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Ion transport in hydroxide conducting block
copolymers

Yossef A. Elabd

Hydroxide ion conducting block copolymers have the potential to possess the multiple properties required

for anion exchange membranes to enable long-lasting alkaline fuel cell performance, and therefore can

accelerate the advancement of the alkaline fuel cell, a low-cost alternative to the well-adopted commercial

proton exchange membrane fuel cell. In this paper, an overview of hydroxide ion transport (a property that

is proportional to fuel cell performance) in block copolymers will be presented and the subsequent impact

of block copolymer morphology on ion transport (conductivity), where the careful design of block copoly-

mer chemistry and chain architecture can accelerate hydroxide ion transport.

1. Introduction

In 2011, Elabd and Hickner1 published a review on block co-
polymers for fuel cells. At that time, the focus of their work
was on proton conducting sulfonated block copolymers as

solid separators for proton exchange membrane fuel cells
(PEMFCs). This review highlighted the benefit of the block
copolymer chain architecture, wherein having two chemis-
tries sequentially coupled on a molecular level allows for the
synergistic conjoining of two orthogonal properties: high ion
transport (from the ionic polymer) and high mechanical
strength (from the non-ionic polymer). This is due to the
self-assembly of two distinct polymers into well-defined nano-
structures with tunable morphology and domain size. Specifi-
cally, results on sulfonated block copolymers revealed that
morphology type, orientation, and domain size all had a sig-
nificant impact on proton conductivity (where higher proton
conductivity or lower membrane resistance results in higher
fuel cell power). Additionally, a number of studies showed
significantly higher proton conductivities in sulfonated block
copolymers compared to their analogous random copolymers
suggesting that the confinement and organization of cova-
lently attached sulfonic acid moieties within a block copoly-
mer ordered nanostructure accelerates proton transport
across the material. Therefore, block copolymers have been a
widely popular approach in the development of lower cost
PEMs as a possible replacement to ubiquitously used com-
mercial fluorinated Nafion PEM.

Also, in the Elabd and Hickner paper,1 the development of
hydroxide conducting block copolymers as solid separators
for application in alkaline fuel cells (AFCs) was briefly men-
tioned. At the time of their paper, there were only two reports
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on the development of hydroxide conducting block copoly-
mers for AFCs.2,3 Since this time, there has been a significant
increase in the number of reports on hydroxide conducting
block copolymers for AFCs.4–55 The accelerated growth in the
development of hydroxide ion conducting polymers and
block copolymers as solid separators or anion exchange
membranes (AEMs) for AFCs is due to the potential for solid-
state AFCs to replace current well-adopted commercial
PEMFCs. Dissimilar to PEMFCs, which require platinum as a
catalyst due the sluggish oxygen reduction electrokinetics in
acidic environments, AFCs can produce high power densities
at similar temperatures with non-noble metal catalysts (e.g.,
nickel) due to their facile oxygen reduction electrokinetics in
basic environments.56 Therefore, AFCs hold the promise of a
lower cost fuel cell, however, for a commercial long-lasting
AFC to be realized, it requires an AEM with a combination of
properties, including sufficiently high hydroxide ion conduc-
tivity (i.e., >10 mS cm−1; high hydroxide conductivity or lower
membrane resistance results in higher alkaline fuel cell
power57), adequate mechanical properties (i.e., high modu-
lus; limited membrane swelling from water sorption), and
high chemical stability at high pH conditions. The constraint
of multiple required orthogonal properties has motivated the
significant increase in published work on hydroxide
conducting block copolymers, where the reports to date have
synthesized various hydroxide conducting block copolymers
and characterized their properties, including morphology, hy-
droxide ion conductivity, water sorption, mechanical proper-
ties, and alkaline chemical stability.

The focus of this paper is to highlight key observations re-
garding hydroxide ion transport in block copolymers, their
subsequent transport–morphology relationships, and their
similarities and dissimilarities when comparing to proton
transport in sulfonated block copolymers. This paper will
also compare hydroxide ion transport in block copolymers to
analogous random copolymers, analogous polymer blends,
analogous homopolymers, and discuss the impact of mor-
phology type and microdomain size on hydroxide ion
transport.

2. General observations on hydroxide
ion transport in block copolymers

Table 1 lists many of the hydroxide conducting block copoly-
mers that have been developed since 2011 and their hydrox-
ide ion conductivity and ion exchange capacity (IEC) or ion
concentration or density. Fig. 1 shows the chemical struc-
tures of several of the hydroxide conducting block copoly-
mers in Table 1.

