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A Highly Hydroxide Conductive, Chemically Stable Anion
Exchange Membrane, Poly(2,6 dimethyl 1,4 phenylene
oxide)-b-Poly(vinyl benzyl trimethyl ammonium), for
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A chemically stable copolymer [poly(2,6 dimethyl 1,4 phenylene oxide)-b-poly(vinyl benzyl trimethyl ammonium)] with two ion
exchange capacities, 3.2 and 2.9 meq g™, was prepared as anion exchange membranes (AEM-3.2 and AEM-2.9). These materials
showed high OH™ conductivities of 138 mS.cm™~! and 106 mS.cm™!, for AEM-3.2 and AEM-2.9 respectively, at 60°C, and 95%
RH. The OH~ conductivity = 45 mS.cm™! for AEM-3.2 at 60% RH and 60°C in the absence of CO,. Amongst the ions studied,
only OH™ is fully dissociated at high RH. The lower E, = 10-13 kJ.mol~! for OH~ compared to F~ ~ 20 kJ.mol~! in conductivity
measurements, and of HyO from self-diffusion coefficients suggests the presence of a Grotthuss hopping transport mechanism in
OH™ transport. PGSE-NMR of H,O and F~ show that the membranes have low tortuosity, 1.8 and 1.2, and high water self-diffusion
coefficients, 0.66 and 0.26 x 1075 cm?.s~!, for AEM-3.2 and AEM-2.9 respectively. SAXS and TEM show that the membrane
has several different sized water environments, ca. 62 nm, 20 nm, and 3.5 nm. The low water uptake, A = 9-12, reduced swelling,
and high OH™ conductivity, with no chemical degradation over two weeks, suggests that the membrane is a strong candidate for
electrochemical applications.
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Anion Exchange membranes (AEMs) have been proposed as the
separator in electrochemical energy conversion devices such as fuel
cells, electrolyzers, or redox flow cells.! As catalysis is more facile in
base, the use of an AEM should allow the use of non-precious metal
catalysts and also the oxidation or production of complex fuels beyond
hydrogen.? Significant work has been done in the past decade in this
area and many new membranes have been developed with improved
mechanical, chemical, and transport properties. An ideal AEM should
have high ionic conductivity to achieve practical power densities,’
good chemical stability to operate under an alkaline environment,* and
excellent thermal and mechanical properties to survive transient oper-
ating conditions."* Intensive efforts have been made to study AEMs
with aromatic backbones such as polysulfone,>® poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO),>"!'! and poly(ether ether ketone)'? due to
their high thermal and chemical stability, good mechanical properties,
and outstanding film forming ability.!* PPO is a versatile aromatic
polymer, which can advantageously be used as a precursor in the
preparation of graft,'* random and copolymers as studied by previous
researchers for AEM applications.”!!"131¢ PPQO was found to be fa-
vorable in the fabrication of AEMs due to its higher alkaline stability
stemming from the absence of strong electron-withdrawing groups.
The polymer has been studied using solvent processing techniques
earlier'” but no study reports melt processing for fabricating mem-
branes.

Polymer — water/ion interactions are important when it comes to
understanding performance of anion exchange membranes.'® Inher-
ently hydroxide (OH™) transport (5.273 x 1075 cm?/sec) is ~50%
slower than proton transport (9.30 x 10~° cm?/sec) in free water
which potentially could decrease the performance of AEMFCs com-
pared to membranes of the same thickness as in PEMFCs.!” OH~
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conductivities are often lower than corresponding proton conductiv-
ities at hydrated conditions and reduce drastically under relatively
drier conditions of operation. Ionic conductivity can be improved by
higher ionic content with addition of more ion conducting groups.
However, this method tends to result in excessive water uptake and
swelling, therefore, compromising the mechanical properties of the
membrane. Hydration is equally important for creating water filled
continuous channels, which facilitate OH™ transport by Grotthuss
hopping, which has been reported to be faster than just diffusive trans-
port. In water both proton and OH™ ions are transported by structural
diffusion (Grotthuss hopping) in addition to the vehicular process.*2
In order to overcome the drawbacks described above, the design and
synthesis of new membranes need to be addressed by a complete un-
derstanding of the interplay that exists between structure, properties,
ion migration mechanisms.?® Phase separation was proven to increase
ionic conductivity for AEMs while keeping low water uptake in a
study of intensifying the cationic groups by installing multi-cationic
groups on each pendent chain,>*?* or extending the ionic repeat units
by preparing block copolymer and graft copolymers,**® or including
long spacer chains in the quaternary ammonium cation.”’ Most of the
previously reported chemistries concentrate on functionalizing PPO
by bromination, but in this study we have kept PPO as a hydrophobic
block and functionalized the polyvinylbenzylchloride (PVBC) block
for OH™ ion conduction.

