Polymer 300 (2024) 126986

ELSEVIER

Contents lists available at ScienceDirect
Polymer

journal homepage: www.elsevier.com/locate/polymer

L)

Check for

Transport properties of ethylene glycol functionalized membranes exposed  |w&s

to nonaqueous electrolytes

Charles R. Leroux “, Patrick M. McCormack %1 Shruti Elango *", Geoffrey M. Geise ™, Gary

M. Koenig Jr.™

& Department of Chemical Engineering, University of Virginia, 385 McCormack Rd., Charlottesville, Virginia, 22903, United States
b Department of Chemistry, University of Virginia, 409 McCormack Rd., Charlottesville, VA, 22903, United States

ARTICLE INFO ABSTRACT

Keywords:

Redox flow battery
Lithium

Selective separator

Non-aqueous redox flow batteries (RFBs) are a promising technology to meet growing demand for grid-scale
energy storage. Membrane separators, designed specifically for use with organic solvents, are necessary to
advance non-aqueous RFBs. Herein, we report the development of a series of poly(phenylene oxide) (PPO)
membranes functionalized with poly(ethylene glycol) (PEG) side chains to investigate the influence of PEG side

chain length and degree of PEGylation on membrane transport properties. Increasing the degree of PEGylation
generally led to increases in electrolyte uptake, hydroxy TEMPO permeability, and ionic conductivity likely
caused by an increase in overall PEG content, as opposed to specific interactions caused by changing the degree
of PEGylation. For membranes with similar PEG content, increasing the length of the PEG side chain resulted in
decreases in electrolyte uptake, permeability, and conductivity possibly due to differences in the solvation
behavior of the PEG chains with different lengths.

1. Introduction

Growing concern over the rising impact of global climate change has
led to significant advances in renewable energy technologies. Solar cells
have achieved increased efficiency and decreased cost enabling signifi-
cant growth in implementation worldwide [1,2]. Increased use of solar
power and other renewable energy sources creates challenges for grid
power management due to the inherent intermittency of these tech-
nologies [2-8]. Economically viable grid scale energy storage technol-
ogies are necessary to enable the continued deployment of clean energy
technologies into the power grid, and redox flow battery (RFB) tech-
nology has received significant attention to address this need [7,9-13].

RFBs store energy electrochemically, but RFBs are unique batteries
in that they typically rely on redox active materials dissolved in a liquid
electrolyte instead of solid electroactive materials (Fig. 1) [8,10,14]. In
RFBs, the electrolytes containing the dissolved redox active materials
(anolyte and catholyte) are pumped from storage tanks through the
power stack where the active materials undergo oxidation and reduction
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reactions at the electrode-electrolyte interface to charge/discharge the
battery [6,8]. These redox reactions generally are isolated within the
electrodes of the power stack, and thus the two major metrics of the
battery, the power (stack/active area) and the energy (capacity/volume
of storage tanks), are considered decoupled [3,5,10,15]. Decoupling
these components results in a major advantage for RFBs; the capacity
and power of the battery can be tuned independently and in principle in
a modular fashion [3,5,10,15].

The energy density of RFBs, especially more mature aqueous RFB
technologies, is limited by low cell voltage and low solubility of redox
active materials [16]. Towards increasing the cell voltage, researchers
are investigating RFBs that utilize non-aqueous electrolytes to overcome
the inherent thermodynamic electrochemical stability limit of water
(~1.23 V) [3,8,16,17]. Therefore, non-aqueous electrolytes, which can
have wider potential ranges of thermodynamic stability, allow
nonaqueous RFBs to operate at higher voltages compared to aqueous
electrolyte RFBs. In addition to higher operating voltages afforded by
non-aqueous versus aqueous electrolytes, the redox active materials
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Fig. 1. Schematic of a typical redox flow battery where (left) electrolyte so-
lutions containing dissolved redox active materials are circulated between
storage tanks and power stack. Inside the (right) power stack, the components
include electrodes, membrane separators, and flow fields.

need to be present in the electrolyte at sufficiently high concentrations.
Thus, in some cases, redox active material solubility is a limiting factor.
New chemistry for redox active materials, use of deep eutectic solvents,
or using liquid redox active materials are all approaches under consid-
eration with nonaqueous RFBs for addressing redox active material
solubility challenges [11,18-20]. These approaches have enabled redox
active material concentrations that exceed 4 M in organic electrolytes
[6,21]. However, in many cases, these gains in redox active material
solubility, which are favorable for RFB operation, come at the expense of
higher solution viscosity and resistance, which can be detrimental to
overall operation of the RFB [13].