Several general observations when examining these works,
include (1) ion transport mechanisms or trends, (2) differ-
ences in backbone chemistry, (3) variations in cation chemis-
try, and (4) variations in anion chemistry (i.e., anions other
than hydroxide). In almost all of these studies, ion conductiv-
ity increased with increasing water uptake or hydration num-
ber (moles of water per moles of covalently attached ion)

and/or IEC and also increased with increasing temperature.
Increasing conductivity with increasing water content is simi-
lar to what has been observed in proton conducting
sulfonated block copolymers (and other sulfonated poly-
mers)1 and also other hydroxide conducting polymers.58 This
highlights the water-assisted transport mechanism that is
common among proton conducting polymers. Also, it has
been shown that hydroxide conductivity in block copolymers
scales with volume fraction of water according to percolation
theory25 similar to proton conducting sulfonated block copol-
ymers (and other sulfonated polymers, such as Nafion).1,59,60

Hibbs, Hickner, Cornelius and coworkers58 directly compared
the proton and hydroxide water-assisted transport properties
of a PEM and AEM, respectively. In addition to water, in all
of these studies, ion conductivity follows an Arrhenius behav-
ior as a function of temperature at high humidities and/or
saturated in liquid water (i.e., a thermal hoping motion facili-
tated by the water-assisted transport mechanism). This is also
similar to what has been observed in sulfonated block copoly-
mers (and other sulfonated polymers).59,60 This differs from
lithium ion transport in polymers (under dry conditions),
where ion transport is dictated by the segmental dynamics of
the polymer chains and follows a Vogel–Fulcher–Tammann
(VFT) behavior.61 Therefore, hydroxide conducting block co-
polymers are similar to proton conducting block copolymers
in that ion transport is a strong function of water content
and temperature and therefore these are critical parameters
that dictate fuel cell performance.

Another general observation is in regard to the differences
in the block copolymer backbone chemistry, which typically
fall into one of two categories: aromatic or aliphatic (noted in
Table 1). Aromatic backbone block copolymers were typically
based on polyĲarylene ether) or polyĲarylene ether sulfone)
chemistry, while aliphatic block copolymers were typically
found to be mostly based on polyĲstyrene) chemistry. Similar
to what has been observed in sulfonated block copolymers,1

the morphology of aromatic backbone block copolymers
exhibited microphase separation (or nanoscale morphology)
between ion-rich and ion-poor domains, but did not exhibit
ordered periodic structures, whereas many of the aliphatic
backbone block copolymers exhibited microphase separated
ordered periodic structures (e.g., cylinders, lamellae). Al-
though, periodic morphology type can influence ion conduc-
tivity in hydroxide block copolymers (discussed more later),
overall, high hydroxide ion conductivity in both aromatic and
aliphatic backbone block copolymers have been reported (see
Table 1), therefore, periodicity is not required for high hy-
droxide ion conductivity. These results are similar to those
reported for proton conductivity in sulfonated block
copolymers.1

One should also note when reviewing Table 1 and Fig. 1,
the variety in covalently tethered cations that have been ex-
plored (Fig. 2). This differs from most of the work on proton
conducting polymers, where covalently tethered sulfonic acid
is ubiquitous in this field of study. An exploration into differ-
ent cation chemistries for hydroxide conducting polymers is
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Table 1 Examples of hydroxide conducting block copolymers

Block copolymer
IECc

(meq g−1)
Hydroxide
conductivity (mS cm−1) Conditiond Ref.

aXylylene ionene-based diblock copolymer with main chain ammonium cations 2.34 50 Liquid water,
25 °C

4

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant ammonium cations 1.93 144 Liquid water,
80 °C

5

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant ammonium cations 1.95 46.3 Liquid water,
60 °C

6

bPolyĲstyrene)-based diblock copolymer with pendant ammonium and imidazolium
cations

i ca. 20e Liquid water,
75 °C

13

aCardo polyĲarylene ether sulfone)-based diblock copolymer with pendant imidazolium
cations

1.45 100 Liquid water,
80 °C

10

bCrosslinked polyĲstyrene)-based diblock copolymer with pendant ammonium cations 1.65 120 Liquid water,
60 °C

9

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant ammonium and
imidazolium cations

1.30 110 Liquid water,
80 °C

11

aPolyĲphenylene oxide) diblock copolymer with pendant ammonium cations 1.27 84 95% RH, 80
°C

12

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant ammonium cations 1.38 37.7 Liquid water,
60 °C

8

bPolyĲstyrene)-based diblock copolymer with pendant ammonium cations 1.36 12.55 90% RH, 80
°C

14

bPolyĲmethacrylate)-based diblock copolymer with pendant imidazolium cations 1.4 25 90% RH, 80
°C

15

bPolyĲstyrene)-b-polyĲisoprene)-based diblock copolymer with pendant ammonium
cations

0.95 25 Liquid water,
ambient

17

bPolyĲmethacrylate)-based diblock copolymer with pendant imidazolium cations 1.44 64.85 f 90% RH, 80
°C