Although it is common to report OH™ conductivity for AEMs in
liquid water, there are very few reports in the literature of the study
of OH™ and water transport in an AEM, under the conditions of hu-
midification that are important to practical operation. This enables the
properties to be reported as a function of A (the number of waters
per charge carrier). This is because of the nucleophilic nature of OH™
and its propensity to chemically attack AEMs under hotter and drier
conditions, as well as the rapid conversion of OH™ to CO;%~ and
HCO;™ in the presence of the ambient 400 ppm CO,.* This research
work reports a successful measurement of pure OH™ ionic conduc-
tivity under humidified conditions and relates it to the air exposed
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Figure 1. Chemical structure of cross-linked PPO-b-PVBTMA [OH™] copolymer, the black color (thin bonds) represents thermally cross-linked PVBC, the red
color (thick bonds) indicates the PPO backbone and the blue color (thickest bonds) represents the PVBTMA cation in the diblock copolymer structure.

OH~ form of the membrane. Many other researchers report OH™
conductivity’! but very few researchers have successfully excluded
residual CO, from their measurements.*> The challen ge to control the
rapid reaction of OH~ with CO,, which changes the counter-anions
to HCO3~/CO3%~ reducing ionic conductivity in the membrane, was
realized in our previous work.*>** We reported the pure OH~ form
conductivity and studied the chemical stability of the AEM during this
measurement. Structural understanding about the membrane has been
obtained from pulse gradient stimulated spin echo (PGSE) NMR and
small angle X-ray scattering (SAXS) experiments. Self-diffusion co-
efficients and in-plane ionic conductivity of OH™ provides an idea of
the ionic pathway and the types of ionic transport mechanisms in the
membrane. Here, we report OH™ conductivity and stability in a novel
poly(2,6 dimethyl 1,4 phenylene oxide)-b-poly(vinyl benzyl trimethyl
ammonium) (PPO-b-PVBTMA) based AEM>* and the detailed study
of transport in AEMs of this material with IECs of 3.2 and 2.9 meq
¢! designated as AEM-3.2 and AEM-2.9; respectively.

Experimental

Unless otherwise stated, all experimental measurements were per-
formed under humidified conditions as a function of temperature. The
‘OH™’ represents hydroxide ions under controlled N, environment
that excludes CO,. The “air exposed OH™ " represents the membrane,
which was exposed to ambient air for 24 h prior to performing exper-
iments.

Membrane preparation by melt pressing.—The PPO-b-PVBC
diblock copolymer powder was used as a base material for mem-
brane preparation (chemical structure shown in Figure 1) which was
synthesized as described earlier at the Colorado School of Mines.**
A solvent cast membrane from chloroform (CHCI;) was very brit-
tle when dry and became gel-like when wet. Melt pressing of the
diblock copolymer however, induced thermal cross-linking of hy-
drophilic block that resulted in an increased mechanical stability
of the membrane. The melt pressing technique was similar to the
published procedure.* The melt pressing of copolymer introduced
cross-linking by dehydrochlorination®® as shown in Figure 1. The

melt pressed membrane was then soaked in 25wt% trimethyl amine
solution for 24 h for the quaternization reaction to occur. The semi-
transparent quaternary ammonium membrane in chloride form (C17)
was ion exchanged to bicarbonate (HCO; ™), and OH™ using methods
previously published* for further studies.

Ion exchange procedure.—To exchange the membrane into the
HCO;~ form, the Cl~ form of the membrane was soaked in 1 M
NaHCO; for 24 h, rinsed with DI water and vacuum dried at room
temperature for 12 h. To exchange the membrane into the OH™ form
CO, free glove box was used.’>*® The membrane was soaked in 1M
KOH solution for 24 h, rinsed with Argon degassed DI water until
neutral pH and ambient dried in the glove-box under N, environ-
ment. The membrane was loaded and sealed in a conductivity cell and
transferred to experimental setup in N, environment for conductiv-
ity measurements. Membranes were exchanged to bromide form by
exchanging in 1M KBr for 24 h followed by washing with DI water.

Conversion to the fluoride form of the membrane was achieved
by soaking the membrane in ~3.5 M benzyl trimethyl ammonium
fluoride solution for 3 days at room temperature and 500 psig N,
pressure in a pressurized reactor (Parr Instruments, high pressure
compact reactor) to achieve high ion exchange for NMR diffusion
experiments.

