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ABSTRACT

Here we report a simple-but-effective method to control the membrane morphology and transport
properties of aromatic multi-block copolymers bearing perfluorosulfonic functions, via casting with
different counter-cations. Five monovalent cations with different sizes, polarity, hydrophobicity, i.e.,
H*, Li*, K*, Cs*, TEA®, and one double-valence cation, i.e., Ca?*, were selected for manufacturing
block copolymer membranes. We show that the counter-cation has a strong impact on the
superstructure long-range order by acting as either block-separator, either block-compatibilizer,
therefore tuning the thermodynamics of the self-assembly process. Hence, by selecting the cations,
highly ordered or completely disordered phase-separated block morphologies can be created. The
effect of counter-cation nature on the morphology is strongly reflected on the proton conductivity of
acidified membranes. At 25 °C and 10% relative humidity, the acidified TEA*-cast membranes are
~22 times less conductive than the acidified Cs*-cast ones. By combining microscopy and neutron
scattering techniques, we reveal the direct correlation between enhanced functional properties and
quality of membrane microstructure directed by the nature of cations with beneficial characteristics.
Our findings highlight the role and importance of cation selection to tailor the functional properties of

multiblock ionomers applicable as solid electrolytes for energy conversion devices.

Keywords: Counter cation, membrane morphology control, Lewis acid strength, block copolymers,

enhance membrane conductivity, perfluorosulfonic acid, SANS, polymer electrolyte
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1. Introduction

Block copolymers are among the most studied class of polymers towards innovative applications due
to their exceptional properties and modularity towards a broad range of applications. In the last
decades, they were largely studied as polymer electrolytes for advanced electrochemical energy
conversion and storage systems such as proton-exchange membrane fuel cells (PEMFCs),*~ anion-
exchange membrane fuel cells (AEMFCs),*® direct methanol fuel cells (DMFCs),%’ redox flow
batteries (RFBs),® and lithium batteries (LI1Bs),**° etc., owing to their ability to achieve essential and
antagonist properties, i.e., excellent thermomechanical strength and high ionic conductivity. In these
materials, the nanostructured morphology derived from hydrophilic (ionic)-hydrophobic phase
separation is the key to control the desired functional properties.’*3 Indeed, the formation of an
effective nanoscale ionic-channel network allowing interconnection of high mobility ionic pathways
boosts ion transport across the membrane without affecting the mechanical strength.24-1® The well-
defined nanophase separation originates from the thermo-dynamical incompatibility between the two
constitutive blocks.!”'® Therefore, adequate molecular design and cast process could be combined to
optimize self-assembly towards enhanced performances of the manufactured membrane for their

application in real devices.

Cation-conducting aromatic block copolymers were largely investigated in view of energy applications
due to their high thermal/electrochemical stability, low cost, ease of synthesis and modification
towards desirable properties, etc.1%1%22 The nanophase separation of ionic aromatic block copolymers,
however, is hindered by (i) their highly rigid nature, (ii) the multi-block structure (iii) the relatively
high polydispersity index (PDI) related to the synthesis process (i.e., PDI close to 2 by
polycondensation). To overcome these hurdles, much efforts were dedicated to design block structures
with optimized block size,}%-% or by introducing flexible perfluoroalkyl spacers.?®2?° In the latter
case, the perfluoroalkyl spacer simultaneously improves (i) the formation of ionic clusters by
increasing the phase separation between ionic side chains and rigid polymer main chains, and (ii) the
acidity of acidic function by transforming aryl sulfonic acid (pKa=-1) into perfluorosulfonic acid
(pKa=-6) with higher proton-dissociation ability.*° Recently, post-synthesis strategies such as solvent
selectivity?®?* for film cast, thermal treatments,?#33? crosslinking,3-% or applying electric field
during film-cast process,"~° etc., have received much attention as possible ways to control membrane

microstructure.

