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ABSTRACT

The performance of ion exchange membranes in fuel cells is critically linked to its ion-conducting
channel morphology. In this report, we analyzed the channel connectivity of anion exchange
membranes (AEMSs) by electrostatic force microscopy (EFM). As a tapping-mode AFM based
technique, EFM probes height, phase, and electrostatic force gradient imagines through two-pass
interleave scans, which reveals the direct relationship between membrane surface morphology and
channel connectivity. The AEMs are diblock copolymers of a polyisoprene (PIp) block and a
polystyrenic block containing phosphonium ion (P(RsP*)MS). Different alignments of cylinders
were observed in bulk and on surface for AEMs with different ion exchange capacity (IEC) and
preparation methods. The impacts of the cylinder alignment on the channel connectivity were then
investigated by EFM. For AEM 13 with parallel aligned cylinders on the surface, many
disconnected channels were observed throughout the membrane. In contrast, the perpendicularly
—aligned channels of AEM 16 consisted only of connected channels.

INTRODUCTION

Anion exchange membrane (AEM) fuel cells have garnered significant research interest in
the past decades due to the improved cathode reaction kinetics under an alkaline environment. -3
Compared to the acidic environment of proton exchange membrane (PEM) fuel cells, AEM allows
for reduced loading of expensive platinum catalyst or replacement by silver or gold.* Despite of
the similar transport mechanisms in both AEMs and PEMs,® including Grotthuss mechanism,®’
surface-site hopping,”® and diffusion,® AEMs exhibit lower conductivity at current stage of



development. In pursuit of higher conductivity, a fundamental study on membrane structure-
property relationship is in need. Nafion is the current state-of-the-art PEM and a benchmark for
future membrane development, however, its random sulfonated backbone structure makes
interpretation of scattering data difficult. Although several models have accurately described the
scattering characteristics, they are still under debate.'®*2 On the contrary, ion-containing block
copolymers provide tunable ordered morphologies, thus, can serves as a model system for the
morphology-channel connectivity study, which leads to the ultimate goal of achieving a favorable
ion transport environment and improving conductivity.

In this study, quaternary phosphonium (QP) containing diblock copolymers were
synthesized. Polyisoprene (Plp) was chosen as the hydrophobic block because of the low glass-
transition temperature (Ty), therefore, Plp provides the membrane attendant flexibility. The bulky
phosphonium pedant group was chosen to implement on the ionic block, because the bulky cation
can effectively hinder the hydroxyl attack, thus, greatly improve the chemical stability of AEMs
in alkaline conditions.**!* By modulating molecular weights of two blocks, a range of IEC (0.40-
0.92 mmol/g) were achieved. Due to the Coulombic interactions from the charged block
copolymer, inverse hexagonal morphology was observed for all AEMs, where the ionic block
formed the continuous phase.*® However, parallel-aligned cylinders were observed on surface at
AEM 13 with a moderate IEC (~0.44 mmol/g), while as for AEM 16 with a high IEC (~0.87
mmol/g), hexagonal morphologies showed perpendicular alignment, according to atomic force
microscopy (AFM). What remains to be seen is how the alignment of surface domains influences
channel connectivity. Although it has been hypothesized that parallel alignment can impede charge
transport at the membrane-electrode interface,’® there has so far been no direct supporting
evidence.

The channel structures and connectivity of AEM 13 and 16, with different surface
morphologies, were investigated by electrostatic force microscopy (EFM). As a tapping-mode
AFM based technique, EFM probes the electrostatic force gradient based on two-pass interleave
scan. In the 1% pass, phase deviations depend on whether the tip-sample interactions are attractive
(>90°) or repulsive (<90°).r Tip-sample power dissipation is related to the sine of the phase angle,
hence phase deviations toward 90° in both attractive and repulsive-mode imply maximum power
dissipation.'® All of our phase images were gathered in repulsive mode. In the 2™ pass, phase
deviations are influenced by the electrostatic force gradient, which is attributed to surface charge,
dielectric permittivity, and film capacitance. EFM has been used to investigate the surface charge
characteristics of isolated nanostructures'®-?? and structures imbedded in thin films.?>%* Previously,
EFM has been demonstrated to be a useful tool to study the disconnected dead-end channels in
Nafion.?® In this work, we compared the EFM vs. voltage bias response between parallel-aligned
cylindrical channels and perpendicularly-aligned ones. Supported by previously established
models of isolated structures,?® variation in EFM phase with respect to change in bias voltage is
indicative of regions where charge is trapped due to the disconnection in channels. Thus, from
different EFM responses as a function of bias voltage, the channel structures and connectivity can
be evaluated. These findings provide direct evidence of the relationship between membrane
preparation methods, morphology and channel connectivity, which in turn helps direct the
synthesis and processing methods of these promising AEM materials.