22

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant ammonium cations 1.57 69.5 Liquid water,
80 °C

19

aPolyĲarylene ether)-based diblock copolymer with pendant ammonium, imidazolium
and pyrrolidinium cations

1.9 ca. 60 Liquid water,
80 °C

21

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant ammonium cations 1.89 29.30 100% RH, 80
°C

16

aPolyĲarylene ether sulfone)-b-polyĲphenylene oxide)-based triblock copolymer with
pendant ammonium cations

1.83 129 Liquid water,
80 °C

18

aFluorinated polyĲphenylene oxide)-based diblock copolymer with pendant ammonium
cations

2.1 62 Liquid water,
80 °C

23

bPolyĲstyrene)-based diblock copolymer with pendant ammonium cations 1.72 33 95% RH, 50
°C

26

bPolyĲethylene)-b-polyĲstyrene)-based diblock copolymer with pendant ammonium
cations

1.92 73 Liquid water,
60 °C

24

bPolyĲstyrene)-b-polyĲisoprene)-based diblock and triblock copolymers with pendant
benzyl phosphonium cations

0.45 20.6e 95% RH, 80
°C

33

aFluorinated polyĲarylene ether)-based diblock copolymer with pendant ammonium
cations

1.30 119.7 Liquid water,
80 °C

30

bFluorinated polyĲstyrene)-based diblock copolymer with pendant ammonium cations 0.49 12.2 Liquid water,
70 °C

29

bPolyĲstyrene)-based diblock copolymer with pendant pyridinium cations 1.42 45e Liquid water,
20 °C

27

aCardo polyĲarylene ether sulfone)-based diblock copolymer with pendant bis-
ammonium cations

1.86 52.1 Liquid water,
80 °C

28

bPolyĲstyrene)-b-polyĲethylene-r-butylene)-based triblock copolymer with pendant
ammonium cations

1.23 56.4 Liquid water,
80 °C

39

aPolyĲarylene ether)-based diblock copolymer with pendant ammonium cations 1.4 60e 100% RH, 80
°C

38

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant tetra-pyrrolidinium
cations

2.07 68.0 Liquid water,
80 °C

35

aPolyĲarylene ether sulfone)-based diblock copolymer with main chain piperidinium
cations

1.95 102 Liquid water,
80 °C

41

bPoly(tert-butyl styrene)-b-polyĲethylene-r-butylene)-b-polyĲmethyl styrene)-based
pentablock terpolymers with pendant ammonium cations

0.94 60 f 95% RH, 90
°C

37

bPolyĲethylene)-b-polyĲstyrene)-based diblock copolymer with pendant ammonium
cations

1.08 34g 95% RH, 90
°C

40

aPolyĲarylene ether ketone)-based diblock copolymer with pendant ammonium cations 1.54 37.6 Liquid water,
80 °C

36

bCrosslinkable polyĲstyrene)-based triblock copolymer with pendant ammonium
cations

2.11 46.1 Liquid water,
20 °C

44
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motivated by the application to AFCs, where high alkaline
chemical stability is required for long-lasting AFC perfor-
mance (i.e., must withstand the AFC environment of high pH
at 80 °C). Because of the high nucleophilicity and basicity of
the hydroxyl ions produced in the AFC, a variety of known
degradation pathways can be triggered in the polymer for the
covalently tethered cation, the polymer backbone, and the
linker between backbone and cation.62–64 Among all the hy-
droxide conducting block copolymers synthesized (Table 1),
benzyl trimethylammonium is a commonly used cation, but
has also shown to degrade in alkaline conditions over time,
which has spurred the exploration of alternative cation types,
such as imidazolium, pyrrolidinium, piperidinium,
guanidinium, and phosphonium (Fig. 2).65 Several investiga-
tors synthesized hydroxide conducting block copolymers with
various covalently attached cations on the same back-
bone.21,47 In both of these studies, both the conductivity and
water uptake scaled with cation type: ammonium >

imidazolium > pyrrolidinium and ammonium > phospho-
nium > quinuclidine, respectively. The authors noted varia-
tions in cation size and hydrophilicity for these differences.
However, differences in block copolymer microdomain size
and cation pKb could influence ion transport properties as
well. One study by Balsara and coworkers13 reveals a weak
dependency on domain size between to block copolymers
with two different cations (trimethylammonium vs.
butylimidazolium), but reveals a more significant difference

in equilibration time between the two block copolymers when
exposed to water. In proton conducting sulfonated polymers,
it is well known that the differences in pKa between benzyl
sulfonic acid and fluoroether sulfonic acid results in a differ-
ent proton conductivity–hydration number relationship. Fu-
ture studies on hydroxide conducting block copolymers with
various covalently tethered cations would be of interest.