Here, we report an easy, simple and highly efficient method to tailor the block copolymer morphology
and, consequently, to enhance the functional properties of proton conducting membranes based on

aromatic ionomers, by selecting the counter-cations used during membrane manufacturing.



2. Results and Discussion

The influence of five monocharged cations M* with different radius, Lewis acid strength (LAS),
hydrophobicity and organic/inorganic nature, namely H*, Li*, K*, Cs*, TEA" (Figure 1a and Table
S1), on membrane morphology and proton transport properties was systematically studied. A double-
charged cation, i.e., Ca?", is also considered. The ionomer is a multiblock copoly(arylene ether sulfone)
bearing perfluorosulfonic acid functions (named “In”, Figure 1b-c), synthesized as described
elsewhere.?’” The molecular weight (MW) of both the FPES and PES blocks was fixed to 10000 g mol-
1. The MW of the ionic side chain was not taken into account, and the hydrophobic/hydrophilic block
ratio is the same in all samples tested in this study. To obtain In polymers with different counter-
cations, the acidic side chains were exchanged using 2M aqueous solution of corresponding metal-
chloride (Li*, Ca%*, K*, Cs") salts, or neutralized with triethylamine. The M?*-form ionomers were cast
from the non-selective solvent DMAc.?* The resulting membranes (labeled In-M?", Figure 1b) were
thermal annealed and then acidified to obtain proton conducting membranes (labeled In-M#/H",
Figure 1c). For all samples, the ion-exchange capacities (IEC) measured by titration were found to be
very close (1.27-1.30 meq. H*/g, Table S1), indicating that most counter-cations were exchanged by
protons in the acidified membranes. This ensures that the transport properties of In-M**/H" can be
impacted only by the morphology and microstructure of the membranes. By changing the counter-
cation, we tune the anion-cation interactions, inter-chains interactions, ionic block polarity and we
expect to vary the compatibility between the two blocks, which are key factors determining the final
morphology and microstructure of the membranes. We report the comprehensive analysis of these
cation-dependent effects by combining proton conductivity, dynamic vapor sorption (DVS),
dynamical mechanical analysis (DMA), small-angle neutron scattering (SANS) and field-emission
electron microscopy (FE-SEM) characterizations, bringing insights on how to best optimize membrane
transport properties by controlling the membrane microstructure/morphology through counter-cation

selective manufacturing process.
2.1. Cation Influence on Membrane Morphology and Transport Properties

The alpha relaxation temperatures (T«) measured by DMA give information on the polymer chain
dynamics in the salt-form (In-M*") compounds (Figure 2a-b). The results show that T decreases
linearly on increasing the size of alkali monovalent cations, which is in agreement with the results on
Nafion reported by Bas et al.*%*! Despite a very different cation size, the organic and proton counter-
cation membranes, In-TEA™ and In-H*, exhibit close T« values, lower than those of other monovalent
cations, while the T. of In-Ca?* membranes is much higher, proving much stronger inter-chain
interactions due to the divalent nature of calcium ion. The DMA results therefore clearly evidence that

the nature of the cation has a direct impact on the strengths of inter-chain interactions as well as on the
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phase separation. Note that In-Ca?*, In-Cs*, In-K* and In-Li* present a small peak around 220 °C
corresponding to the relaxation of the hydrophobic phase, which is also observed in DMA curves of

the acidified samples (Figure S1).24%7
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Figure 1. (a) Cation selection for membrane manufacturing and their main properties, e.g. nature,
valence, size and lewis acid strength (LAS): H™ (black), Li* (blue), K* (red), Cs* (pink), TEA™ (orange)
and Ca?" (green). Chemical structure of In ionomer in salt form after casting, In-M** (b) and acidic

form after acidification, In-M**H* (c). The ionomer is composed of a hydrophobic fluorinated
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polyether sulfone (FPES) block and hydrophilic psPES block carrying perfluorinated side-chains

terminated by sulfonic acid group and counter cation.

