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ABSTRACT: Herein, we report a polymerized ionic liquid
diblock copolymer with high hydroxide conductivity and
nanoscale morphology. Surprisingly, the conductivity is not
only higher (over an order of magnitude) than its random
copolymer analog at the same ion and water content, but also
higher than its homopolymer analog, which has a higher ion
and water content than the block copolymer. These results
should have a significant impact on low-cost (platinum-free),
long-lasting, solid-state alkaline fuel cells.

Solid-state alkaline fuel cells (AFCs), utilizing anion
exchange membranes (AEMs) as electrolytes rather than

caustic alkaline liquid electrolytes, have recently attracted
significant attention due to their potential to produce high
power densities with long lifetimes at a lower cost (platinum-
free) compared to traditional proton exchange membrane
(PEM) fuel cells.1−5 However, the chemical stability of
ammonium-based AEMs (most commonly reported AEM
chemistry) in dry and alkaline conditions is a major limiting
factor for the development of long-lasting solid-state AFCs.1,6,7

A broader variety of AEM chemistries have recently been
reported to address this issue.8−11 In 2011, a study by Ye and
Elabd12 showed enhanced chemical stability over a wide range
of humidities and temperatures for a hydroxide (OH−)-
exchanged imidazolium-based polymerized ionic liquid (PIL),
which was attributed to the delocalization of the imidazolium
cation charge through the conjugated structure,13 relatively
stable N-heterocyclic carbene structure under dry conditions,14

and imidazolium-carbene reversibility under wet−dry cycling.13
The enhanced chemical stability of the imidazolium cation has
attracted interest in the development of imidazolium-based
AEMs. For example, a number of recent investigations report
on the synthesis and characterization of hydroxide-conducting
imidazolium-based PIL random copolymers.15−19 However,
there are few reports of hydroxide-conducting imidazolium-
based PIL block copolymers.20

In contrast, proton-conducting block copolymers have been
extensively investigated, where a number of studies have shown
enhanced conductivity in block copolymers compared to their
random copolymer analogs due to their well-defined nano-
structured morphologies.21−26 Indeed, several hydroxide-
conducting ammonium-based block copolymers have recently

been reported in the literature.27−31 However, there is limited
information regarding their morphologies and more impor-
tantly their ion transport−morphology relationships. More in-
depth investigations that can provide a fundamental under-
standing of hydroxide transport in chemically stable hydroxide-
conducting block copolymers would be of significant interest.
In this paper, we report the high hydroxide conductivity of a

chemically stable imidazolium-based PIL diblock copolymer.
The conductivity is over an order of magnitude higher than its
PIL random copolymer analog at the same ion and water
content. More surprisingly, the conductivity is higher than its
PIL homopolymer analog, where the homopolymer has a
higher ion and water content than the block copolymer. The
morphologies and states of water in these polymers were
characterized with transmission electron microscopy (TEM), in
situ small-angle X-ray scattering (SAXS), and in situ Fourier
transform infrared, attenuated total reflectance (FTIR-ATR)
spectroscopy to provide a deeper understanding of hydroxide
ion transport in nanostructured polymers.
The hydroxide-exchanged PIL diblock copolymer, poly-

(MMA-b-MEBIm-OH), comprised of an ionic liquid (IL)
component (1-[(2-methacryloyloxy)ethyl]-3-butylimidazolium
hydroxide, MEBIm-OH) and a nonionic component (methyl
methacrylate, MMA), was synthesized via anion exchange
metathesis from its precursor bromide (Br−)-exchanged PIL
diblock copolymer, poly(MMA-b-MEBIm-Br) (see Supporting
Information). For comparison, a random copolymer analog, at
the same IL composition or ion exchange capacity (IEC), and
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the PIL homopolymer analog were synthesized (Figure 1). The
physical properties of these PIL polymers are listed in the
Supporting Information (Table S1) and a detailed description
of the synthesis of the precursor polymers have been described
elsewhere.12,32

We first present the bromide ion conductivity of the block
and random copolymers at the same IL (MEBIm-Br)
composition (17.3 mol %) or IEC (1.4 meq g−1) and the
subsequent block copolymer morphology over a range of
humidities and temperatures (Figure 2). Figure 2b shows the
bromide conductivity at 30 °C as a function of relative humidity
(RH) from 30 to 90% RH for the block and random
copolymers (both 1.4 meq g−1) and the PIL homopolymer
(4.2 meq g−1). As expected, the bromide conductivity increases
over 3 orders of magnitude with increasing RH for all polymers.
This can be attributed to a water-assisted transport mechanism,
where an increase in polymer water content (3 to 34 wt %) and
corresponding hydration number (λ = 1−8 mol water/mol
Im+; see Supporting Information, Figure S2) were observed
over this humidity range for all polymers. This transport
mechanism is similar to water−Nafion systems,33 where proton
transport is dictated by a water-assisted process, but differs from
lithium salt−poly(ethylene oxide) systems,34 where lithium ion
transport in an anhydrous polymer is dictated by the segmental
dynamics of the polymer chains.
Interestingly, the bromide conductivities of the block