Another area of dissimilarity between proton conducting
and hydroxide conducting polymers is the counter anion.
Typically, for proton conducting sulfonated polymers, after
ion exchange to proton or acid form, this form of the poly-
mer is known to be stable at ambient conditions. However,
for hydroxide conducting polymers, after ion exchange to hy-
droxide ion form, this form of the polymer is typically not
stable in air over time, where trace amounts of carbon diox-
ide in the air will effectively ion exchange the polymer from
hydroxide ion form to carbonate ion form and then to bicar-
bonate ion form. Therefore, great care must be taken during
ion exchange to hydroxide ion form and subsequently mea-
suring hydroxide ion conductivity, where both processes (and
the transfer between them) require careful purging with a gas
that contains no carbon dioxide (typically ultra-pure argon).
An alternative is to ion exchange the polymer to bicarbonate
ion form or another halide anion (e.g., chloride, bromide,
fluoride) form and measure the conductivity in this anion
form (which is stable under ambient conditions) and assume
the conductivity scales with ion size and that the ion

Table 1 (continued)

Block copolymer
IECc

(meq g−1)
Hydroxide
conductivity (mS cm−1) Conditiond Ref.

bPolyĲstyrene)-b-polyĲethylene-r-butylene)-based triblock copolymer with pendant
ammonium cations

1.93 136 Liquid water,
70 °C

42

bPolyĲstyrene)-based diblock copolymer with main chain pyrrolidinium cations 1.78 80 Liquid water,
ambient

34

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant ammonium cations 1.10 66.1 Liquid water,
80 °C

43

bPoly(tert-butyl styrene)-b-polyĲethylene-r-butylene)-b-polyĲmethyl styrene)-based
pentablock terpolymers with pendant pyrrolidinium cations

i 44 Liquid water,
60 °C

49

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant ammonium and
imidazolium cations

2.11 63 Liquid water,
80 °C

50

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant imidazolium
cations

1.30 98.7 Liquid water,
80 °C

53

bCrosslinkable polyĲstyrene)-based diblock copolymer with pendant ammonium
cations

1.42 13.1 Liquid water,
ambient

51

aCrosslinkable polyĲarylene ether sulfone)-based diblock copolymer with pendant
ammonium cations

1.42 178.77 100% RH,
100 °C

46

aFluorinated polyĲarylene ether)-based diblock copolymer with pendant imidazolium
cations

1.25 35 Liquid water,
ambient

52

bFluorinated polyĲstyrene)-based diblock copolymer with pendant ammonium cations 4.27 86.1 Liquid water,
ambient

55

aFluorinated polyĲarylene ether)-based diblock copolymer with pendant ammonium,
quinuclidine and benzyl phosphonium cations

1.42 101.2 Liquid water,
80 °C

47

bPolyĲstyrene)-b-polyĲbutadiene)-based triblock copolymer with pendant ammonium
cations

1.10 20.5h Liquid water,
80 °C

48

aPolyĲarylene ether sulfone)-based diblock copolymer with pendant ammonium cations 1.15 86.3 Liquid water,
80 °C

54

a Aromatic backbone. b Aliphatic backbone. c IEC = ion exchange capacity (meq g−1). d Condition of conductivity experiment. e Chloride ion
conductivity. f Bromide ion conductivity. g Fluoride ion conductivity. h Bicarbonate ion conductivity. i Not reported.
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Fig. 1 Examples of hydroxide ion conducting block copolymer chemical structures.15,16,25,26,28,32,33,35,46,48,53
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transport trends are similar to the polymer in hydroxide ion
form. Therefore, several of the studies on hydroxide ion
conducting block copolymers have reported bicarbonate,
chloride, bromide, or fluoride ion conductivity as noted in
Table 1.

3. Block copolymers versus random
copolymers

Several investigators have synthesized hydroxide ion
conducting block copolymers and their analogous random
copolymers and reported on their subsequent transport–mor-
phology relationships.15,16,28,35,46,66 Previously, similar studies
have also been conducted on sulfonated block copolymers1

and other single ion conducting block copolymers,61 where
the ion conductivity was always reported to be several factors
(or even orders of magnitude) higher in block copolymers
compared to their analogous random copolymers due to the
microphase separated morphologies in block copolymers and
their ability to localize ion concentration and movement in
an ordered structure.