The influence of counter-cation on acidified membrane water uptake and transport properties was
further evaluated by measuring the vapor sorption and proton conductivity of acidified, In-M**/H", at
25 °C as a function of relative humidity (RH) (Figure 2c—d). The sorption isotherms of all In-M**/H*
membranes, representing the number of water molecules per ionic group (labeled as 1) as a function
of the relative humidity (RH), present similar shapes which are typical for these ionomers.?® However,
In-H*/H* and In-TEA*/H* show slightly lower hydration at high RH (Figure 2c), e.g., 7 water
molecules per ionic group at 95% RH against 8-9 for all other compounds. In general, the proton
conductivity of ionomer membranes strongly depends on the water uptake. Yet, the moderate reduction
in hydration cannot explain the large variations of proton conductivity. Thus, conduction of the
acidified membranes is found to vary significantly depending on the counter-cation selected for
manufacturing. The membrane cast with Cs* cation shows the highest proton conductivity, while the
membranes cast from TEA™ and H* show the lowest proton conductivity. At 95% RH, for instance,
In-Cs*/H* is around 3.5 times more conductive than In-H*/H" and In-TEA'/H", an effect that is
amplified at lower hydration (Figure 2d). Indeed, at low relative humidity (i.e., 10%) where the water
uptake is similar for all compounds (A~1.5-2), differences in conductivity by more than a factor 20 are

found amongst the various cation-selective membranes.
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Figure 2. a) DMA curves of salt-form In-M*" ionomer bearing different counter cations. b) Relaxation

temperature (Te) of ionic domains of In-M*" as a function of cation size. ¢) Sorption isotherms of
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acidified membranes expressed as the number of water molecules per ionic group (A1) as a function of
relative humidity (DVS results) and d) proton conductivities of acidified membranes measured at 25
°C as a function of the relative humidity. Variations in proton conductivity of acidified membranes
measured at 25 °C and 10% RH as a function of LAS (e) and cation radius (f). Dashed lines are guide
to the eyes, allowing to evidence the anomalous behavior of Ca?* and TEA* compounds.

Interestingly, we observe that proton conductivity increases with the radius of cast monovalent
inorganic cations, i.e., H'<Li*<K*<Cs" and this trend was observed over the whole temperature range
(Figure S2). Globally, the proton conductivity of the acidified membranes is strongly impacted by the
nature of cation used for membrane casting. Danyliv et al.*? reported a conductivity two time lower
for a random copolymer cast with counter-cation K* than Li* but to our knowledge, there is any
reported study on the impact of counter-cation on the proton conductivity of membranes based on
block copolymers. Figures 2e and Figure 2f represent the proton conductivities measured at 25 °C at
10% RH, plotted in function of the cation LAS and radius, respectively. These representations are
helpful to identify possible correlations between the cation characteristics and the functional property
of the obtained acidified membranes. In fact, we observe that all cations seem to follow a general trend,
i.e., the proton conductivity decreases with increasing LAS and increases with increasing cation radius,
indicating the impact of both parameters on the realization of efficient conduction in the ionomers.
However, there are two noticeable exceptions for In-Ca?*/H* and In-TEA*/H*. Similar tendency was
also observed for the conductivity measured at 60 °C, 95% RH, and at 25 °C, 60% RH as a function
of LAS (Figure S3a) and cation radius (Figure S3b). These materials seem to have a peculiar
behavior: i) despite the largest cation size, the conductivity of In-TEA/H" is much lower than that of
In-Cs*/H" sample, an effect that could be explained by the polarity and hydrophobicity of TEA*, which
may limit the formation and interconnection of conducting pathways, ii) by following the conductivity
trend, it seems that, with equivalent cation size, the membrane cast with double-charge cation is more
conductive than the one cast from mono-charge cation, which may relate to the stronger inter-chains
interactions, as seen from the DMA results, and, consequently, a better organization of ionic domains.
Hence, as both IEC and water uptake are comparable in all our membranes, it can be supposed that the
huge differences in conductivity must result from cation-induced modifications of ionomer