copolymer are 1−2 orders of magnitude higher than the
random copolymer with this difference decreasing with
increasing humidity. It is important to note that the water
content in the block and random copolymer are identical at
each relative humidity (see Supporting Information, Figure S2).
Therefore, both the IEC and water content are similar in these
copolymers, but the bromide conductivity is significantly
different, where the only difference between the block and
the random copolymers is the polymer chain architecture (see
Figure 1), which results in differences in morphology.
Surprisingly, the bromide conductivity of the block copolymer
is higher than the homopolymer at 90% RH and 30 °C, 1.12
versus 0.87 mS cm−1, respectively, while the IEC and water

contents are higher in the homopolymer, 1.4 versus 4.2 meq
g−1 and 18 versus 34 wt % for the block copolymer and
homopolymer, respectively (see Supporting Information,
Figure S2).
Figure 2c shows bromide conductivity at 90% RH as a

function of temperature from 30 to 80 °C for all polymers. The
block copolymer bromide conductivity increases from 1.12 to
5.67 mS cm−1 with increasing temperature. This is higher than
both the random copolymer and the homopolymer at all
temperatures. Note that the IEC and water content of the block
and random copolymers are also identical over this temperature
range, while the IEC and water content in the homopolymer
are higher than the block copolymer (see Supporting
Information, Figure S2). The bromide conductivity in all
polymers follows an Arrhenius behavior with temperature at
high humidity with activation energies of 29, 31, and 25 kJ
mol−1 for the block copolymer, random copolymer, and
homopolymer, respectively.
To provide deeper insight into these unusual ion

conductivity results, the morphologies of the block and random
copolymers were examined by in situ small-angle X-ray
scattering (SAXS) at humidified conditions in an environ-
mental chamber35 and with transmission electron microscopy
(TEM). As expected, the SAXS profile for the random
copolymer was featureless indicating no microphase separation
(see Supporting Information, Figure S6). Figure 2e,f shows
SAXS profiles of the block copolymer at various humidities and
temperatures. At 30 °C, in both dry and low relative humidity
(30% RH) conditions, there are four well-defined scattering
peaks with positions q* (primary peak), 2q*, 3q*, and 4q*,
indicative of strongly microphase-separated lamellar morphol-
ogy with long-range order. The TEM image of the block
copolymer under dry conditions (Figure 2d) confirms this
morphology assignment. As humidity increases to 60% RH, the
second and fourth correlation peaks in the SAXS profiles
decrease in intensity and are no longer visible at 90% RH. The
absence of the expected peaks at 2q* and 4q* at 90% RH is
consistent with having approximately equal volume fractions of
the dry MMA and hydrated IL microphases (see Supporting

Figure 1. Polymer chain architecture (blue and red correspond to MMA and MEBIm-X, respectively), chemical structure, and ion exchange capacity
(IEC) of (a) PIL block copolymer: poly(MMA-b-MEBIm-X-17.3), (b) PIL random copolymer: poly(MMA-r-MEBIm-X-17.3), and (c) PIL
homopolymer: poly(MEBIm-X). X corresponds to the counteranion, which is either bromide (Br−) or hydroxide (OH−). The block and random
copolymers have 17.3 mol % of the IL component (MEBIm-X), which corresponds to an IEC of 1.4 meq Im+ g−1 polymer. The homopolymer has
100 mol % MEBIm-X corresponding to 4.2 meq g−1.
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Information) and minima in the scattering form factor at 2q*
and 4q*. With regard to the scattering as a function of
temperature at 90% RH, the change is negligible (Figure 2f). It
should also be noted that the changes in scattering as a function
of humidity and temperature are reversible (see Supporting
Information, Figure S7). This study indicates that under
different humidified conditions the lamellar morphology
persists. In addition to the morphological differences between
block and random copolymers (microphase-separated lamellar
morphology versus no microphase separation), in situ time-
resolved FTIR-ATR spectroscopy was employed to investigate
the water structure in the polymers, where a higher distribution

of water clusters was observed in the block copolymer
compared to the random copolymer suggesting differences in
ion transport mechanisms (see Supporting Information, Figure
S8).
Figure 3 shows the hydroxide ion conductivity of the block

and random copolymer at the same IL composition and the
subsequent block copolymer morphology over a range of
humidities and temperatures. The hydroxide conductivity
trends (Figure 3b,c) are similar to the bromide conductivity
data (Figure 2b,c) with the primary difference in the overall
higher magnitude in ion conductivity. For example, the
hydroxide and bromide conductivity in the block copolymer