Conductivity measurements.—The in-plane ionic conductivity
was measured using a 4 probe custom built cell with 4 platinum
electrodes. The measurement was carried out using a VMP3 poten-
tiostat (Bio-Logic) running electrochemical impedance spectroscopy
(EIS). Frequency was swept between 0.5 MHz to 0.3 Hz for the EIS
experiment as a function of temperature, humidity and counterion.
The humidity of each sample was controlled by using a Test Equity
environmental chamber (Test Equity 1007H). For hydroxide conduc-
tivity measurements, it is important to exclude atmospheric CO, and
thus equilibration for hydroxide conductivity samples was done in a
modified BekkTech cell. For this measurement, a BekkTech fuel cell
testing stand was modified to incorporate the 4 probe conductivity
cell. The wet gas was produced by passing dry UHP N, gas through
a heated humidity bottle from Fuel cell technologies. Humidity in
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the sealed cell was controlled by supplying a mixture of dry and wet
gas which was controlled by 2 mass flow controllers (1000SCCM,
MKS, Andover, MA) and heated gas lines. Humidity was measured
by a humidity probe (Vaisala HMT 337, Boulder, CO) fitted inside
of the custom built oven. Oven, gas transfer lines, humidity bottle
were all temperature controlled by external heaters. All temperature
and humidity setpoints were controlled by the LabView software with
homebuilt feedback control system. A detailed experimental setup of
the modified BekkTech setup can be found here.?’

The collected impedance spectra were fitted to the Randall cir-
cuit to find the total resistance of the membrane. The conductivity
(mS.cm™") was calculated from the measured membrane resistance
from: o = I/Rwt where [ is the distance between two electrodes (I =
4.25 mm), R is the resistance (£2); w and ¢ are the width and thickness
of the membrane.

Ion exchange capacity (IEC) measurements.—The ion exchange
capacity of the diblock polymer before melt pressing was determined
using NMR. The amount of PVBC group represented by NMR spectra
in the polymer provided information about the IEC of starting polymer
material before melt pressing.>* A standard back-titration method,
similar to the procedure in literature, was used to determine the IEC
of the membrane after melt pressing and quaternization.’*3#

Water uptake and dimensional swelling measurements.—A dy-
namic vapor sorption instrument (Surface Measurement System DVS
Advantage 1) was used to measure the water vapor uptake in the CI~
form of the membrane. The membranes were vacuum dried at 30°C
for 12 h prior to the experiment and transferred to the DVS instrument
for the gravimetric measurement. The mass change was measured at
humidity set points (0, 20, 40, 60, 80, and 95%RH), including 3 h
drying step to get the initial mass at 0%RH at 60°C. Water uptake
(WU) was calculated using the following equation.

Water Uptake (WU) = —RH — Mdy

Mygry

where mo,gy and myg,, represent the mass of the membrane samples at
the given humidity and dry state; respectively. With the water uptake
values at given relative humidity, IEC of the AEM and molecular
weight of water, the hydration level (\), which is the number of
water molecules per cationic functional group can be calculated using
following equation:

n(H,0) WU x 1000
~ m(H,0) x IEC

" n(NR)

For liquid water uptake measurements, the vacuum dried membranes
were weighed for dry measurements and then soaked in liquid water at
room temperature for 24 h for taking the soaked weight measurements.
The difference in the wet and dry weight of the membranes was used
to calculate the liquid water uptake by the membranes. The membrane
samples soaked in liquid water at room temperature for 24 h were taken
out from water and quickly blotted using Kimwipes for removing
any excess surface water. The thickness was measured with a digital
micrometer and the in-plane dimension with a digital Vernier caliper
to obtain wet membrane dimension. The membrane samples were then
dried in a vacuum oven at 30°C for 24 h for thickness and in-plane
measurements in the dry state and OH™ water uptake in liquid water
was measured in a glove box to exclude CO,.The dimensional swelling
of the membrane was calculated using the following equation:

Dimy,e; — Dimygyy

Dimensional swelling (%) = x 100

Dimdry
where Dim,,,, and Dimy,., represent the dimensions of the sample
under wet and dry conditions; respectively.