nanostructure and ionic domains tortuosity.
2.2. Morphology-Property Interplay

To evaluate this hypothesis, the morphologies of the acidified membranes were investigated by
microscopy and scattering techniques, which both probe the typical sizes of phase-separated domains

as well as the degree of long-range order in the materials. On Figure 3 we represent the FESEM images



of dried membranes (Figure 3a), together with the corresponding SANS profiles (Figure 3b) of the
same materials in dry (top) and hydrated (A~20, bottom) states.
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Figure 3. a) FESEM micrographs of dried acidified ionomer films as a function of the cation used
during manufacturing, presented from lowest (bottom, H* and TEA") to highest (top, Ca?* and Cs™)
ordered structures. The insets show the segregation between hydrophobic (black) and hydrophilic
(white) regions. In the case of Ca?* and Cs*, a local hexagonal arrangement is noticed. To enhance
the contrast, protons of acidified membranes were exchanged by Pb?* cations. b) Corresponding 1D
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SANS profiles in function of the scattering vector Q measured in dried (top) and hydrated (1~20,
bottom) membranes (the same cation-color code as FESEM images), showing the presence of low-Q
peaks due to large-scale block structure and high-Q peaks due to the nanoscale organization of ionic
domains. In case of Ca?* and Cs*, the additional shoulder peak may indicate regular packing of the
blocks (hexagonal phase). The low-Q peak broadening on replacing Ca* by Cs*, K*, Li*, H*, TEA*

indicates enhanced disorder of the block superstructure, confirming the microscopy results.

The FESEM images reveal obvious differences on membrane microstructure as a function of counter-
cation, as highlighted by ordering these data from best organized (top) to less organized (bottom)
microstructures. The membrane cast from hydrophobic organic TEA" cation shows the worst phase
separation (orange). The other membranes cast from monovalent cations display a phase-separated
microstructure with hydrophobic FPES domains (dark regions) dispersed into to a continuous
hydrophilic psPES phase (white regions) (see Figure 1b—c for the chemical structure of FPES and
psPES blocks). On increasing monovalent cation size (H*<Li*<K*<Cs"), the long-range ordering of
phase-separated nanodomains improves. While In-H*/H" is poorly organized (grey), the hydrophobic
domains adopt locally a hexagonal packing for the biggest cation Cs* (brownish). The divalent Ca?*
cation leads to a similar microstructure to that of Cs*, but with even more regular and better-defined
hexagonal architecture (green). A statistical analysis of the FESEM images allowed to quantify both
the mean diameter of PFES block domains (black nodules) and their polydispersity obtained from the
full width at half maximum (FWHM) of the size distribution (Figure S4a). The nodule size follows a
linear trend with cation size (Figure S5), except for In-H*/H* where the FPES size is bigger and the

distribution much broader than for all other compounds.

These results are confirmed by the 1D SANS profiles vs scattering vector Q shown on Figure 3b,
which contain the usual characteristic features of the block copolymers.t*?* The low-Q correlation
peak is due to long-range ordering between the hydrophilic psPES and hydrophobic FPES blocks,
while the high-Q correlation peak (so-called ionomer peak) reflects the ionic domains organization,
i.e., nanoscale phase separation between the “ps” side chains and PES polymer main chains. Moreover,
the high-Q intensity decay as Q** (so-called Porod’s law) indicates the existence of sharp interfaces
between the ionic network and PES chains. Note that the ionomer peak is revealed by the presence of
water that swells the ionic domains and induces neutron contrast, while the block peak can be detected
in both dry and hydrated states.!! The peak positions Qsiock and Qionic give the mean separation distance
between block aggregates and ionic domains, doiock and dionic defined as d=2n/Qbiockrionic, respectively,
while the relative widths AQbiock/Qblock and AQiono/Qiono indicate the degree of order in the materials.
The sharper the peak, the better organized is the material at the corresponding length scale, i.e.,