Figure 2. (a) Chemical structure of bromide-conducting PIL copolymer. Bromide conductivity as a function of (b) humidity at 30 °C and (c)
temperature at 90% RH for the PIL block copolymer poly(MMA-b-MEBIm-Br-17.3) (blue circles), random copolymer poly(MMA-r-MEBIm-Br-
17.3) (red diamonds), and homopolymer poly(MEBIm-Br), (black triangles). (d) Transmission electron microscopy image of PIL block copolymer
at room temperature under vacuum. Sample unstained; dark regions correspond to IL (MEBIm-Br) microdomains. SAXS profiles of the PIL block
copolymer as a function of (e) humidity at 30 °C and (f) temperature at 90% RH. The lamellae period, alam, ranged from 27.8 to 29.9 nm and the IL
microdomain thickness, lIL, ranged from 11.1 to 14.9 nm over all temperature and humidity conditions. SAXS data were collected in an
environmental chamber and data are offset vertically for clarity.
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at 90% RH and 30 °C are 7.91 and 1.12 mS cm−1, respectively,
which corresponds to ca. 7-fold difference. Sudre et al.20

recently reported ca. 10-fold difference between hydroxide and
chloride conductivity in a block copolymer. A similar 7-fold
difference in conductivity is apparent in the homopolymer,
while the conductivity difference in the random copolymer is
ca. 3-fold. Interestingly, the difference in the infinite dilution (in
aqueous solution at 25 °C) conductivity or diffusivity between
hydroxide and bromide is ca. 2.5-fold (OH− = 0.0198 m2 S
mol−1, 5.273 × 10−5 cm2 s−1; Br− = 0.00781 m2 S mol−1, 2.080
× 10−5 cm2 s−1).36 In addition to the infrared results, these
results further suggest differences in the ion transport

mechanisms in the block copolymer compared to the random
copolymer.
Similar to the bromide conductivity results, the hydroxide

conductivities of the block copolymer are an order of
magnitude (range of 33- to 5-fold) higher than the random
copolymer at all humidities and temperatures (Figure 3b,c).
Similarly, the water content in the hydroxide-conducting block
and random copolymer are identical at each humidity and
temperature studied (see Supporting Information, Figure S3).
Again, the IEC, water content, and chemical structure are
similar in both block and random copolymer with the only
difference being the sequential order of the monomer units in

Figure 3. (a) Chemical structure of hydroxide-conducting PIL copolymer. Hydroxide conductivity as a function of (b) humidity at 30 °C and (c)
temperature at 90% RH for the PIL block copolymer, poly(MMA-b-MEBIm-OH-17.3) (blue circles), random copolymer poly(MMA-r-MEBIm-
OH-17.3) (red diamonds), and homopolymer poly(MEBIm-OH) (black triangles). SAXS profiles of the (d) bromide (poly(MMA-b-MEBIm-Br-
17.3) vs the hydroxide (poly(MMA-b-MEBIm-OH-17.3) conducting PIL block copolymers at 0% RH and 30 °C. SAXS profiles of hydroxide-
conducting block copolymer as a function of (e) humidity at 30 °C and (f) temperature at 90% RH. The lamellae period, alam, ranged from 24.1 to
25.1 nm and the IL microdomain thickness, lIL, ranged from 9.3 to 10.4 nm over all temperature and humidity conditions. SAXS data were collected
in an environmental chamber and data are offset vertically for clarity.
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the polymer chain (i.e., chain architecture). While this
difference in ion conductivity between block and random
copolymers has been observed before in the literature in
regards to water-assisted proton transport,21 we report this
result for hydroxide conductivity for the first time to our
knowledge.
The more surprising result is that the hydroxide conductivity

of the block copolymer is higher (∼50%) than the
homopolymer at 90% RH at all temperatures studied: 7.91
versus 5.48 mS cm−1 (at 30 °C, 90% RH) and 25.46 versus
15.29 mS cm−1 (at 80 °C, 90% RH), respectively. Again, note
that the IEC and water contents of these two polymers are
significantly different: 1.4 versus 4.2 meq g−1 and 19 versus 61
wt % (at 30 °C, 90% RH) for the block copolymer and
homopolymer, respectively (see Supporting Information,
Figure S3). However, their normalized water contents (i.e.,
hydration numbers) are relatively similar, ca. 8 mol water/mol
Im+ at all humidities and temperatures studied. Therefore, this
result is unusual and suggests that other factors may result in
higher transport in the block copolymer compared to the
homopolymer, that is, ion−water confinement in nanochannels
that may accelerate transport. To the authors’ knowledge, this
result of water-assisted ion transport higher in a block
copolymer compared to its homopolymer analog has not
been previously reported. This result compares to a recent
report demonstrating enhanced ionic liquid-assisted proton
conductivity in a block copolymer compared to its homopol-
ymer analog in anhydrous conditions.37