METHODS AND MATERIALS
Membrane Casting. For drop-casted membranes, the solution of quaternized diblock copolymer,
Plp- P(RsP)MS, in chloroform (~50 mg/ml, 1ml) was drop-cast onto a clean



polytetrafluorethylene sheet and dried slowly overnight. The membranes were then solvent-
annealed by THF vapor for 24 h before peeling off the substrate and stored in a vial prior to bulk
and surface characterization. The thicknesses of the membranes, measured by AFM, were ~ 6 um.
For spun-cast membranes, the membranes were spun-cast on a conductive fluorine-doped tin oxide
(FTO) substrate. Only AEM 16 was spun-cast, which is denoted by AEM 16-SC. It is important
to note that attempts were made to spin-cast AEM 13 for comparison. However, the low
availability of this membrane from prior synthesis led to non-uniform film thicknesses and a
disappearance of the parallel cylinder structure. FTO was cut into 2x2 cm squares. The substrates
were cleaned by sonicating in a 1:1 EtOH/DI bath for 15 minutes followed by a DI bath for 15
minutes. FTO was then air-dried in petri-dish. As-received membranes were re-cast by
tetrahydrofuran (THF). A 5% wt. solution was sonicated for 5 minutes and spun-cast on clean FTO
at 3000 rpm. The thicknesses of the membranes were measured by AFM to be ~ 40 nm.

Small Angle X-Ray Scattering (SAXS). SAXS measurements were performed using a
GANESHA 300 XL SAXS. Humidity-dependent SAXS measurements were performed at The
Basic Energy Sciences Synchrotron Radiation Center (BESSRC) at the Advanced Photon Source
at Argonne National Lab on beamline 12 ID-B. A Pliatus 2M SAXS detector was used to collect
scattering data with an exposure time of 1 s. The X-ray beam had a wavelength of 1 A and power
of 12 keV. The intensity (I) is a radial integration of the 2D scattering pattern with respect to the
scattering vector (q).

Transmission Electron Microscopy (TEM). The TEM specimens were prepared by Leica
CryoUltramicrotome. The microtome chamber was cooled down to -100 °C by liquid nitrogen,
where the bulk sample was microtomed by diamond knife with the thickness around 40 nm. The
cutting sections were then collected by 400 mesh copper support grids and stained by OsO4 vapor
for 20 min under room temperature. TEM characterization was performed on a JEOL 2000FX
TEM operated at an accelerating voltage of 200 kV.

Atomic Force Microscopy (AFM). Height and phase images were acquired in tapping mode
using an atomic force microscope (Asylum Research MFP3D). Standard silicon probes (XSC11,
Mikromasch) with resonant frequency (~300 kHz) and spring constant (40 N/m) were used. The
power spectral densities (PSDs) were computed in Gwyddion and plotted in Igor Pro. PSDs were
collected over 5 different regions corresponding to a different image. The position of the peak
indicates the maximum spatial frequency of the AFM phase images. We identify the 1% peak (q)

in the PSD. The d-spacing is defined as %” :