typically > 35 nm for block superstructure and 2—-5 nanometers for the ionic phase. On Figure 3, we
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have classified the intensity-shifted 1D SANS scattering profiles following the FESEM increasing
order. The visual inspection of the block peak shape confirms the decreasing large-scale order
(increasing low-Q peak broadening) from Ca?*, Cs*, K*, Li*, H* to TEA", in excellent agreement with
the microscopy results. The In-TEA*/H" membrane has no block peak in dry state, and a broad, poorly
defined one in hydrated state. The In-H"/H* compound is almost as disordered and, moreover, the
block peak is shifted towards small Q values, reflecting the increased block separation distance
compatible with the greatest size and broadest distribution of the hydrophobic nodules in this
membrane (Figure S5). The best organization of block superstructure is found for the In-Ca?*’H* and
In-Cs*/H" membranes, for which the SANS data exhibit an additional shoulder peak (in medium-Q
region ~0.039-0.042 A%, corresponding to correlation distances of ~150-160 A) compatible with an
hexagonal arrangement as depicted in the corresponding FESEM images. These behaviors are better
visualized on Figure S4b-c and Figure S4d-e where the block peak and ionomer peak regions are
highlighted, respectively. The large-scale separation distance between hydrophobic blocks is similar
in all membranes (Figure S4b, dashed line), except for In-H*/H", as noticed before. The same data
plotted using normalized I/lpeakmax and (Q-Quiock) UNit axis allow to observe directly the continuous
increase in block peak width from Ca?* to TEA" (black arrow on Figure S4c). Similarly, we see that
the ionic separation distances are almost unchanged, despite the utilization of cations with different
sizes during membrane casting (Figure S4d, dashed line). Looking back to the literature on sulfonated
polystyrene,*3#* Nafion,*" and random aromatic copolymers bearing perfluorosulfonic acid** we
know that ion aggregation depends on the counter-cation size. Zhou et al.** found that the cation
concentration in ionic aggregates with monovalent cations is 2—3 times higher than that of ionomers
neutralized with divalent cations. Surprisingly, opposite behavior was reported for Nafion® N212
membrane, in which the SAXS intensity of both ionic peak and matrix-knee decreased with increasing
cation size.* In those cases, however, the counter cations still remained inside the membrane, which
is not the case here as our ionomers were completely acidified before characterization. Danyliv et al.*?
reported the hydrophilic domains in the acidified random copolymer membranes obtained from Li*
counter-cation are more homogeneous than those from K, for the last two types of the ionic clusters
was evidence: one of a very high organization and the other of worse organization. In this work, we
observe that the ionic peak widths are moderately affected by the nature of the casting counter cation
(Figure Sde, black arrow), with In-TEA*/H* membrane still exhibiting the poorer nanoscale phase
separation. Therefore, quite surprisingly, the choice of the cation has a limited impact on the local

ionic structure.
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Figure 4. Mean block separation distances (blue circles. Open symbols: dry and closed symbols:
hydrated) and hydrophobic FPES cluster sizes (red triangles) determined from the Gaussian peak
position of SANS data and SEM distribution, respectively, plotted in function of the cation radius (a)
and LAS (b). FWHM of SANS (A4Qbiock/Qbiock) and SEM data in function of the cation radius (c) and
LAS (d). Dashed lines are guide for the eyes, indicating the moderate variations in sizes/distances with
cation features (a, b), and the master curve behaviors of order parameter (c, d). Noticeable anomalies
are indicated by colored squares, e.g., H*, TEA* and Ca?* compounds deviate from the average

behavior.