Higher hydroxide conductivities in other anion exchange
membranes have been reported,3 but these are usually at higher
IECs or much higher water contents. The hydroxide
conductivity in this PIL block copolymer is quite high for
such low water contents (ca. 8 mol water/mol Im+). It is also
interesting to compare the absolute magnitude of hydroxide
conductivity in these block copolymers to proton conductivity
in Nafion (the most widely cited proton-conducting
polymer):33 7.91 versus 78.5 mS cm−138 (at 30 °C, 90% RH)
and 25.46 versus 144.00 mS cm−138 (at 80 °C, 90% RH),
respectively. The infinite dilution (in aqueous solution at 25
°C) conductivity or diffusivity of hydroxide is ca. 57% of that of
protons (OH− = 0.0198 m2 S mol−1, 5.273 × 10−5 cm2 s−1; H+

= 0.034965 m2 S mol−1, 9.311 × 10−5 cm2 s−1),36 while the
hydroxide conductivity in the PIL block copolymer in this study
is 10 and 20% at 30 and 80 °C, respectively, of that of proton
conductivity in Nafion. Similar to proton conductivity in
Nafion, the hydroxide conductivity in these PIL polymers
follows an Arrhenius behavior with temperature at high
humidity (Figure 3c) with activation energies of 20, 25, and
18 kJ mol−1 for the block copolymer, random copolymer, and
homopolymer, respectively. These activation energies are lower
than that of bromide conductivity in these PIL polymers, but
higher than that for proton conductivity in Nafion (∼11 kJ
mol−1).38

Morphologies in the hydroxide-exchanged PIL polymers
were also investigated. SAXS profiles as a function of humidity
and temperature for the hydroxide-conducting block copolymer
are shown in Figure 3. Similar to the bromide-conducting
random copolymer, the SAXS profile of the hydroxide-
conducting random copolymer was featureless, indicating no
microphase separation (see Supporting Information, Figure
S6). Figure 3d compares the SAXS profiles of the hydroxide-
and bromide-conducting block copolymers at a dry condition.
Unlike the bromide-conducting block copolymer, where four

well-defined scattering peaks were observed in the SAXS
profile, the hydroxide-conducting block copolymer shows two
broader scattering peaks at positions of q* (primary peak) and
2q*, suggesting a weaker microphase separation. This was also
observed at 30% RH (30 °C), but as humidity increases to 60%
RH, only the primary peak was observed (Figure 3e). At 90%
RH, the SAXS profiles are featureless for all investigated
temperatures (Figure 3e,f). This morphology transformation is
reversible (see Supporting Information, Figure S7).
One possible reason for the absence of these features in the

SAXS profile in the block copolymer at high humidity is low
electron density contrast between the MMA and hydrated IL
microdomains. Further evidence for a loss of scattering contrast
is the absence a correlation peak at high humidity, because
block copolymers with sufficient contrast exhibit a correlation
peak even in the disordered state. These results suggest that the
nanoscale morphology in the hydroxide-conducting block
copolymer persists at higher humidities similar to the
bromide-conducting block copolymer (although not evidenced
in the SAXS data) providing a rationale for the high hydroxide
conductivities in comparison to the random copolymer. Note
also that the macroscopic shape of the polymer film is retained
when exposed to high relative humidity, which is also consistent
with maintaining an ordered state.
Note that the hydroxide form in the PIL block copolymer

was obtained via anion exchange with the bromide form in an
alkaline solution. Therefore the Br− ions are displaced by
smaller OH− ions in the solid-state film. Additionally, unlike the
bromide-conducting block copolymer film, the hydroxide-
conducting PIL block copolymer film was not annealed at a
high temperature after ion exchange to circumvent any possible
chemical degradation of the polymer.12 These factors may
contribute to a more poorly defined morphology compared to
the bromide-conducting block copolymer. However, despite
the difference in morphology, both PIL block copolymers
exhibited superior ionic conductivities, particularly over their
random copolymer and homopolymer analogs.
In summary, we report high hydroxide conductivity in a PIL

block copolymer, for example, 25 mS cm−1 at 80 °C, 90% RH
with only ca. 8 mol water/mol Im+. The hydroxide conductivity
is over an order of magnitude higher than its PIL random
copolymer analog at the same IEC and water content. More
surprisingly, we observed higher conductivity in the PIL block
copolymer (with just 37 vol% PIL) compared to its PIL
homopolymer analog, where the homopolymer has a
significantly higher IEC and water content. The PIL block
copolymer exhibits nanoscale morphology, while the PIL
random copolymer exhibits no microphase separation. This
nanoscale morphology may contribute to significantly different
transport mechanisms, that is, ion−water confinement in
nanochannels that accelerate transport. These results should
have a significant impact on low-cost (platinum-free) long-
lasting solid-state alkaline fuel cells.
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