Fig. 3 provides several examples of hydroxide ion conduc-
tivity in block copolymers and their analogous random copol-
ymers.6,25,28,41 Fig. 3a shows the temperature-dependent hy-
droxide conductivity of polyĲarylene ether sulfone) block
(bQAPDHTPE) (see chemical structure in Fig. 1a) and random
(rQAPDHTPE) copolymers with 4,4′-(2,2-diphenylene-
thenylidene) and quaternary ammonium cations.16 In this
study, the hydroxide ion conductivity at 80 °C and 100% RH
is higher in the block copolymer (21.37 mS cm−1) compared
to the random copolymer (17.91 mS cm−1) when both poly-
mers have the same IEC (1.6 meq g−1). Fig. 3a also shows that
the higher conductivity is persistent at all temperatures mea-
sured (40, 60, 80 °C). The investigators attribute this differ-
ence to the phase separated morphology between hydro-
philic/hydrophobic domains in the block copolymer as
evidenced by atomic force microscopy (AFM).

Fig. 3b shows the temperature-dependent hydroxide ion
conductivity of cardo polyĲarylene ether sulfone) block
(QBPES) (see chemical structure in Fig. 1b) and random
(QRPES) copolymers with bis-quaternary ammonium cat-
ions. Over this entire temperature range (30–80 °C; in liq-
uid water), the hydroxide ion conductivity of the block co-
polymer is higher than the analogous random copolymer,
where both polymers have the same IEC (1.93 mS cm−1).
For example, the conductivity at 60 °C is 40.5 and 30.0
mS cm−1 for the block and random copolymers, respec-
tively. The authors attribute this higher conductivity to
the formation of microphase separation in the block co-
polymer measured by small-angle X-ray scattering (SAXS)
and transmission electron microscopy (TEM). More specifi-
cally, they suggest that the ion-rich hydrophilic domains
of the block copolymer form interconnected ion transport
channels that effectively improves the transport of hydrox-
ide ions.

Fig. 3c shows the temperature-dependent hydroxide ion
conductivity of polyĲarylene ether sulfone) block (QQBPES)
(see chemical structure in Fig. 1c) and random (QQRPES,
DQRPES) copolymers with di- (DQRPES) and tetra-
pyrrolidinium (QQRPES, QQBPES) cations. Similar to other
studies, the conductivity of the block copolymer (QQBPES)
(68 mS cm−1; 80 °C) is higher than its analogous random
copolymer (QQRPES) (36 mS cm−1; 80 °C) at the same
IEC (2.2 meq g−1) over the entire temperature range inves-
tigated (30–80 °C). The authors attribute this to the block
copolymer morphology, where a phase separated
connected network of ionic clusters were observed with
SAXS and TEM.

Fig. 3d shows the temperature-dependent hydroxide ion
conductivity of crosslinkable fluorinated polyĲarylene ether
sulfone) block (QPPAES, XQPPAES) (see chemical structure in
Fig. 1d) and random (QrPAE, XQrPAE) copolymers with bis-
quaternary ammonium cations. Again, the block copolymer
(QPPAES-15-11) exhibits higher hydroxide conductivity than

Fig. 2 Proton conducting sulfonic acid anion versus examples of various hydroxide conducting cations.
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its analogous random copolymer (QrPAE-60) at the same IEC
(1.4 meq g−1) over the entire temperature range studied (20–
100 °C). Specifically, at 100 °C, the block copolymer
(QPPAES-15-11) and its crosslinked version (XQPPAES-15-11)
possessed conductivities of 208.73 and 178.77 mS cm−1, re-
spectively, while the analogous random copolymer (QrPAE-
60) and its crosslinked version (XQrPAE-60) possessed con-
ductivities of 59.12 and 52.51 mS cm−1, respectively; an ap-
proximate four-fold difference in conductivity. This study at-
tributes this conductivity difference to the phase-separated
well-connected ionic channel morphology of the block copol-
ymer as evidenced by TEM. Similar to the results observed in
proton conducting sulfonated block copolymers, all studies
to date on hydroxide conducting block copolymers exhibit
higher conductivity than their analogous random copolymers

due to the microphase separated morphology in block
copolymers.

4. Block copolymers versus polymer
blends

In addition to comparing block copolymers with random co-
polymers, Knauss, Herring, Liberatore and coworkers26 exam-
ined a styrene-based block copolymer with ammonium-based
cations and compared their properties to the analogous
blend of the two polymers. Fig. 4 shows the chloride ion
conductivity of polystyrene-b-polyĲvinylbenzyl trimethylamm-
onium chloride) (PS-b-[PVBTMA]ĳCl]) diblock copolymer (see
chemical structure in Fig. 1e) and its analogous polymer
blend polystyrene/polyĲvinylbenzyl trimethylammonium