By fitting the FESEM size distribution and SANS peaks with Gaussian functions (Figure S6), we can
now examine the characteristic values extracted from microscopy and scattering techniques in more
details. Figure 4 displays the mean FPES cluster sizes Srres (SEM results, red triangles) and block
separation distances doiock (SANS in dry and hydrated states, empty and full blue circles, respectively)
in function of the cation radius (Figure 4a) and LAS (Figure 4b). First, we observe a strong correlation
between the two experimental methods employed to quantify the evolution of phase separation as a
function of counter-cation. The differences in absolute values obtained by SANS and FESEM in dry
state are attributed to distinct definitions: mean diameter of hydrophobic block clusters in the case of

FESEM (red triangles, ranging from 200 to 350 A typically) and separation distance between two
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scattering objects in SANS (blue circles). It seems that the superstructure spacing doiock iS N0t much
dependent on the nature of the casting counter-cation, except for H*, a behavior that might not be
ascribed to size effect only, as H" is very close to Li*. The trend is that dviock and Srees slightly increase
on increasing cation radius. Upon increasing hydration for all types of ionomers, values of doiock
increase, as expected, up to around 400 A at A = 20, except for the In-TEA* (500 A) and, particularly,
for the H* ionomer which shows much larger distances (from 700 A in dry state to 900 A in hydrated
state). By subtracting the cluster dimension from the separation distance, one can estimate the size of
the ionic block regions (Sionic defined as doiock—Srres, Figure S5, green squares). Values are found in
the range of ~130 A for dried membranes and ~200 A for hydrated ionomers. Again, the anomalous
behavior of In-H*/H" is clear. Note also that Cs*, which is the largest and most hydrophobic alkaline
cation, yields the smallest ionic block domains size. Regarding the degree of order in the materials,
the evolution of FWHM of FESEM distributions and relative FWHM of scattering peaks in function
of LAS and cation radius nicely correlate (Figure 4c-d). The behavior of all cations follows a trend
(symbolized by dashed lines), except for Ca?* and TEA*. Interestingly, In-H*/H* sample does not
deviate from the general trend regarding the level of organization. On increasing the cation radius,
there is a clear diminution of the FWHM, indicating that a more homogenous and better-defined nano-
structuration is formed when bigger cations were used during membrane casting. On increasing LAS,
in contrast, we see an almost linear increase of FWHM values, showing that higher polarizability is
not favorable to obtain ordered block morphologies. The deviation of In-Ca?*/H* and In-TEA*/H* from
the main trend is quite insightful, as it shows that there is a direct impact of both size (TEA* is so big
that it is out of the main curve) and bonding (divalent is out of the trend). Moreover, the TEA" cation
is organic in nature and hydrophobic. Since our ionomers were completely acidified before
characterization, the changes in FWHM from SANS and SEM measurements is exclusively linked to

the membrane microstructure.

To summarize, we have fully characterized the multiscale structure of the In-M*/H* membranes and
we can conclude that there is a relatively limited impact of cation selection on the nanoscale
organization of ionic domains within the ionic blocks, while it has a strong influence on the structural
arrangements at larger scale where polymer blocks segregate. Therefore, it can be supposed that the
counter-cation plays an important role on the thermodynamic interactions between the copolymer and
solvent, and between the two copolymer blocks. These observations allow to assess the prominent role
of the counter cation in the self-assembly process by acting as an effective facilitator agent (Ca?*, Cs"),
a fair facilitator agent (K™, Li*) or a preventer agent (H*, TEA"), yielding either high-quality or poor-
quality phase-separated morphologies. Cations therefore can help in separating the two blocks of the

polymers or, on the contrary, attenuate their by-design incompatibility. These facilitating or preventing
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abilities towards forming highly ordered block superstructures may arise from different properties.
TEAT is the largest counter cation, but also the more hydrophobic, organic in nature, therefore it can
act as a compatibilizer between the hydrophilic and hydrophobic blocks, leading to poor separation.
Note that TEA" hydrophobicity also slightly degrades the local organization of ionic functions
separated from the polymer main chains to form the ionic clusters. Regarding membrane cast from H™,
the poor phase separation and bigger block size could arise from the formation of a partially crosslinked
structure during thermal annealing at 150 °C, due to the dehydration between two intermolecular
perfluorosulfonic groups.?’” This behavior can be evidenced from DMA curves of all acidified
membranes by an increase of storage modulus above 165 °C (Figure S1). However, the amount of
acidic function lost after thermal annealing is very small as this sample has similar IEC than the others
and was completely soluble in DMAc. Regarding Ca?*, we observed that the In-Ca®*/H* membrane
exhibits a lower block size and a more homogenous distribution than its K* analogue, although K* is
in the same row as Ca?* in the periodic table and has a bigger size. Hence, we may hypothesize that
the divalent nature of the ion is a key property towards block segregation and, consequently, induces