In addition to the choices of solvent and redox active material, the
economics and battery performance of non-aqueous RFBs are limited by
membrane separator properties [17]. The development of an RFB with
long cycle life and high energy, voltage, and coulombic efficiency re-
quires a membrane separator that offers long-term chemical stability in
non-aqueous electrolyte, high ionic conductivity (~1.3 mS/cm for a 30
pm thick membrane), and low redox active material permeability
(~1071% em?/s) [10,17,22]. Many RFB separators are based on ion ex-
change membranes (IEMs). IEMs rely on fixed charged groups along a
polymer backbone to provide charge carriers that facilitate ion transport
[23,24]. Conductivity generally can be increased by increasing the
density of fixed charges in the membrane so long as the concentration of
ions that dissociate from the fixed charges (i.e., the concentration of
charge carriers in the polymer) increases as a result of this modification
[3,17,25]. Another mechanism commonly employed to increase the
conductivity of IEMs is the incorporation of flexible polymeric spacers
between the polymer backbone and the fixed charge group of the
membrane [17,25]. Incorporating flexible side chains may lead to
nanoscale phase separation such that clusters of fixed charge groups
form ion conducting pathways through the polymer matrix [17,25-29].

IEMs have yet to meet targeted nonaqueous RFB conductivity and
permeability properties. Pursuits towards incorporating different
membrane functional groups could lead to improved membrane prop-
erties. Here, we report a polymer membrane where ionic conductivity is
provided by flexible, polar poly(ethylene glycol) (PEG) side chains as

Br-PPO PEG

O-- + H{O

X 1-x

n
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opposed to fixed charges. High molecular weight PEG chains (>10,000
g/mol) are commonly used in solid polymer electrolytes (SPEs) due to
PEG characteristics including a low glass transition temperature (~—
65 °C), favorable interactions with Li*, low toxicity, and stability while
in contact with lithium metal [26,30-36]. Interactions between Li* and
the ethylene glycol (EG) repeat units of PEG are well documented in dry
polymers and polymer gels [26,30,31,36,37]. The ether groups of the
side chains interact favorably with Li* via coordination involving 4 to 6
PEG repeat units per Li*, and ion transport between coordination sites
leads to conductivity [36].

Similar to IEMs, conductivity increases with increasing PEG content
in the polymer and with increasing temperature [30,36]. Increased
conductivity can result from enhanced connectivity of conductive re-
gions of the polymer (as PEG content increases) and polymer chain
segmental dynamics are facilitated as temperature increases, which
further promotes Li" conduction [36]. Chain mobility and its effect on
ionic conduction can be enhanced further by solvating the polymer, as
would be typical in use in an RFB. A potential limitation of using SPE
polymers in RFB applications is low dimensional stability that may occur
upon solvation by many common non-aqueous electrolyte solvents [36].

Here, membranes were prepared by functionalizing a poly(phenyl-
ene oxide) (PPO) backbone with flexible poly(ethylene glycol) (PEG)
side chains. The PPO backbone provides dimensional stability when the
material is exposed to organic solvents and may facilitate low redox
active material permeability [3,38,39]. The flexible PEG side chains, on
the other hand, promote conductivity [3]. The side chain length and
overall PEG content of the membrane was systematically varied using
three different molecular weights of PEG oligomers and three different
degrees of PPO PEGylation. This series of materials facilitated study of
the influence of both the degree of PEGylation and the PEG side chain
length on the electrolyte uptake, redox active material permeability, and
ionic conductivity of the polymer exposed to a nonaqueous electrolyte.

2. Materials and methods
2.1. Br-PPO synthesis

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO, SKU 181781, Sigma-
Aldrich) was brominated via a free radical reaction utilizing N-bromo-
succinimide (NBS, 99% Sigma Aldrich) as the bromine source and azo-
bisisobutyronitrile (AIBN, 98% Sigma-Aldrich) as the initiator [39].
Three different degrees of bromination were synthesized (x =9, 14, and
18, Scheme 1). For each reaction the amount of NBS used was scaled to
obtain the target degrees of bromination based on prior experiments (the
scaling relationship is provided in the Supporting Information, Fig. S1).
In each case, 6 g of PPO and 0.056 g of AIBN per gram of NBS were used.
The PPO was first dissolved in 75 mL of chlorobenzene at room tem-
perature then placed in an oil bath at 110 °C. The NBS and AIBN were
pre-weighed and evenly distributed into 4 separate glass vials. Each vial
of mixed NBS and AIBN powder was added to the reaction flask con-
taining the PPO solution at 15-min intervals over the course of 45 min.
After all the NBS and AIBN powder was added to the reaction flask, the
reaction proceeded at 110 °C for 30 min (total reaction time of 75 min).