Electrostatic Force Microscopy (EFM). EFM is an amplitude contrast tapping mode AFM
technique based on two-pass interleave scan in which height and phase are measured in the 1% pass
and a lift height of 20 nm is applied to the tip in the 2" pass. A constant DC bias is applied to the
electrode substrate while the tip is held at ground. A Pt-coated tip provided by Micromasch (model
HQ:XSC11/Pt) with a resonant frequency of ~325 kHz, and tip radius of curvature < 27 nm was
used. We scanned the same region for different voltage biases applied to the substrate from the
microscope controller. We applied 0V, +/-1V, +/-3V, and +/- 5V. The measurements were done
under ambient conditions (30-50% RH) and at room temperature. All the images were acquired
using the retrace image. The (X,y) position of the domains in the phase image were marked by a
cursor which highlights the (x,y) position in the EFM images. Domains that appeared to be



influenced by roughness in the height image were neglected. A more detailed description of how
height-artifacts are neglected are described in the supporting information. The EFM phase as a
function of Verm (Verm = Viip - Vaubstrate) Was plotted for each domain and was fit to a 3" order
polynomial.

RESULTS AND DISCUSSION

Scheme 1: Synthesis of Phosphonium-containing Diblock Copolymer

/
0]

pJﬁ: b0 >
\
Wb 1o 3 Wb
n m \ m
—_—
® ®
PIp-PCMS c o—

Plp-P(RsP*)MS f/

Zhang et al. synthesized quaternary phosphonium (QP) contained diblock copolymers by
reversible addition — fragmentation chain-transfer (RAFT).1* The parental neutral block polymer
consists of polyisoprene (PIp) block and polychloromethylstyrene (PCMS) block, whose benzylic
positions provide gquaternizable sites. As shown in Scheme 1, excess quaternizaion agents,
tris(2,4,6-trimethyoxyphenyl) phosphine (P(Ph(OMe)s3)s) was added to react with PCMS. After
quaternization, the neutral-charged block copolymer, polyisoprene-
poly(trimethyoxyphenylphosphinemethylstyrene) (Plp-P(RsP*)MS), where R = P(Ph(OMe)s)s),
was obtained. The theoretical ion exchange capacities (IEC) was determined based on the volume
fraction of PCMS block and the quaternization efficiency. Plp-P(RsP*)MS with IEC ranging from
0.3to 0.6 mmol/g were synthesized.!*. We have also recently synthesized Plp-P(RsP*)MS diblock
copolymer membranes by nitroxide mediated polymerization (NMP), which provided faster
polymerization dynamic and larger degree of polymerization of PCMS block. After quaternization,
higher IECs of 0.87-0.92 mmol/g was achieved.



The following investigation involves specifically with AEM 13 (IEC = 0.44 mmol/g) and
AEM 16 (IEC = 0.87 mmol/g). Bulk morphologies were investigated by SAXS and TEM, as
shown in Fig-Figure 1. SAXS profiles of the AEM 13 and 16 are shown in Fig-Figure 1A and 1E,
respectively. Figure 1A (AEM 13) shows scattering peak positions at g, v3q, and v7q, while
Figure 1E (AEM 16) shows peak positions at q and v3q. Both peak positions are indicative of
hexagonal cylinder morphology. The orientation of the cylindrical domains was assessed by cross-
sectional TEM. Figure 1B and 1F show cross-sectional TEM of the bulk structure of AEM 13 and
AEM 16, respectively. Prior to TEM, the membranes were microtomed by ~40 nm thick and
stained by OsOs4, which selectively stains the olefinPlp block. Therefore, the dark contrast
indicates the hydrophobic Plp domains. In Figure 1B, a mixture of perpendicular and parallel
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Figure 1: Comparison of the bulk (internal) structure and surface structure of AEM 13 and AEM
16. SAXS of (A) AEM 13 and (E) AEM 16, with peak labeled, both indicating hexagonal
morphology. Cross-sectional TEM of (B) AEM 13 and (F) AEM 16, where dark contrast
corresponds to Plp domains. Repulsive mode phase images of (C) AEM 13 and (G) C, where
dark contrast corresponds to Plp domains. Radially-averaged power spectral density (PSD) of
phase images of (D) AEM 13 and (H) AEM 16, with higher order peak at 2q labelled.