Fig. 3 Examples of hydroxide ion conductivity of block and random copolymers: (a) polyĲarylene ether sulfone) block (bQAPDHTPE) and random
(rQAPDHTPE) copolymers with 4-4′-(2,2-diphenylenethenylidene) and quaternary ammonium cations, (b) cardo polyĲarylene ether sulfone) block
(QBPES) and random (QRPES) copolymers with bis-quaternary ammonium cations, (c) polyĲarylene ether sulfone) block (QQBPES) and random
(QQRPES, DQRPES) copolymers di- (DQRPES) and tetra-pyrrolidinium (QQRPES, QQBPES) cations, (d) crosslinkable fluorinated polyĲarylene ether
sulfone) block (QPPAES, XQPPAES) and random (QrPAE, XQrPAE) copolymer with bis-quaternary ammonium cations. Figures reprinted from ref.
16, 28, 35 and 46 with permission from Elsevier.
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chloride) (PS/[PVBTMA]ĳCl]). The conductivities were an order
of magnitude higher for the block copolymer compared with
the blend over the temperature range studied (50–90 °C) at vari-
ous film thicknesses (40, 70, and 90 μm). Specifically, at 50 °C,
the block copolymer possessed chloride conductivities of 24–33
mS cm−1 compared to 0.7–6.0 mS cm−1 for the blend. These dif-
ferences were attributed to differences in morphology, where
the block copolymer exhibited nanoscale phase separation as
evidenced by SAXS (42 nm Bragg spacing) and the polymer
blend exhibited micrometer scale phase separation as
evidenced by optical microscopy (5 to 50 μm spherical regions).
Fig. 4 also highlights the impact of film thickness on the con-
ductivity (a film thickness independent property for homoge-
neous isotropic materials), where changes in film thickness
probably has a more significant impact on microscale morphol-
ogy compared to nanoscale morphology. Overall, this study
suggests that the domain size of the ionic regions have a signif-
icant impact on ion conductivity.

5. Block copolymers versus
homopolymers

Similar to the studies in Fig. 3, Elabd, Winey, and co-
workers15,25 examined the hydroxide conductivity of a block
copolymer with its analogous random copolymer, but also
compared this with its analogous homopolymer. Fig. 5 shows
the temperature-dependent hydroxide ion conductivity of a
methacrylate-based block copolymer with imidazolium-based
cations (see chemical structure in Fig. 1f) and its analogous
random copolymer and homopolymer. At the same IEC (1.4
meq g−1), the hydroxide conductivity of the block copolymer
was an order of magnitude higher than its analogous random
copolymer (at the same water content as well) (shown in
Fig. 5a) over the entire temperature range studied (30–80 °C).
The difference in conductivity was attributed to the strong
microphase separated lamellar morphology in the block co-
polymer as evidenced by SAXS, where no microphase separa-
tion was observed in the random copolymer. Interestingly, in
Fig. 5a, the hydroxide conductivity of the block copolymer
was also higher than its analogous homopolymer at the same
experimental conditions, even though the homopolymer pos-
sessed a 3-fold higher IEC (4.2 meq g−1) and a 2-fold higher
water content compared to the block copolymer. Similar re-
sults (Fig. 5b) were observed for the block copolymer with an
IEC of 1.56 meq g−1, but lower IECs (1.20 and 0.60 meq g−1)
resulted in lower conductivities than the homopolymer. Simi-
lar results were observed in another study by Elabd and co-
workers,67 where the bromide ion conductivity of a similar
diblock copolymer (with longer alkyl side chains) was 3-fold
higher than its analogous homopolymer. Bai and coworkers18

also observed similar results in there study on a polyĲarylene
ether sulfone)-b-polyĲphenylene oxide)-based triblock copoly-
mer with pendant ammonium cations, where a 6-fold in-
crease in hydroxide conductivity was observed when compar-
ing the triblock copolymer to its analogous homopolymer.
Their study suggests that the microphase separated

Fig. 4 Example of chloride ion conductivity of block copolymer
and analogous polymer blend: polystyrene-b-polyĲvinylbenzyl
trimethylammonium chloride) (PS-b-[PVBTMA]ĳCl]) diblock
copolymer and polystyrene/polyĲvinylbenzyl trimethylammonium
chloride) (PS/[PVBTMA]ĳCl]) polymer blend. Figures reprinted from
ref. 26 with permission from Wiley.

Fig. 5 Example of temperature-dependent hydroxide conductivity in block copolymer polyĲmethyl methacrylate-b-1-[(2-methyacryloyloxy)ethyl]-
3-butylimidazolium hydroxide) [polyĲMMA-b-MEBIm-OH)] and analogous homopolymer polyĲ1-[(2-methyacryloyloxy)ethyl]-3-butylimidazolium
hydroxide) [polyĲMEBIm-OH)]. Figures reprinted from ref. 15 and 25 with permission from the American Chemical Society.
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morphology for the triblock copolymer observed by SAXS im-
proves conductivity compared to the homopolymer, where no
microphase separation was observed for the homopolymer by
SAXS. Overall, these results were unique and suggest that the
ion-rich microdomains accelerate water-assisted ion transport
in the block copolymer compared to the homopolymer. Both
morphology factor analysis and percolation theory corrobo-
rated with the absolute conductivity results and the hypothe-
sis that the local confinement of ions and water in ionic
microdomains enhances conductivity.25,67