PEG-PPO
NaH
— 3 - 0] O--
THF, RT
X 1-x
" OH

Scheme 1. Williamson Ether synthesis in tetrahydrofuran using sodium hydride (NaH) at room temperature (RT) to combine Br-PPO and PEG to form PEG-PPO.
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The product was collected by precipitating the reaction mixture in
10-fold excess reagent alcohol (Fisher Chemical). The polymer was
collected by filtration and dried under vacuum to remove the alcohol.
For further purification the polymer was dissolved in 50 mL of chloro-
form. Precipitation in reagent alcohol was repeated and the polymer was
filtered and dried under vacuum at room temperature for 24 h.

2.1.1. PEGylation of Br-PPO

The brominated PPO (Br-PPO) was functionalized with hydroxyl
group terminated poly(ethylene glycol) (PEG, Sigma-Aldrich) via
Williamson-Ether synthesis to form PEG-PPO with a remaining free
hydroxyl group at the end of the PEG chain (Scheme 1) [40]. The PEG
chain length was varied using 3 different molecular weight PEG chains
of 200, 400, and 600 g/mol (the corresponding average chain lengths, n
in Scheme 1, were 4.5, 9, and 13.6, respectively). The Williamson-Ether
Synthesis was performed with 1.5 g of Br-PPO, 15x molar excess PEG
(Sigma Aldrich), and 1.5x molar excess sodium hydride (NaH, Sigma
Aldrich, 60% dispersion in mineral oil) per equivalent of bromine in the
intermediate Br-PPO. It was critical to prevent water contamination, as
NaH can be consumed by residual water resulting in a lower extent of
reaction. Therefore, all materials were dried for 24-48 h prior to the
start of the reaction. PEG was mixed with tetrahydrofuran (THF, >99%
(250 ppm BHT) Sigma-Aldrich) at concentrations ranging from 0.2 to
0.25 mg (PEG)/mL (THF) (exact quantities and resulting experimental
degrees of PEGylation can be found in the Supporting Information,
Table S1). The PEG concentration was maintained within this range to
ensure solubility of the products and reactants in THF was maintained
throughout the synthesis. The solution of PEG dissolved in THF as well
as any additional THF used in the reaction was dried via contact of the
solution with molecular sieves (3 [D\, Alfa Aesar) for 48 h. Additionally,
the 1.5 g of Br-PPO and all glassware required for the reaction was dried
under vacuum at 80 °C for 24 h.

To perform the reaction, NaH was weighed and placed in a 3-neck
flask. The flask was placed in an ice bath and purged with nitrogen.
Using a pressure equalizing addition funnel, 5-10 mL of dry THF was
added to disperse the NaH. Then, the PEG solution was added over a
period of approximately 30 s while maintaining flow of nitrogen through
the flask. The reaction proceeded for 30 min under a nitrogen atmo-
sphere. Br-PPO was dissolved in 50 mL of THF and slowly added to the
reaction flask using a pressure equalizing addition funnel while main-
taining flow of nitrogen. After all the dissolved Br-PPO was added, the
flask was removed from the ice bath and allowed to react at room
temperature for 24 h under a nitrogen atmosphere. After 24 h, the so-
lution was precipitated in 10-fold excess isopropyl alcohol (IPA, 99.5%
VWR) by volume and collected via filtration. To improve product purity,
the filtrate was rinsed with IPA (using half of the volume used for pre-
cipitation) in a Buchner funnel. The product was dispersed in 25 mL of
reagent alcohol and dried in an evaporating dish in a fume hood for 2 h
before being dried under vacuum at room temperature for approxi-
mately 16 h.

2.2. Polymer characterization

2.2.1. Structural analysis

Structural characterization of Br-PPO and PEG-PPO polymer mate-
rials was performed using proton nuclear magnetic resonance (*H NMR,
Varian 600 MHz) spectroscopy (Fig. S2). For all materials, CDCl3 (99.8%
deuterated, Sigma-Aldrich) was used as the solvent. Spectra were
collected from 10 mg of sample that was dissolved in 1 mL of the
deuterated solvent.