aligned cylinders were observed. The surface morphology was revealed by AFM. The phase
images were collected in repulsive mode. We have interpreted the bright contrast as the ionic
P(R3P*)MS domains and the dark contrast as the hydrophobic Plp domains. By imaging partially
quaternized membranes, we have indicated that the bright regions are associated with the ionic
domains, as shown in the Supporting Information. Figure 1C and 1G are phase images of AEM 13
and spun-cast AEM 16 (AEM16-SC), respectively. The images show stark differences between
the surface alignment. Figure 1C shows cylinders forming parallel to the surface, while Figure 1G
indicates perpendicularly aligned cylinders. This implies that in AEM 13, perpendicular channels
convert to parallel channels at the surface as the film dries. In AEM 16, on the other hand, shows
perpendicular alignment of the channels. By spin-casting AEM 16, we are able to freeze the bulk
morphology at the surface. This gives us a means of comparing the conductive properties of two
different surface morphologies for AEMs with similar bulk morphologies. Surface alignment was
further confirmed by PSD analysis for both AFM phase images, as shown in Figure 1D and 1H,



respectively. The PSD is useful in analyzing spatial frequencies of AFM images. Surface ordering
information of block copolymer membrane films through analysis of peak positions of higher order
peaks relative to the primary peak.?”?8 In Figure 1C, the peaks are positioned at g and 2q, which
signifies regular periodic order typically observed in lamellar phases. In Figure 1H, the peak
positions for AEM 16 are also g and 2q with the higher order peak is much less intense, signifying
short-range order.

Domain sizes and spacing can be measured from the bulk and surface, respectively. For
AEM 13, the average diameter of the Plp domains within the bulk was measured by TEM to be 40
nm, in agreement with the d-spacing ~42 nm calculated from SAXS. On the surface, the cylinders
were 60 nm in width by measuring several line profiles from AFM. The surface d-spacing can also

be calculated from the PSD of the phase images, defined as d = %” , where q is the primary peak.

From 1D, the d-spacing was 61 nm, corresponding approximately to the widths of the cylinders
measured by line profiles. In AEM 16, however, similar domain sizes were observed from both
the bulk and the surface. From the TEM image in 1F, the average diameter was 20 nm. This is
comparable with the d-spacing from SAXS shown in Figure 1E, which was 23 nm. On the surface,
the average diameter of the bright and dark domains in Figure image-1G was 17 nm and 19.8 nm,
respectively. The d-spacing from the PSD shown in 1H is 36.7 nm, which indicates close
agreement of surface d-spacing with that in bulk.

The surface free energy difference between two blocks in block copolymers influences the
alignment of domains at the air-membrane interface.?-! A cartoon illustration of the proposed
channel structures due to alignment difference is shown in Figure 2. Mixed alignment of Plp
cylinders in the bulk with parallel alignment on surface for AEM 13, shown in 2A. The left side
of the cartoon of 2A shows a misaligned surface domain with respect to the bulk domain. It is
possible that this misalignment can result in a dead-end channel, i.e. one that blocks charge from
reaching the air-membrane interface. The right side of the cartoon of 2A shows a properly aligned
surface channel with that of the bulk. This case results in connected channels that allow charge to
migrate contiguously throughout the entire membrane. Thus, the conductivity of block copolymer
AEMs is dependent on channel alignment at the surface.® Figure 2B illustrates that at high volume
fraction of the P(RsP*)MS block, the cylinders only align perpendicular to the air-membrane
interface throughout the membrane, leading solely connected channels.



