranes to accelerated
degradation conditions (1 M and 6 M KOH solutions at 60 �C)
and monitored changes in both the mass (Fig. 5a) and ionic
conductivity (Fig. 5b) over time.

Exposure to extremely caustic conditions (6 M KOH) resulted
in the rapid degradation of all membranes. The signicant
mass loss (>20%) for all samples aer 24 hours of exposure is
attributed primarily to the degradation of the quaternary
ammonium-functionalized polysulfone backbone. This effect
was manifest physically in the embrittlement and discoloration
(yellowing) of the samples. Ultimately, all samples shattered
into several pieces aer removal from the conductivity cell at
the 24 hour mark. It has been suggested that the primary
mechanism for quaternary ammonium polysulfone backbone
degradation under these conditions is hydrolytic cleavage of the
ether bond which is weakened by the electron withdrawing
Fig. 5 Stability of samples exposed to 1 M and 6 M solutions of KOH at
60 �C as characterized by changes in (a) gravimetric mass and (b) in-
plane conductivity at 22 �C.
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Fig. 6 Polarization and power density curves of MEAs fabricated using
QA PSf and QA PSf-g-PEGx membranes (60 �C, 100% RH).
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effects of the quaternary ammonium and sulfone functional-
ities.42 Hence, a priori we had expected that the PEG gra would
stabilize this ether bond via the electron donating potential of
the PEG ether oxygen. However, the rapid degradation for all
samples indicates that PEGylation had minimal effect on the
mechanical robustness of the samples under these accelerated
conditions. Similarly, the conductivity of all samples dropped
precipitously (>40%) within 24 hours attributed to a combina-
tion of severe mechanical degradation (via attack on the poly-
sulfone backbone) and decrease in ion concentration (via attack
on the quaternary ammonium cation).

Testing under mild alkaline conditions (1 M KOH) revealed
slight stability differences between QA PSf and QA PSf-g-PEGx.
Whereas QA PSf lost nearly a quarter of its mass and became
brittle over a 5 day period, the PEGylated membranes retained
85–90% of their initial mass and remained exible, suggesting
improved backbone stability. Although differences in cation
stability, as inferred by the conductivity drop, were notable aer
a 5 day exposure period (e.g., 12% retained conductivity for QA
PSf vs. 29% for QA PSf-g-PEG350), they were nonetheless prag-
matically insufficient given that all membranes lost more than
70% of their initial conductivity. We note that the degradation
rate of the membranes were directly related to their IECs, with
QA PSf-g-PEG350 showing the highest stability with an initial
IEC of 1.36 mmol OH� g�1 and QA PSf showing the lowest
stability with an initial IEC of 1.98 mmol OH� g�1. As such, the
moderate stability improvement of the PEGylated membranes
under these conditions is likely due to their lower charge
concentrations (i.e., IEC).

Ultimately, our data suggests that the PEG gras had
marginal inuence on overall alkaline stability. While the PEG
side-chains do not accelerate the degradation of the
membranes, they nevertheless do not resolve the inherent
robustness issues associated with both the polysulfone back-
bone and the benzyltrimethylammonium cation. As noted
previously, while we used QA PSf as a platform for testing our
design strategy, the synthesis is inherently adaptable to other
aromatic backbones and cationic functional groups. Thus,
using a more stable backbone (e.g., poly(phenylene oxide)43)
and/or cation (e.g., phosphonium37 or sulfonium16) may yield
more practical materials.
Fuel cell performance

Membrane electrode assemblies (MEAs) using the PEGylated
membranes were fabricated to assess prototypical H2/O2 fuel
cell performance. MEA performance of the PEGylated
membranes, as characterized by the polarization and power
density curves (Fig. 6), mirrors their enhanced hydroxide
conductivity. The introduction of PEG gras yielded up to a 50%
increase in the peak power density from 120mS cm�2 for QA PSf
to 183 mS cm�2 for QA PSf-g-PEG750 as a result of a more effi-
cient ion transport architecture.

The theoretical open circuit voltage (OCV) is the water-
splitting potential (�1.2 V). Deviations from the ideal OCV are
commonly attributed to catalytic overpotentials and fuel
crossover. The OCV for all the MEAs were approximately 1.0 V
16496 | J. Mater. Chem. A, 2014, 2, 16489–16497
and did not change noticeably with the introduction of the PEG
side-chains, indicating that any effect on H2/O2 permeability
resulting from the morphological and chemical changes
induced by the PEG gras were negligible.
Conclusions

We have demonstrated that graing hydrophilic poly(ethylene
glycol) chains along a benzyltrimethylammonium polysulfone
AEM can promote nanoscale hydrophobic–hydrophilic domain
formation. Co-localization and concentration of the ion con-
ducting quaternary ammonium moieties as a result of this
phase separation results in the formation of a percolating,
water-rich anion transport phase, leading to more efficient
hydroxide transport as demonstrated by increased in-plane
conductivity and device performance.

A scaling analysis suggests that the local, nanoscale structure
is characterized by a brush-like conformation of the poly(-
ethylene glycol) gras; this architecture is rationalized by the
thermodynamic propensity of the hydrophilic sidechains to
repel themselves from the hydrophobic backbone and extend
into water-rich regions upon hydration. Energetic frustrations
arising from the random graing of the sidechains result in a
lack of structures at length-scales greater than that of the
nanometer-sized domains. Consequently, as demonstrated by a
close agreement of the SAXS data with the Teubner-Strey model,
the mesoscale morphology is characterized by a percolating
network of these nanoscale anion transport domains within a
continuous hydrophobic matrix.

We chose benzyltrimethylammonium polysulfone as a
model system for our study due to the availability of several
literature sources against which we could benchmark and verify
our data. However, we believe the same thermodynamic
considerations and design rationale can be applied to similar
polyaromatic backbones (e.g., polyphenylsulfone) as well as to
other ion exchange groups (e.g., imidazolium). Moreover,
because the PEGylation chemistry shares the same alkyl halide
This journal is © The Royal Society of Chemistry 2014
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reactive site that is commonly used to quaternize tertiary
amines, the synthesis is inherently adaptable to several poly-
aromatic systems reported in the literature. Ultimately, we hope
that this graing approach offers new design considerations for
future polyelectrolyte membranes.
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