2.2.2. Thermal analysis

Differential scanning calorimetry (DSC) was used to determine glass
transition temperature (Tg) values for the membranes. A mass of 5-10
mg of dry membrane was characterized by scanning twice from —100 °C
to 200 °C at a scan rate of 10 °C per minute. The first scan was performed
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to clear the thermal history of the glassy polymer and to remove any
excess solvent present in the sample. The T, values were obtained during
the second scan using the midpoint between inflection points on the
thermogram (Fig. S3) indicating a transition within the polymer. Glass
transition temperatures were used to estimate PEG content, wpgg, by
comparing the measured PEG-PPO T, value to the homopolymer glass
transition temperatures of PEG, T, pgg, and PPO, T, ppo, using the Fox
Equation [41]:

1 wege

n (1 _WPEG) 2)

T, Typrc T, pro

2.3. Membrane casting procedure

Membranes were cast from solution. First, 0.15 g of dry PEG-PPO
was dissolved in 6 mL of chloroform. Then, this solution was poured
into a 6 cm diameter polytetrafluoroethylene (PTFE) dish (Fisher Sci-
entific). The dish was placed in a 40 °C convection oven for 1 h to allow
most of the solvent to evaporate, forming the membrane. Next, the
membrane was removed from the PTFE dish, placed loosely back in the
dish, and dried under vacuum at room temperature for a minimum of 16
h to remove residual solvent. Membranes were cast to a nominal
thickness of 40-60 pm.

2.4. Ion transport

To characterize the materials as selective and conductive membranes
when immersed in organic electrolytes, lithium bis(fluorosulfonyl)imide
(LiFSI, Nippon Shokubai) was selected as the electrolyte salt and
acetonitrile (ACN, 99.9% Fisher) was selected as the solvent. This
electrolyte offers relatively high conductivity and low viscosity (1.6 M
LiFSI in ACN has a conductivity of around 70 mS/cm at 60 °C and a
viscosity of ~0.7 cP at 60 °C), which makes the electrolyte potentially
attractive for energy storage applications [42].

Ionic conductivity of the membranes was determined using electro-
chemical impedance spectroscopy (EIS). The membranes were first dried
under vacuum at room temperature for approximately 16 h, then soaked
for 24 h in electrolyte solution (ranging from 0.5-2 M LiFSI in ACN). EIS
measurements were conducted using electroless nickel immersion gold
coated copper electrodes, with a diameter of 1.27 cm. Temperature
would likely impact both the membrane conductivity and permeability
and thus selectivity properties [43,44], but in this study, EIS was per-
formed at room temperature (22 °C) to be consistent with other studies
of IEMs for RFBs [17,24,25,45]. EIS was assessed in a through-plane
geometry over a frequency range between 7 MHz and 100 Hz with an
amplitude of 10 mV using a Biologic Instrument SP300 potentiostat. The
measurements were conducted with the membrane confined within a
controlled environment sample holder.

Cell resistance was determined using the high frequency intercept of
the EIS Nyquist plot (representative data are reported in the Supporting
Information as Fig. S4) [46-48]. The blank cell resistance (i.e., the cell
without a membrane separator) was subtracted from each cell resistance
value measured with a membrane to determine the membrane resistance
(R). The conductivity was then calculated by using the membrane
resistance and membrane thickness (L) and active area (A) as:

L
Conductivity = T+ R 3)

2.5. Redox active material permeability

A representative redox active material, 4-hydroxy-2,2,6,6-tetrame-
thylpiperidine-1-oxyl (hydroxy TEMPO, 97%, Sigma Aldrich), was
selected due to its high solubility in non-aqueous solvents and previous
use in RFBs [4,38]. Permeability was measured using a 2-chamber glass
cell where the donor chamber was filled with 3 mL of 0.1 M hydroxy
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TEMPO and 0.5 M LiFSI in ACN and the receiving chamber was filled
with 3 mL of 0.5 M LiFSI in ACN. The two chambers were separated by
the sample membrane.