Different sample
AEM 13 AEM 16 preparation methods play a
significant role in affecting
bulk and surface
morphologies, via different
film formation Kinetics.3233
AEM 13 was prepared by
disconnTected conIected L channels always connected drop-_castlng from CHCI,
solution onto a PTFE sheet.
Figure 2: Cartoons illustrating the proposed structure leading to ~ AEM 16 was spun-cast from
variation in channel connectivity. The red cylinders represent the  THF solution onto a fluorine
Plp phase while blue represents the continuous ionic phase. (A) doped tin oxide (FTO)
Low volume fraction of the ionic block gives rise to parallel  substrate. Drop-cast films
aligned cylinders. This orientation can either block surface charge  were ~6 pm thick while
migration, or provide a connected path. (B) At high volume spun-cast films were ~40 nm
fraction, cylinders are aligned perpendicularly, which gives rise  thick. It has been
to only connected paths. demonstrated  that  film
deposition by fast solvent
extraction via spin-casting or
solvent vapor annealing can trap the block copolymer in a non-equilibrium morphology.®? In drop-
cast films, the solvent evaporates slowly (over 6 h) under ambient RH, which favors the formation
of larger ionic domains on the surface than bulk. In spun-cast films, the bulk structure is trapped
at the surface because the film is not given enough time to reach equilibrium at ambient RH, thus
giving rise to smaller ionic domains distributed on surface. Since the alignment, ordering, and size
of domains at the surface of spun-cast AEM 16 are commensurate with bulk measurements of
drop-cast AEM 16, we use AEM 16 as a benchmark hexagonal membrane with well-connected
channels to compare with AEM 13. Furthermore, the similarities in bulk morphologies of AEM
13 and AEM 16 make them good candidates for comparing the influence of different surface
alignments on charge migration and channel connectivity.
EFM is a tapping-mode AFM based technique that probes the electrostatic force gradient.
EFM is based on two-pass interleave scan. In the 1% pass, the height and phase are gathered. In the
2" pass, phase deviations are influenced by the electrostatic force gradient, which is attributed to
surface charge, dielectric permittivity, and film capacitance. The conductive tip is raised above the
surface by 20 nm. A constant DC bias is applied to the electrode FTO sample substrate (Vsampie)
while the platinum-coated tip is held at ground (Vip = 0). Conventionally, the bias voltage is
defined as Verm=Vtip- Vsample. Hence, Verm = -Vsample. The ions migrate depending on the sign of
the bias voltage, for example, a Verm = +5V implies a negative sample voltage and would bias the
ions toward the surface. Figure 3A and 3D shows 1% pass phase images of AEM 13 and AEM 16
showing the same morphologies from images shown in Figure 1. Figure 3B and 3C shows EFM
images of AEM 13 at -5V and +5V FTO sample bias, respectively. Although the difference in
thickness of the two membranes can affect capacitive interaction of the tip-sample system, we
showed in the Supporting Information that this only leads to a small offset relative to the difference
in IEC.
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Figure 3: (A) 1% pass repulsive-mode phase image of as-received AEM 13. EFM images taken
in the 2" pass at (B) Verm = +5V and (C) Verm = -5V sample bias. (D) Repulsive-mode phase
image of AEM 16-SC taken in the 1% pass. EFM images taken in the 2" pass at (E) -5V sample
bias and (F) +5V sample bias. Parabolic response of EFM phase as a function of Verm (Verm =
Viip-Vsample) for two regions highlighted (G) in images 3A-C of AEM 13 and (H) in 3D-F and

AEM 16.

Two representative ionic regions of AEM 13 are highlighted in Figure 3A-C. The EFM
phase was determined by drawing a square box (20 nm x 20 nm) over the ionic region of interest
in the 1% pass phase image in Igor Pro. The (X,Y) spatial coordinates in the 1% pass correspond to
the same coordinates in the 2" pass EFM phase image, and therefore the square box can be copied
onto the 2" pass EFM image. The statistical average was measured over ~100 pixels contained in
the square box. This method was applied to the same ionic region of interest for each voltage bias.



For example, the blue highlighted region shows a small uniform shift (-0.5°) in EFM phase
between the +5V and -5V image while the black region shows a larger and more negative shift (-
1.5°) between the two images. A different EFM phase response as a function of voltage bias was
observed for AEM 16. Figure 3D shows a repulsive mode phase image of AEM 16. Similar EFM
phase contrast can be seen in blue and black highlighted regions at both voltage biases (Figure 3E
and 3F), showing a uniform shift in the EFM phase (+5.9°) with respect to voltage bias for both
regions. Besides, a higher EFM phase shift was observed as expected, since AEM 16 has larger
IEC, allowing larger population of charges to be biased towards the surface, which leads to a larger
positive shift. Heterogeneity in the EFM phase of AEM 13 can be attributed to “dead-end” ionic
channels due to the parallel hydrophobic cylinders that block the chloride from reaching the
surface, while homogeneity for AEM 16 can be attributed to identical connected channel
structures.