H,0 and F~ diffusion measurement using PGSE diffusion
NMR.—A 5 mm NMR tube was prepared by having two water reser-
voirs one below and one above the membrane sample (Figure S1)

as opposed to having just one water reservoir below the membrane
sample® for pulse gradient stimulated spin echo experiments, how-
ever; the same procedure under similar experimental conditions was
used to measure the fluoride self-diffusion in the membrane as de-
scribed earlier.® Water self-diffusion measurements for the C1~ form
of the membrane were performed similarly using a 'H coil. The ex-
periments were carried out using a Bruker AVANCE III NMR spec-
trometer and 400 MHz ('H frequency) wide bore Magnex magnet. 'H
(400 MHz) and "°F (376.02 MHz) diffusion measurements were made
using a 5 mm Bruker single-axis DIFF60L Z-diffusion probe. The 90°
pulse length was on the order of 5 ps. The range of gradient strength
was 0-500 G/cm, which was incremented in 16 steps. The maximum
value of the gradient was chosen such that the signal decays to 93%
of the original value. The Bruker TopSpin software package was used
to control the spectrometer and to analyze the data.

(§)-olvev(-3)7

where Sy is the signal amplitude, y is the gyromagnetic ratio, G is the
gradient strength, 3 is the length of gradient pulse (1 ms), D is the
diffusion coefficient, and A is the time between pulses.

A is the time between pulses, which looks at the species diffusion
as a function of various time scales. In the case of solution based
system the diffusion is unrestricted and thus changing A will not
have any effect on the value of diffusion coefficient. While in case
of membrane systems, the increasing A gives decreasing diffusion
coefficients, a phenomenon that characterizes restricted diffusion.

Small angle X-ray scattering.—SAXS was performed on beam-
line 12-ID-C at Advanced Photon Source in Argonne National Lab-
oratory, Argonne, IL, USA. The energy of the X-ray beam was 12
keV with a wavelength of 1 A. Spectra were collected using a Pi-
latus 2D detector. A custom built temperature and humidity control
setup was used as described earlier.* SAXS spectra were collected
at 60°C under 0% and 95% RH conditions. Membranes were well
equilibrated before collecting the spectra. Particle size analysis was
performed by Maximum entropy assuming a spheroid particle shape
model using the IRENA version 6.64 SAXS package developed in
Igor Pro at Argonne National Laboratory.*!

Results and Discussion

An insoluble, flexible, and thin membrane was formed after melt
pressing at 240°C and 6000 psig. OH™ back titration was used to mea-
sure IEC of both the membranes as reported in the synthesis paper.**
For AEM-3.2, the IEC decreased after melt pressing to 3.2 mmol.g~!,
from a starting theoretical IEC of 3.8 mmol.g™! (ca. 16% decrease),
however, for AEM-2.9 the IEC decreased only to 2.9 mmol.g~! from
3.3 mmol.g! (ca. 12% decrease). Decrease in IEC of the membranes
after melt pressing is caused by cross-linking during melt pressing
followed by an incomplete quaternization with the trimethyl amine.
The degree of crosslinking in the membrane seems to be proportional
to the IEC of the starting polymer.

The very high OH™~ conductivity and stability of AEM-3.2 is illus-
trated in Figure 2, where a 0 = 120 mS cm™! at 60°C and 95%RH,
is maintained for 6 days. Stable OH~ conductivity >50 mS cm™! is
indicated for practical applications.'

The stability is explained by the synthesis method,** using a di-
block copolymer and a method, which was chosen deliberately to
avoid bromination of the PPO block, as we have observed difficul-
ties in measuring the OH™ conductivity in AEMs ion exchanged to
OH™ from Br~. This has been confirmed by Arges et al. recently, who
observed that the membrane becomes chemically and mechanically
unstable in the presence of residual bromide in the membrane.*? This
is important when our current method of hydroxide exchange needs
the material to be stable to OH™ for at least two weeks, one week in
OH™ for complete exchange and washing, and one further week to ob-
tain steady state data (Figure 2). Reasoning for this increased stability
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Figure 2. The OH™ conductivity (AEM-3.2) measured at 60°C and 95%RH
at under UHP N, environment.

can be attributed to absence of strong electron withdrawing groups on
the aromatic backbone along with high glass transition temperature,
high mechanical strength and hydrolytic stability of the PPO polymer
backbone.'? The melt pressing technique used for making the mem-
branes promotes crosslinking and thus prevents excessive swelling
under hydrated conditions of operation.

Conductivity data for both membranes as a function of temperature
at 95% RH is shown as Arrhenius plots in Figure 3. For OH™ the
ionic conductivity was from 138 to 98 mS cm~! and from 106 to 63
mS cm™! for AEM-3.2 and AEM-2.9 at 60 and 30°C and 95%RH
(Figure 3), respectively. The conductivity values for all the anions in
the lower IEC film, AEM-2.9 (Figure 3, right) are lower as expected.
Several research publications have reported high OH™ conductivity in
AEMs in a liquid water environment,*** but here we report an AEM
with high OH™ conductivity under vapor-humidified conditions with
complete exclusion of CO,. Table III shows the comparison of the
OH™ conductivity values under complete exclusion of CO,, from the
literature.