the excellent behavior of In-Ca?*/H* membrane.
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Figure 5. Proton conductivity at 30 °C and 95% RH of the various acidified ionomers as a function of

the LAS (a) and the cation radius (b), showing the anomalous behavior of Ca?" and TEA*-cast
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membranes. Same data as a function of structural parameters, e.g. the mean ionic block size Sionic (C)
and the order parameter AQbiock/Qoiock (d). Dashed lines are guide to the eyes, showing the master
curve behavior followed by all cation-types cast membranes when using the structural features as key

monitoring parameters for transport efficiency

Considering the in-depth structural characterization, we can revisit our understanding of the functional
behavior of the polymers, e.g., their efficiency as proton conductors. On Figure 5a-b, we show the
variations of proton conductivity at 30 °C and 95% RH as a function of the cation LAS (Figure 5a)
and radius (Figure 5b), e.g., the usual representation we already adopted in Figure 2e-f (at 25 °C,
10% RH) and Figure S3 (at 60 °C, 95% RH, and at 25 °C, 60% RH), and we compare it to a direct
structure-transport correlative representation produced by plotting the same conductivity data in
function of relevant structural parameters (Figure 5c-d). As such, we select the mean ionic block
domain size, Sionic (Figure 5c¢), which quantifies the mean extension of the connected phase where
protons are transported, and the order parameter AQoiock/Qoiock (Figure 5d) that characterizes the
quality of hydrophobic block/hydrophilic block phase separation. We see that the conductivity
continuously increases with decreasing ionic domain size and increasing long-range structural order
(or decreasing FWHM).

Although Ca?* and TEA' based materials have a peculiar behavior when considering cation
characteristics as the monitoring parameter (Figure 5a-b), this is not any more the case when we rather
consider structural parameters as key factors influencing proton transport. In fact, both anomalous
compounds now fall on the general curve materialized by the dashed lines in Figures 5c-d. It seems
that the conductivity of In-Ca?*/H* also follows the monovalent-cation trend. The structure-property
interplay confirms the assumption about better defined and more regular ionic blocks domains via
using larger cation sizes, which results in more homogeneous ps-PES domains with enhanced long-
range connectivity, which is critical to improve the proton transport through the membrane. As
discussed earlier, the lower the hydration level of the membrane, the higher the conductivity gap
among the samples. Therefore, greatest differences in membrane proton conductivity were observed
at reduced RH (Figure 2e-f). If we analyze the 10%-RH conductivity results using the dried
membranes structural parameters, we obtain similar trends (Figure S7), showing the robustness of the

conclusions.
3. Conclusions

In summary, the counter-cation used during membrane manufacturing has a strong impact on both the
morphology and the functional properties of acidified aromatic ionomer membranes. The cation

influence is more pronounced on the large-scale phase separation between the hydrophilic and
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hydrophobic blocks (~40 nm) than on the small-scale phase separation between the ionic side chain
and the polymer main chain (~3-5 nm) where they have direct interaction. Indeed, the characteristics
of the counter cations, i.e., their size, charge, organic vs inorganic nature, hydrophobicity and Lewis
acid strength, play a key role in the self-assembly process by tuning the constitutive copolymer blocks
incompatibility, therefore aiding or preventing efficient block segregation. The organization of the
block superstructure improves on increasing the size and the charge of counter cations, while it
degrades with increasing Lewis acid strength. Interestingly, the membranes cast with the smallest (H™)
and largest (TEA®) counter cation have similar morphology and proton-transport properties. Both have
quite disordered nanostructures due to the poor phase separation between the hydrophilic and
hydrophobic blocks which results in much lower proton conductivity than the materials cast with
alkaline counter cations. The acidified membrane cast with Cs* cation shows the highest proton
conductivity due to the high-quality phase separated block superstructure formed by the regular
packing of well-defined hydrophobic objects. The divalent Ca?* cation is also acting as an efficient
structuring agent yielding excellent functional performances to the ionomer. With this work, we
showed a simple-but-effective method to control the morphology and functional properties of aromatic