The concentration of hydroxy TEMPO in the receiver cell was
measured at room temperature (22 °C) as a function of time using
ultraviolet-visible (UV-Vis) spectroscopy and a linear calibration based
on a unique absorbance peak measured at 455 nm. For hydroxy TEMPO,
a linear calibration persisted for measurable concentrations from 0.8 to
20 mM hydroxy TEMPO in ACN (calibration can be found in Supporting
Information, Fig. S5). As such, the chambers of the assembled cell were
stirred for 3-12 h, depending on the permeability of the membrane. The
timescale was chosen to ensure that the concentration of the receiving
cell did not exceed 20 mM, which was the upper limit of the calibration
curve.

To measure the concentration of hydroxy TEMPO in the receiver cell
as a function of time (C,[t]), the receiving chamber solution was trans-
ferred periodically to a UV-Vis cuvette. The hydroxy TEMPO concen-
tration was determined using UV-Vis as described previously, and the
solution was returned to the receiving chamber after the UV-Vis mea-
surement. This process was repeated 3 times over the course of the
experiment. Using the known initial donor concentration (C4[0]), known
chamber volume (V), measured membrane thickness (L), and known
area (A) available for transport the permeability (P) can be related to
C.t] as:

VL C.[1]
Pth*ln (172*@1[0]) 4)

The permeability can then be calculated by plotting the right-hand
side of equation (4) versus time and performing a linear regression.

2.6. Acetonitrile and electrolyte uptake

Membranes were cut into % inch diameter circular disks and dried
under vacuum at room temperature for approximately 16 h. The mem-
branes were massed, then soaked in electrolyte solutions with concen-
trations ranging from O to 2 M LiFSI in ACN by 0.5 M increments. After
24 h (>24x the characteristic timescale for permeation, taken as L?/P,in
the samples based on the lowest hydroxy TEMPO permeability measured
for the PEG-PPO membranes considered in this study), the membranes
were wiped dry, to remove surface liquid, and quickly massed to
determine the solvated mass of the membrane. This procedure was
repeated after 48 h to ensure equilibrium uptake was attained.

The electrolyte uptake was determined as the percentage increase in
mass of the membrane from the dry to the solvated state, normalized by
the dry membrane mass. This electrolyte uptake included the mass of
LiFSI salt and ACN present in the electrolyte-equilibrated membrane.
The ACN uptake (i.e., the property reflecting the uptake of only ACN and

Table 1
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not LiFSI) was calculated by subtracting the mass of the dry polymer
My gry and the mass of the LiFSI salt sorbed within the membrane (myrs;,
see Section 2.7 for discussion on how this value was obtained) from the
solvated membrane mass (M, soiyated):

ACN Uptake = Mo solvated — MLiFST — Mindry 5)
mm.dry

Similarly, the electrolyte mass fraction was calculated as:

. M s, — My,
Mass Fraction of Electrolyte = —0ved — Tmdry 6)

My solvated

2.7. LiFSI desorption

Membranes were dried under vacuum for approximately 16 h,
massed, and then soaked in electrolyte solutions with concentrations
ranging from O to 2 M LiFSI in ACN by 0.5 M increments. After 24 h of
soaking, the membranes were wiped dry to remove residual electrolyte
from the membrane surface. The thickness and width of a swollen
membrane was measured with a micrometer and calipers, respectively,
and the swollen membrane volume was determined geometrically. The
membranes were then placed in aliquots of pure ACN to allow the sorbed
LiFSI to desorb from the polymer over 24 h to ensure all the salt had
desorbed from the membrane. The final conductivity of the desorption
solution was measured using a Mettler Toledo Seven Compact conduc-
tivity probe at room temperature (22 °C). The concentration of LiFSI in
this solution (Cris;) was determined using a calibration curve for con-
ductivity as a function of salt concentration (calibration can be found in
Supporting Information, Fig. S6). Using this measured concentration,
the volume of the ACN desorption solution (V;), and the swollen mem-
brane volume (Vy), the concentration of LiFSI in the solvated membrane
(Cum) was determined as:

_ CrirstVs

C
M Vi

7)

3. Results and discussion
3.1. Polymer characterization

3.1.1. Structural analysis

The degree of functionalization of Br-PPO was verified using 'H NMR
spectroscopy (Table 1, a representative spectrum can be found in the
Supporting Information, Fig. S2). The aliphatic and aromatic hydrogens
on the PPO backbone were observed at 2.1 ppm and 6.5 ppm, respec-
tively, with a shift to 4.3 ppm and 6.7 ppm resulting from the addition of
bromine to one methyl group of the PPO repeat unit [3]. No peak was
observed at 6.1 ppm indicating that bromine did not substitute at the
aromatic position on the PPO repeat unit [3]. The degree of bromination

Sample nomenclature, PEG oligomer properties and measures of PEG composition for the materials in this study.