The OH™ conductivity shows a linear Arrhenius behavior with an
E, of 9.6 and 13.5 kJ mol~! indicative of facile conduction with fully
dissociated ion pairs (Table I). This is comparable to that reported for
protons in fully humidified Nafion,*® where the high proton conductiv-
ity is facilitated by a combination of vehicular motion and Grotthuss
hopping. A recently published computational study using multiscale
reactive molecular dynamic model on hydroxide transport by Chen
etal. suggests that PVBTMA moieties are arranged very close together

Temperature [°C]
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Table I. Arrhenius activation energy (E,) of anions and water.

Membrane
Species AEM-3.2 AEM-2.9
H,0 249 + 1.2" 20.2 + 1.4"
OH~™ 9.6 £ 1.0° 13.5+1.0°¢
F- - 20.5+04"

Ccalculated from ionic conductivity.
fcalculated from self-diffusion coefficient measured using PGSE-
NMR.

because of the absence of long spacer chains (only 2 C atoms). The
first hydration shells of each quaternary ammonium cation overlaps
with each other which facilitates hydroxide transport by combination
of vehicular and Grotthuss mechanisms.??> Thus we suspect that the
low activation energy observed for the AEMs in this study is a result
of combination of both vehicular transport as well as Grotthuss hoping
mechanism.

When the membrane in OH™ form is exposed to air, OH™ re-
acts with CO, and forms a mixture of HCO;~/CO5>~ and residual
OH~ 393247 These bigger anions have lower ionic mobility, incom-
plete dissociation,*® as shown by the deviation from linearity in the
Arrhenius plot, and hence overall lower ionic conductivity. For the
air exposed OH™~ form of AEM-3.2, the ionic conductivity was lower
than 50 mS.cm™" at temperatures lower than 50°C at 95%RH. For
AEM-3.2 even the CI~ and HCO;~ conductivities reach 87 and 97
mS.cm™! at 90°C and 95%RH (Figure 3). In our previous work,
the ETFE-g-PVBTMA AEM has shown reduced ionic conductivity,
which approaches the conductivity of the HCO5;~ form. This indicated
the formation of HCO3~ over time when OH™ is exposed to air. Yan
et al. have used a ratio of 3.8 to calculate the OH™ conductivity from
the HCO;~ form of the membrane.>> Our results show that this ratio
can only be used when the HCO5 ™ anion is fully dissociated and that
it cannot hold when the HCO; ™~ ions motion is linked to the polymer
through incomplete dissociation. Also for the air exposed OH™ film
the ratio of OH™ to HCO; ™ is not constant as we sweep temperature
and humidity. The ratio was 5.5 at 30°C and reduced to 2.7 at 60°C.

The drop in conductivity of AEM-3.2 when exposed to air,
and curvature of the data on an Arrhenius plot indicates Vogel—
Tammann—Fulcher (VTF) behavior as the ions are no longer fully
dissociated and move with the dynamics of the host polymer.**
Marino et al. have observed similar weak dissociation behavior at
lower hydration levels in AEMs which are exchanged with halides
or HCO;™~ even though the quaternary ammonium salts dissociate
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Figure 3. Conductivity for different ionic forms on an Arrhenius plot, OH™ (M), air exposed OH™ (O), HCO3 ™~ (¢), CI™ (A), and F~ measured (O) and calculated
from PGSE diffusion NMR (@) for AEM-3.2 (left) and AEM-2.9 (right) at 95%RH as a function of temperature.
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Table II. VTF fitting parameters for AEM-3.2 and AEM-2.9.
A E; (kJ/mol) To (K)
Counter - anions AEM-3.2 AEM-2.9 AEM-3.2 AEM-2.9 AEM-3.2 AEM-2.9