6. Block copolymers with short and
long side chains

Several studies have examined the impact of side chain
length of the ion conductive block in a block copolymer (i.e.,
the spacer length between the backbone and tethered pen-
dant cation) on morphology and subsequently ion conductiv-
ity.32,48,53 Elabd and coworkers32 synthesized methacrylate-
based block copolymers with imidazolium cations similar to
the ones in Fig. 5, but with longer alkyl side chains (undecyl
or 11 carbons; x = 11) (see chemical structure in Fig. 1g) and
compared them to the ones in Fig. 5 (ethyl or 2 carbons; x =
2). Fig. 6a shows the bromide ion conductivity of these two
block copolymers, where at a similar IEC, the block copoly-
mer with longer alkyl side chains was 2-fold higher than the
block copolymer with shorter alkyl side chains. Interestingly,
the longer side chain block copolymer has a higher conduc-
tivity than the shorter side chain block copolymer (14.0 mS
cm−1 versus 6.1 mS cm−1) at a lower IEC (0.9 meq g−1 versus
1.4 meq g−1) even though both polymers had the same block
copolymer morphologies (lamellar). One key difference, when
saturated in liquid water, was that water/ion clusters were ob-
served (in addition to the lamellar morphology) evidenced by
both hydrated small-angle neutron scattering (SANS) and hy-

drated intermediate-angle X-ray scattering for the longer side
chain block copolymer (and not for the one with shorter side
chain block copolymer) with an intercluster distance on the
order of 5 nm. Additionally, the hydrated SANS showed that
the block copolymer morphology Bragg spacing for the longer
side chain block copolymer (41.9 nm) was larger than the
shorter side chain block copolymer (28.6 nm) at the same
IEC (1.4 meq g−1). This study shows that small chemical
changes (alkyl side chain length) can induce the formation of
water/ion clusters within block copolymer microdomains (lo-
calize the concentration and organization of ions) and in-
crease the size of the block copolymer microdomains and
subsequently significantly affect ion transport.

Fig. 6b shows the temperature-dependent hydroxide ion
conductivity for polyĲarylene ether sulfone) block copolymers
with long (Im-DFDM-bPES) (see chemical structure in
Fig. 1h) and short (Im-DFDB-bPES) side (aromatic) chains
with tethered imidazolium cations, where the conductivity is
higher for the longer side chain block copolymer compared
to the shorter side chain block copolymer over the tempera-
ture range studied (25–80 °C). Specifically, at 80 °C in liquid
water, the conductivities of the longer side chain block copol-
ymer are 98.7 and 71.5 mS cm−1 for IECs of 1.30 and 1.03
meq g−1, respectively, while the conductivity of the shorter
side chain block copolymer are 63.4 and 46.7 mS cm−1 for
IECs of 1.13 and 0.83 meq g−1, respectively. In this study,
both block copolymers exhibited well-defined microphase
separation as evidenced by both AFM and TEM. The authors
attribute this increase in conductivity to a larger hydrophilic
phase size in the longer side chain block copolymer com-
pared to the shorter side chain block copolymer (17–10 nm
compared to 11–8 nm, respectively).

Fig. 6c shows the temperature-dependent bicarbonate ion
conductivity for polyĲstyrene-b-polybutadiene-b-polystyrene)
triblock copolymers with long (SBS-c-QA) and short (SBS-QA)

Fig. 6 Examples of ion conductivity of block copolymers with short and long side chains: (a) bromide ion conductivity versus IEC for methacrylate-
based diblock copolymer with imidazolium cations with both long (undecyl; 11 carbons; x = 11) and short (ethyl; 2 carbons; x = 2) alkyl spacer chain
lengths, (b) temperature-dependent hydroxide ion conductivity for polyĲarylene ether sulfone) block copolymers with long (Im-DFDM-bPES) and short
(Im-DFDB-bPES) side (aromatic) chains with tethered imidazolium cations, (c) temperature-dependent bicarbonate ion conductivity for polyĲstyrene-
b-polybutadiene-b-polystyrene) triblock copolymers with long (SBS-c-QA) and short (SBS-QA) side chains (on the midblock) with tethered quaternary
ammonium cations. Figures reprinted from ref. 32, 48 and 53 with permission from the Royal Society of Chemistry and Elsevier, respectively.