Nomenclature (PEGa-PPOx) PEG MW" [g/mol]

EG Repeat Units Per Chain”

Degree of Functionalization PEG Content

Bromine® PEG By Mass mEq (EG)/g (dry polymer)
PEG200-PPO9 200 4.5 0.09 0.08 12% 2.67
PEG200-PPO14 0.14 0.12 17% 3.91
PEG200-PPO18 0.18 0.155 21% 4.66
PEG400-PPO9 400 9.1 0.09 0.08 21% 4.78
PEG400-PPO14 0.14 0.125 29% 6.68
PEG400-PPO18 0.18 0.155 34% 7.73
PEG600-PPO9 600 13.6 0.09 0.08 29% 6.49
PEG600-PPO14 0.14 0.125 38% 8.73
PEG600-PPO18 0.18 0.155 44% 9.91

@ Value of ‘a’ in the PEGa-PPOx nomenclature.
b Value of ‘n’ in Scheme 1.
¢ This value, multiplied by 100, is equal to ‘x’ in the PEGa-PPOx nomenclature.
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Table 2
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Composition data for PEG-PPO films based on DSC analysis. PEG content in the PPO-rich phase was determined by the glass transition temperatures of the films using

the Fox equation.

Sample Bulk Polymer PEG Content (mass %) Ty °C) PEG Content based on the Ty (mass %)
Pure PPO 217 -
Pure PEG - -50 -
PEG200-PPO9 12 171 8
PEG200-PPO14 17 169 8
PEG200-PPO18 21 159 10
PEG400-PPO9 21 130 17
PEG400-PPO14 29 119 20
PEG400-PPO18 34 107 23
PEG600-PPO9 29 - -
PEG600-PPO14 38 - -
PEG600-PPO18 44 - -

was calculated using the ratio of the integrated peaks at 4.3 and 2.1 ppm
as [3]:

2

2, peak (2.1 ppm)
L+5+ peak (4.3 ppm)

Degree of Bromination = 8)

The PEG-PPO membranes were prepared using Br-PPO as an inter-
mediate, with the intent to fully replace the bromine groups with PEG.
The degree of bromination, found in Table 1, was used as a target for the
degree of PEGylation, but the final degree of PEGylation was verified
using 'H NMR spectroscopy (a representative spectrum can be found in
the Supporting Information, Fig. S2). The conversion of bromine to PEG
resulted in shifts to the aliphatic hydrogens on the PEGylated methyl
group of the PPO backbone from 4.3 to 4.4 ppm. Therefore, the disap-
pearance of the peak at 4.3 ppm indicated conversion to PEG. Additional
peaks were observed for the aliphatic hydrogens of the PEG chain and
the free hydroxyl group at 3.6 and 1.7 ppm, respectively. To verify that
complete functionalization had occurred, the degree of PEGylation of
the final polymer, found in Table 1, was calculated in the same manner
as the Br-PPO but replacing the integration of the peak at 4.3 with the
integration of the peak at 4.4 in Equation (8).

The PEG content is reported in milli equivalents of ethylene glycol
repeat units per gram of dry polymer, i.e., mEq (EG)/g (dry polymer)
(Table 1). This relationship was used as it was analogous to ion exchange
capacity (IEC), a term commonly used to describe the charge density in
IEMs [17,24,49]. IEC describes the density of the charged side groups in
the polymer on a gram of dry membrane basis. Generally, these charged
groups are responsible for interactions with the counter-ions transported
through the membrane [23]. In the PEG-PPO membranes, the ethylene
glycol repeat units likely were responsible for ionic transport, so the PEG
content was described accordingly. The PEG content, in units of mEq

A
200 T T T T
180 |- -
160 |- ]
R 4
@ 120 | ]
©
E
< 100 [ ]
=
£ wf J
5
4 + PEG 600 4
Z o \
<
40 | PEG 400 * 4
PEG 200 N e
20| \m P J
o i . : y
2 4 6 8 10

PEG Content (mEq (EG) / g (dry polymer))

(EG)/g (dry polymer), was calculated using the molar mass of PEG,
MWpgg, the molar mass of PPO, MWppp, the molar mass of a single
ethylene glycol repeat unit (MW;gg), and the degree of PEGylation of the
polymer with the equation:

mEq (EG) DP .
g (dry polymer) — (MWppo + DP x MWppgc)