HCO3™ 3.6 2.6 0.43 0.77 286 274

Cl~ 32 2.5 0.40 0.66 290 271

F~ - 2.6 - 0.59 - 274
completely in aqueous solution.*® These undissociated ion pairs and 0.16F T T T T T T =
presence of water in the channels makes the entire system somewhat - 4
more complex. When the film is fully exchanged to the HCO5;~ form __0.14F =
similar ionic conductivity and behavior is observed. C1~ also shows g 0.12 [ 1
similar VTF behavior and interestingly has approximately the same >S5 B 7]
conductivity values as HCO3;~ ions (ca. 85-90 mS cm™!) at 95% ; 0.10F _
RH and 90°C in AEM-3.2. The conductivity data was fitted to VTF = L -
equation 1 as follows, % 0.08F .
- — AT /2 Ei/R(T- To) = [ i i
o; = AT '%e g 0.06 OH - ]
where A is a constant proportional to the number of charge carriers, © 0.04 [ Q ]
R is the gas constant, E; is the pseudo-activation energy, and Ty is I + .
the thermodynamic ideal glass transition temperature at which the 0.02} () -4 -
configurational entropy becomes zero or the “free volume” disappears - o) OH air .
(Table IT).* Values of A were in the range of 3.2-3.6 for AEM-3.2 and 0.00-_ @ 1 1 1 1 1 1]

2.5-2.6 for AEM-2.9. Values of A increase with the IEC as expected.
The T, value ranges between 1 and 27°C for both membranes.

The parameter A is proportional to number of free ions/charge car-
riers in the polymer electrolyte and was found to increase with increas-
ing IEC for both the membranes. Activation energy obtained from
VTF theory incorporates entropy in it and thus it cannot be compared
to activation energy obtained by Arrhenius equation. Usually a thermal
transition exists for polymer electrolytes at To + 40°C. Many of the
previously studied materials had a transition temperature, which was
below freezing.’*>! In our case the calculated transition temperature
falls in the operating region of a fuel cell, above such thermal transition
temperature, segmental motion of the chains facilitates ion transport.

The F~ conductivity was also measured for AEM-2.9 (Figure 3).
It can be seen that F~ conductivity is higher than that for C1~ as F~
is smaller than Cl—, and both show the non-dissociated VTF behavior
discussed above.

Figure 4 shows the OH™ conductivity as a function of RH for
AEM-3.2 and for the same film exposed to air. The OH™ conductivity
of the membrane decreased when the RH was decreased from 95% to
80% RH by 138 to 91 mS cm™~" and is still at a practical value of 44 mS
cm™! at a relatively low 60% RH. The conductivity of the air-exposed
membrane goes down more significantly with the lowering of the RH
and the ratio of the conductivity of the OH™ and air exposed OH™
film increases from ca. 2.6 to 17 mS cm™! with decreasing humidity.

(a) 80 T T T T T]
% o
60 4
Ee ©
2 e
S 40} AEM-2.9 -
s ]
5] ®
§ 201 © .
O AEM-3.2
o® 1 1 1 1 1]
0 20 40 60 80 100

Relative Humidity (%RH)

40 50 60 70 80 90
Relative humidity (%RH)

100

Figure 4. OH™ (Q) vs air exposed OH™ (@) conductivity for AEM-3.2 at
60°C as a function of relative humidity.

The water uptake of the C1~ form of the membranes at 95%RH
and 60°C shows \ values of 8.7 and 10.5 for AEM-3.2 and AEM-2.9;
respectively (Figures 5a and 5b). At 30°C the ) value for the AEM-3.2
was 6. The more crosslinked AEM-3.2 seems to swell less under RH
than AEM-2.9, but this trend is reversed when the films are immersed
in liquid water. While it was not possible for us to measure \ from
water vapor for the reactive anion, we did compare CI~, HCO; ™, and
OH™ from liquid water (SI Figure S3). The magnitude of water uptake
increases with IEC and in the series CI~ < HCO3;~ < OH™ making it
reasonable to assume that the OH™ forms of AEM-3.2 and AEM-2.9
will have ca. 25% more water per anion, \ than C1~ (SI Figure S3). A
decent OH™ conductivity even at 60% RH and 60°C was observed for
OH™ form of the membrane due to better water retention properties
at low RH (. of 4-6 under 60%RH at 60°C). It has been shown that
just 4 water molecules are enough to completely solvate the OH™
ion”® and so the OH™ remains fully dissociated with fast transport
even when the film is not fully saturated with water. Dimensional

(b) T T T T T . T
12F -
(@)
(] 8 B . T
2 AEM-2.9
[ i (@)
S ®
o e O T
O
8 AEM-3.2
0 ! 1 1 1 1 1]
0 20 40 60 80 100

Relative Humidity (%RH)

Figure 5. a) Vapor % water uptake by the AEM-3.2 and AEM-2.9 at 60°C b) Lambda by the AEM-3.2 and AEM-2.9 at 60°C calculated from % vapor water

uptake.
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Figure 6. (a) Small Angle X-ray Scattering (SAXS) pattern of dry and soaked AEM-3.2 in bromide form at 60°C, Particle size analysis for domain sizes in
AEM-3.2 for both dry (b), and soaked (c) samples, showed a growing peak at 200 A when membrane was hydrated.