ionomers for advanced applications.
4. Experimental
4.1. Membrane Preparation

The mixture of 1.0 g ionomer powder in 14 ml of DMAc was (i) stirred at 60 °C for 24 h, (ii) left under
vacuum for eliminating gas bubbles, (iii) centrifuged at 5000 rpm for removing solid impurities to
obtain homogeneous solution. The solution was cast onto a glass substrate using an Elcometer 4340
Automatic Film Applicator. The “as-cast” membranes, obtained after drying at 60 °C in an oven for
24 h, were submitted to a thermal annealing by following a procedure described elsewhere.?*3? The
obtained membranes was immersed in distilled water for 24 h to remove solvent residue and acidified
two times using 2 M aqueous HCI solution, followed by washing several times with distilled water to
remove acid trace. The In-H* membrane cast directly from ionomer in acidic form was also realized

with the same condition for comparison.
4.2. Characterization

The IEC was measured by acid-base titration in organic medium as described elsewhere.*® The DMA
was performed on Q800 system (TA Instruments) with a heating rate of 2 °C/min in temperature range
(i) from 30 to 270 °C for acidified membranes, and (ii) from 30 to 150—400 °C for salt-form membranes
depending of the Tg of the ps-PES hydrophilic block. The DVS was determined at 25 °C from 0 to
90% by steps of 10% using a DVS IGASORP (Hiden Isochema, UK). The samples (~50 mg) were
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previously dried in the instrument by exposing to 0% RH at 80 °C for 8 h. The FESEM was analyzed
with a back scattered detector (very sensitive to atomic number of atoms present in the material) by a
ZEISS Ultra 55 device on dried lead-salt membranes. To increase the contrast between hydrophilic
and hydrophobic domains, the proton in acidified membranes was exchanged by Pb?* cation. The dark
regions correspond to hydrophobic domains whereas the hydrophilic domains are clear on these
images. ImageJ “open source” software was used for the image analysis: a tailored procedure, which
iterates a binarization, a watershed segmentation and a particle analysis, furnished the size distributions
of FPES blocks. For one sample, three images with two magnifications were post-treated to further
increase the image contrast and analyze the size distribution of the hydrophobic and hydrophilic
domains. The SANS analysis was performed on D22 spectrometer (Institut Laue-Langevin, Grenoble,
France) and on PAXY spectrometer (Laboratoire Léon-Brillouin, Paris, France). All measurements
were conducted on fully-hydrated acidified membranes using experimental set-up and data reduction
as described elsewhere.?*?” The through-plane proton conductivity () were obtained from a lab-made
conductivity cell*! using a Material Mates 7260 analyzer from 5 Hz to 10 MHz. The acidified ionomer
films (=60-80 um in thickness) were sandwiched between two stainless steel electrodes (blocking
electrodes). The conductivity measurements were carried out (i) at 25 °C as a function of RH from 10
to 90% with step of 10% and (ii) at 95% as a function of cell temperature from 30 to 90 °C with step
of 10 °C. The samples were stabilized at measuring condition for 5 h prior to measurement and Zview
software was used to analyze and fit the data. The equivalent circuit and fitting parameters were
depicted elsewhere.!! The conductivity was calculated by Equation 1:

L
TR xs

(D

where L is sample thickness, S is upper electrode surface area, and R is bulk membrane resistance.
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the ionic block domains size as a function of cation radius and Lewis acid strength. Low-Q peak fitting
of SANS data with a Gaussian peak and a background. Proton conductivity measured at 25 °C, 10%
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