MSDE Perspective



528 | Mol. Syst. Des. Eng., 2019, 4, 519–530 This journal is © The Royal Society of Chemistry 2019

side chains (on the midblock) with tethered quaternary am-
monium cations (see chemical structure in Fig. 1i). At 80 °C
in liquid water, the longer side chain block copolymer has
slightly higher bicarbonate conductivity (20.5 mS cm−1) com-
pared to the shorter side chain block copolymer (19.4 mS
cm−1) even though the longer side chain block copolymer has
a significantly smaller IEC and water uptake (1.08 meq g−1

and 18.0 wt% versus 2.30 meq g−1 and 57.1 wt%). In this
study, the morphology of the shorter side chain block copoly-
mer is not presented. The SAXS data reveals a microphase
separated morphology for the longer side chain block copoly-
mer; one broad peak with a Bragg spacing of 48 nm, which
was larger than the Bragg spacing observed prior to attaching
the cation to the polymer (25 nm).

7. Hydroxide ion conductivity versus
morphology type

Fig. 7 shows the morphologies of triblock and diblock copoly-
mers of poly(chloromethyl styrene-r-styrene)-b-poly(isoprene)
[PĲCMS-ran-St)-b-Pip] with benzyl trisĲ2,4,6-trimethoxyphenyl)-
phosphonium (BzAr3P+) cations (see chemical structure in
Fig. 1j) from a study by Beyer, Liberatore, Herring, Coughlin
and coworkers.33 Specifically, the SAXS profiles and an illustra-
tion of the two morphologies: lamellar and hexagonal phases
are shown in Fig. 7a and b, respectively.33 At a similar IEC (0.44
and 0.45 meq g−1 for triblock (AEM 2) and diblock (AEM 8), re-
spectively), the chloride ion conductivity of the diblock was
higher than the triblock at 95% RH and at all temperature stud-
ied (50, 65, 80, 90 °C). For example, at 90 °C and 95% RH, the
conductivity of the diblock (20.6 mS cm−1) was 3-fold higher
than the triblock (6.9 mS cm−1). This was attributed to the dif-
ference in morphology type (shown in Fig. 7), where the triblock
possessed a pseudo-2D lamellar morphology compared to the
diblock 3D continuous morphology of hexagonally packed cylin-
ders (where the cylinders are the non-conductive block). This
study suggests that the ability for the ions to move freely in any
direction (3D) reduces tortuosity and improves ion mobility.

8. Conclusions

The benefits of the block copolymer chain architecture as
AEMs for AFCs have been highlighted. Specifically, the phase
separated morphologies of hydroxide conducting block copol-
ymers have been shown to significantly improve hydroxide
ion conductivity compared to analogs of random copolymers,
blends, and homopolymers. Furthermore, changes in mor-
phology type and domain size (via side chain length) have
also been shown to impact hydroxide ion conductivity. Simi-
lar to proton conducting sulfonated block copolymers, the
morphology of hydroxide conducting block copolymers shows
strong phase separation for both aromatic and aliphatic
backbone block copolymers, where only the latter showed or-
dered periodic structures; however, periodicity does not seem
to be a requirement for high hydroxide ion conductivity (see
Table 1). Dissimilar to proton conducting sulfonated block

copolymers, where only sulfonic acid based anions and pro-
tons (cations) have mostly been explored, research in hydrox-
ide conducting block copolymers has pursued a variety of

Fig. 7 Morphologies of triblock and diblock copolymers of
poly(chloromethyl styrene-r-styrene)-b-poly(isoprene) [PĲCMS-ran-St)-
b-Pip] with benzyl trisĲ2,4,6-trimethoxyphenyl)phosphonium (BzAr3P+)
cations: (a) small-angle X-ray scattering and (b) illustration of lamellar
and hexagonal phases. Figure reprinted ref. 33 with permission from
the American Chemical Society.
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covalently tethered cations (e.g., ammonium, imidazolium,
pyrrolidinium, piperidinium, guanidinium, phosphonium)
and counter mobile anions (e.g., chloride, bromide, fluoride,
bicarbonate) due to issues with alkaline chemical stability
and ion exchange due to carbonation. Although various cat-
ion chemistries have been pursued (and cation/backbone/
side chain pairings) with the goal of increasing alkaline
chemical stability to improve long-lasting AFC performance
(i.e., must withstand the AFC environment of high pH at 80
°C), there are still few studies that include both ex situ chem-
ical stability and in operando AFC time-dependent perfor-
mance in the same study. Future studies the include both ex
situ and in operando results will be of great interest in the ad-
vancement of solid-state AFCs.

Overall, it is clear that phase separated morphologies im-
pact ion transport and the ability to combine orthogonal
properties (high ion transport and high mechanical strength)
in one material provides the potential to produce commercial
robust thin AEMs that could be utilized to ensure high-power
long-lasting AFCs. To realize these materials advances for
AFCs, a more thorough fundamental understanding of
predicting and controlling morphology in hydroxide
conducting block copolymers of various chemistries and
chain architectures (to date, only diblock copolymers,
triblock copolymers, and pentablock terpolymers have been
explored) should be pursued.
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