Table III. Comparison of OH™ conductivity to water uptake of our membranes to literature.

Membranes IEC (mmol/g) OH™ Conductivity (mS/cm) Lambda
Non crosslinked FAA-3 (FuMaTech GmbH) 2.1 ~065 (25°C, water) 45 (25°C, C1—48)
ETFE-g-PVBTMA 1.8 112 £ 20 (60°C, 95% RH) 3.7 (30°C, C1~ 3?)
AEM-3.2 32 138 (60°C, 95% RH) 8.7 (60°C, C17) (this work)
AEM-2.9 2.9 106 (60°C, 95% RH) 10.5 (60°C, C17) (this work)

change measurement on AEM-3.2 indicated through-plane, and in-
plane swelling by ca. 65 and 50%; respectively (SI Figure S4).

‘We probed the uptake of the water in the microstructure of AEM-
3.2 by SAXS (Figure 6). The membranes were exchanged into the
bromide form to enhance scattering. Figure 6 shows the SAXS pat-
tern of dry and soaked AEM-3.2 at 60°C. A broad peak grows in the
range of 0.06-0.2 A, corresponding to a d-spacing of 3.5 nm at its
maximum. In PEM literature, these peaks are usually assigned to an
ionomer peak.’? Here, we assign it to water directly associated with
the ion pairs. Additional water appears to go into other domains in
the membrane.’> The Porod slope in the region of 0.01-0.028 A~
when dry is 4.2 and decreased to 3.3 upon hydration, attributed to
the spheroidal particles becoming elongated. The particle size distri-
bution analysis in this region shows ca. 44 nm size domains when
the membrane is dry. Upon hydration in addition to these ca. 44 nm
hydrophobic domains, and the hydrated ion-pair clusters, ca. 3.5 nm,
there is the development of additional water rich ca. 20 nm and ca. 62
nm domains (Figure 6¢). Further proof that the ca. 44 nm domains are
the hydrophobic domains comes from a comparison of these SAXS
analysis to the TEM images previously published work>* which shows
the presence of spherical 40—45 nm clusters in the same polymer
(Figure 7).

The microstructure of the polymer in cartoon form is shown in
Figure 7. The PPO block (red color) formed domain size of 44 nm
calculated from SAXS particle size analysis at both dry and wet con-
ditions. The hydrophilic block with quaternary trimethyl ammonium
(light blue) polymer with a positive charge at the end is bonded to

Figure 7. Schematic of polymer microstructure at saturated hydration condi-
tions. PPO (red), PVBCTMA (light blue with positive charge), PVBC (light
blue), water (black solid circle), hydroxide (blue solid with negative charge).
A black polymer segment joining two light blue polymer microstructure indi-
cates the presence of crosslinking in the membrane. A TEM image of AEM-3.2
(PPO-b-PVBTMAI2 in literature),>* put together to show the size domains in
the membrane calculated from SAXS analysis, blue bubble highlights water
co-ordination with OH™ for Grotthuss hopping mechanism. TEM micrograph
reprinted with permission from Macromolecules, 48, 4471-4480 (2015) ©
2015, American Chemical Society.
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Figure 8. Water self-diffusion coefficient of (a) AEM-3.2 and (b) AEM-2.9 measured using PGSE-NMR under saturated humidity as a function of temperature.

OH™ (blue negative charge) and at least four water molecules (black). for the AEM-2.9 which was slightly higher than the water diffusion
Few polymer strands without positive charge represents a possibility measurements for AEM-2.9 which resulted in a tortuosity of 1.2. A
of an incomplete quaternization, and a black connection between un- tortuosity of 1.8 was obtained for AEM-3.2 using water self-diffusion
quaternized strands indicates the thermal crosslinked bridges formed measurements, which can be attributed to the more crosslinked nature
during melt pressing. A red dotted circle represents a cluster of ions of the AEM-3.2.

that forms a peak of size of 3.5 nm in SAXS. At hydrated con-
ditions, as indicated by both TEM and SAXS, these polymer do-
mains separate themselves apart by 62 nm with a 20 nm wide do- Conclusions

main. These values correlated in AEM-3.2 where both TEM and In conclusion we have shown that a cross-linked PPO-b-PVBTMA