It is important to note that the sign of the shift does not provide adequate information on the
channel structure, thus the parabolic EFM behavior of the channels must be analyzed. EFM phase
shifts as a function of the bias voltage and can be described mathematically via Equation 1.3*

gdzc

AD = —
2k dz?

[Verm = Ve)? = 2(Verm — V)Vy + V"] (1)
where Q is the quality factor of the cantilever, k is the spring constant of the cantilever, C is the
capacitance of the tip-sample system, z is the height above the surface. Verwm is the bias voltage
(Verm = Viip - Vsample). Vs IS the surface potential, which is related to the work function difference
between the tip and the sample and is independent of the lift height. We consider Vs to be a constant
offset potential and is independent of Verm. Vq is the potential related to the charge enclosed and
is dependent on the lift height. The first term in Eq. (1) is related to the tip-sample capacitance and
induced polarization of the film, which is always an attractive force. The middle term in Eq. (1) is
related to the interaction between the stored charge, g and the EFM tip apex. The third term is
related to the image charge effects, since this is independent of Verm, we have ignored this
interaction from analysis. We can simplify the expression for Eq. (1) into two terms: a charge force
gradient (Ad,) that has a linear dependence on Verm and a capacitive force gradient (Ad.) that
has a quadratic dependence with Vegm.

AD = AP, + AP = AVppy + BVipy” (2)
A and B are fitting parameters to the linear and quadratic terms, respectively. For a charged

dielectric film placed in a uniform electric field, the quadratic and linear terms are derived
analytically in the Supporting Information.

_ 2 3a

B= ((z+d)4) 3
_ -Qq
T 2k (z+d)3 (4)

Where « is the electric polarizability, d is the film thickness, and q is the stored charge.



For the blue region highlighted in AEM 13, the average EFM phase was measured for each
voltage bias and plotted as blue squares shown in 3G. The method of measuring the EFM phase
was the same method previously described.?® The data was fit to a quadratic function and the fit
curve is shown as the blue line. Similarly, the black region in AEM 13 was plotted as black circles
and fit to a quadratic function shown as the black line. In 3G, there are noticeable differences
between the blue and black fits. The insets show a close-up of the differences. Furthermore, the
analytical expressions shown in Eqg. (3) and (4) can be simplified by taking the ratio of A and B,
which is dependent on stored charge (q), film thickness (d), and polarizability («).

A _ —q(z+d)
B 3a (5)

Note egnEq. (5) is similar for the ratio expression derived for EFM studies of Nafion.?®
The EFM phase of Nafion was background subtracted and assumptions regarding the relative
permittivity and the charge density of the ionic domains allowed for simplified expressions.
Heterogeneity in the A and B fits were due to differences in channel length or geometry. In this
investigation, we can draw similar conclusions, however, we are comparing two membranes of
different charge density (IEC) and film thickness. Therefore, the EFM phase was not background
subtracted and the film thickness (d) is included in the expression, which represents a pocket of
charge or a connected channel plus the remaining thickness of the film. The relative permittivity
of the ionic domains is also not known. Hence, B was expressed in terms of the polarizability of
the film.

For the blue curve, the fitting parameters were A = —0.036°/V and B = 0.294°/V?2. Thus,
A/B is calculated to be -0.122 V. For the black curve in 3G, A= —0.118°/V, B =0.321°/V?, and
A/B = -0.368 V. The differences in A/B between these two regions supports our qualitative
depictions shown in 2C. The black region in AEM 13 shows a large negative A/B which signifies
a “dead-end” channel, while the blue region shifts to less negative, signifying a connected channel.
Both A/B values are negative, which could be due to a negative surface potential, Vs, the potential
in the absence of stored charge shown in Eq. (1). The same analysis was performed on AEM 16.
First, smaller deviation was observed in 3H between quadratic fits for blue and black regions
highlighted in images 3D-F. For region 1, A = 0.632°/V and B = 1.201°/V?2. For region 2, A =
0.661°/V and B = 1.176°/V2. A/B for these regions are 0.525 V and 0.562 V, respectively.
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Figure 4: (A) Scatter plot of the linear fit term A vs. quadratic fit term B for several
features of AEM 13 in black circles and AEM 16 in red circles. Inset shows a close-
up of the scatter plot (A-i) AEM 13 and (A-ii) AEM 16. (B) Histogram of A/B data

from (4A) for AEM 13 (gray) and AEM 16 (red).