SAXS measurement were performed at same Br~ anion form. To em- 1o . . o
phasize the transport Grotthuss mechanism of OH™ that contributed with high [EC is not only h1gh} y stable a_t 60°C anq ?S%RH for 2
weeks, but also highly conductive to OH™. Conductivity, water up-

for high OH™ conductivity, a simple schematic (blue bubble) shows take and ion transport measurements we performed at drier conditions

the OH™ co-ordination with water molecules based on theoretical . . Lk _ ..
work 2253 are very important for practical applications. The OH c;onducthlty
We studied both the water and the F- self-diffusion by PGSE NMR measurements were performed at 95%RH totally excluding CO, en-
. y ; vironment. The OH™ ions are fully dissociated under saturated hu-
For water a one component fit to the Gaussian decay of the data could Jdifi e | how Arrheni havi h
not represent the data. A two-component model gave two diffusion midified conditions and always show Arrhenius behavior under the
. ’ . . . . conditions studied. The high conductivity of OH™ can be explained
coefficients, one for water associated with the ion pairs (3.5 nm do- R £ both huss hopoi hicul
mains), and another for the other water domains in the membrane (20 by a o mbination o b.Ot Grott Uss hopping and. vehicular transport.
’ OH™ ions are fully dissociated under fully humidified conditions in

m domalps). Figure 8 shows the ron-patt cluster water self-diffusion the AEM and thus follow Arrhenius behavior, but for bigger anions
as a function of temperature and diffusion time for AEM-3.2, and . . . . L .
or a combination of ions ion dissociation is somehow limited by

AEM-2.9. Interestingly, the E, for water self-diffusion of these two
films is 24.9 and 20.2 kJ mol~!, respectively, twice that for OH~ con-
ductivity (Table I), further evidence that OH™ conductivity may have
a Grotthuss component, in addition to vehicular transport. The water 1.4 T T T T T T
self-diffusion coefficients reported here are in agreement with self- (c) AEM-2.9 30°C
diffusion coefficients reported for associated water in Polyphenylene 40°C
and (phenylene alkylene) based AEM:s studied by Alam et al.> further 50°C -
proving that the diffusion seen here is from the water associated with 55°C
the ion pair cluster. The F~ ion which is ca. the same size as OH™ can
be used as a surrogate ion for OH™ that can only move via a vehicular
mechanism.*> An attempt was made to measure F~ self-diffusion in
AEM-3.2, but the spin lattice relaxation, T, for AEM-3.2 was too
small (25 ms) to enable the PGSE NMR measurement. This was not
the case for AEM-2.9, T; > 300 ms and so this membrane was used
for the F~ PGSE NMR experiments, Figure 9. As the F~ self-diffusion
data showed a linear trend on an Arrhenius plot, with E, = 20.5 kJ
mol~' we were able to use the Nernst-Einstein equation to calculate
the conductivities which are plotted on Figure 3 (@) and show good
agreement with the measured values of the F~ conductivity. The E, of 0.4k
20.5 kJ mol~! for F~ self-diffusion is in excellent agreement with the ’ ’ +
H,O0 value of 20.2 kJ mol~!. Clearly vehicular transport of F~ has a L™
higher activation than the Grotthuss modulated OH™ transport, E, = 0.2 i i ; :
13.5 kJ mol~! for AEM-2.9. ' 0 100 200 300 400
To further correlate this data with structure we analyzed the self-
diffusion coefficients as a function of diffusion time by the Mitra
equation (Table S1-S3).° Using the fluoride self-diffusion coeffi-
cients obtained from the NMR, a tortuosity of ~1.3 was observed

o
<renm

1.0 - .

Fluoride Self-Diffusion Coefficient
x 10°(em’s™)

- e P&
e »pe

h
S - LN 2B 3

Delta (ms)

Figure 9. Fluoride self-diffusion measurements for AEM-2.9 measured using
PGSE NMR.
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dissolution enthalpies of ions in the presence of slightly lower amount
of water.*8 Lower dissociation of halide or HCO;~ ions and presence
of water in the hydrophilic channels make the ion transport complex
and cannot be explained by only Arrhenius behavior. Thus we infer
that the ions are moving by the dynamics of the host polymer (VTF the-
ory) modulated by water. Even so the C1~ and HCO;~ conductivities
are very high at 90°C and 95%RH. The water in the fully humidified
films is shown to be in several different domains, the smaller of which
is associated with the cation anion pair as shown by SAXS. More
studies are required to understand the distribution of water in other
domains. With hydration, the core PPO size domain (44 nm) was not
changed, but other two domains (20 nm and 62 nm) were observed in
the SAXS, which was confirmed from TEM micrographs for AEM-
3.2. High conductivity, good chemical stability, faster ion diffusion,
and good mechanical strength are some of the outstanding properties,
which are of interest for consideration of the use of the polymers in
practical devices.
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