We continued our investigation of the distribution and parabolic EFM behavior of several
ionic domains on AEM 13 and AEM-16. It is important to note that not all ionic domains were
able to be analyzed due to topographic artifacts. These topographical artifacts can contribute to the
EFM phase and were thus avoided. A detailed discussion about how we discriminated these
channels has been described previously.? In the EFM images that correspond to 3A-C, 10 regions
of interest were analyzed, while 17 regions of interest were analyzed for 3D-F. Figure 4A shows
scatter plots of fit parameter A vs. B for all channels analyzed for AEM 13 and AEM 16,
respectively. The inset scatter plots show a close-up of the data highlighting the difference in
variance of AEM 13 (A-i) and AEM 16 (A-ii). For AEM 13, points distribute near A = 0°/V and
B = 0.31°/V2, while for AEM 16 the fit parameters can be seen near A = 0.65°/V and B =

11



1.18°/V2. The increase in both fit parameters A and B from AEM 13 to AEM 16 is due to
increased IEC. A larger IEC would increase the total amount of stored charge of the membrane
film and thus increase A, according to Eq. (4). An increase in the IEC would also make the
membrane more polarizable, which would lead to an increase in B according to Eq. (3).

It is important to note that Eq. 3-5 also indicate a dependency on the film thickness. Control
experiments in which the A and B values were measured of thick drop-cast and thin spun-cast
films of un-quaternized membranes are shown in the Supporting Information. The un-quaternized
membranes have an IEC of 0 mmol/g and thus contain no mobile charge. The control
measurements indicate that decreasing the film thickness at constant charge leads to smaller values
of A/B which is in agreement with Eq 5. Since the increase in A/B from AEM 13 (thick film) and
AEM 16 (thin film) is due to the increase in IEC, the IEC plays a more significant role in the
measurement of A/B than film thickness.

Figure 4B shows a histogram of A/B for AEM 13 and AEM 16 regions. AEM 13 shows
a broad distribution with a cluster of points below A/B = 0, while AEM 16 shows a narrow
distribution of A/B > 0. The variance in the distribution of A/B is attributed to the variation in
channel connectivity. We have recently made a similar analysis to investigate the channel
connectivity of Nafion.?> Since the shape of the hydrophilic channels can be approximated as
cylinders,*? we could use the isolated cylinder model to interpret our EFM data. In the isolated
cylinder model, A is proportional to the channel length.?® Assuming that charge density is uniform,
the variation in A/B is due to variations in channel length. Furthermore, the same model can be
applied depending on whether cylinders lay parallel?* or perpendicular.?2? Thus, we were able to
conclude that only 1 out of 10 regions of AEM 13 led to a connected channel, while the rest were
dead-end channels, and for AEM 16, all regions analyzed led to connected channels, as expected
for perpendicular aligned channels.

CONCLUSIONS

Two AEMs with different IEC were investigated. AEM 13 with low IEC showed a mixture
of parallel and perpendicular alignment of channels in the bulk though only parallel alignment on
the surface. By contrast, for AEM 16 with high IEC, perpendicularly aligned channels were
observed throughout the bulk and surface. From EFM phase images of both membranes, the EFM
phase shift as a function of voltage bias was measured over the ionic domains. From the
investigation on the parabolic EFM behavior as a function of voltage bias for the two membranes,
variation was observed in the parabolic response of AEM 13 while very little variation was shown
in AEM 16. These results suggest that there are a significant number of disconnected channels as
a result of the parallel alignment observed in AEM 13, while for AEM 16, highly ordered structure
of perpendicular channel alignment leads to a dominant population of connected channels.
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