1000 = MWPE(;

9
MWEG

3.1.2. Thermal analysis

A single, broad glass transition was observed for several of the PEG-
PPO membranes indicating mixing between the PEG and PPO chains in
the polymer matrix at all compositions (the DSC thermograms for all
membranes studied in this work can be found in Supporting Informa-
tion, Fig. S3). Increasing the PEG content of the membranes resulted in a
gradual broadening of the glass transitions, and for the PEG600 mem-
branes the glass transition was indiscernible. The broadening of the glass
transitions was likely a result of heterogeneity in the polymer matrix
afforded by the grafting of the PEG chains to the PPO backbone [50,51].

The glass transition temperatures of the PEG-PPO materials were
suppressed relative to the glass transition temperature of the PPO ho-
mopolymer (Table 2). This observation suggests PEG mixing within a
PPO-rich phase, perhaps facilitated by increased chain mobility afforded
by the incorporation of PEG chains within the polymer [52-56]. The Fox
equation [41] was used to estimate the PEG content in this PPO-rich
phase based on the observed glass transition temperature for the poly-
mer and the homopolymer glass transition temperatures (Table 2). A
second glass transition temperature, which would indicate the presence
of a PEG-rich phase, was not observed, and this situation may be the
result of a relatively low PEG-rich phase composition within the mate-
rials. The experimentally measured glass transition temperatures were
greater than those values obtained using the Fox Equation with the

B
200 T T T T
180 B
*
— 160 4
= PEG600
» 140 =
8 \
ol ¥ PEG 400 ? ]
@
s 100 | \ .
g. ]
: & [ PEG200 — i
S 60 - J
S
°
o 40 L} 4
w
20 4
5 . . : .
2 4 6 8 10

PEG Content (mEq (EG) / g (dry polymer))

Fig. 2. (A) Solvent uptake of pure ACN into PEG-PPO membranes as a function of the PEG content (taken as the density of ethylene glycol side chains in units of mEq
(EG)/g (dry polymer)) and (B) electrolyte (0.5 M LiFSI in ACN) uptake into PEG-PPO membranes as a function of the PEG content (taken as the density of ethylene
glycol side chains in units of mEq (EG)/g (dry polymer)). The data are reported as the average of three measurements, and the uncertainty is quantified as one

standard deviation from the mean.
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Fig. 3. (A) Conductivity of bulk electrolyte (LiFSI in ACN) and the PEG400-PPO14 membrane as a function of LiFSI concentration in the electrolyte and (B) ACN
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NMR-obtained PEG content of the synthesized PEG200 and PEG400
(Fig. S7), which further suggests phase behavior in this system that is not
entirely captured by the DSC-based glass transition temperature
measurements.

3.2. Acetonitrile uptake

For the membranes studied, ACN uptake increased as PEG content
increased (Fig. 2A). This observation was likely a result of the polar ACN
solvent (dielectric constant ~36) having a less favorable interaction
with the PPO polymer backbone (with a dielectric constant of approxi-
mately 2.7) compared to the more polar PEG side chains (dielectric
constants of 22.5, 17.4, and 14.3 for PEG200, 400, and 600 respectively
at 25 °C) [57-59]. Similar behavior has been observed in IEMs in
aqueous applications where favorable interactions between fixed charge
on the polymer backbone and water promote water uptake in the
membrane [60,61].

The role of PEG content in dictating solvent uptake can be further
explored by comparing materials with the same PEG content but
different PEG chain lengths and degrees of PEGylation. No significant
difference in solvent uptake was observed for polymers with similar PEG
repeat unit density but different side chain length (Fig. 2A). As such, the
overall density of ethylene glycol repeat units, not side chain length or
degree of PEGylation, appeared to drive solvent uptake behavior.

3.3. Electrolyte uptake

Exposing the membrane materials to 0.5 M LiFSI in ACN led to an
increase in the electrolyte uptake (Fig. 2B) relative to the ACN uptake
(without added electrolyte, Fig. 2A). Ethylene glycol has been shown to
exhibit strong favorable interactions with LiFSI when used in SPEs [33,
36,58,62]. Coupled with the solvation of LiFSI by ACN, the interactions
between the ethylene glycol repeat units and LiFSI in solution results in a
drastic increase in the overall electrolyte uptake. Similar behavior has
been observed in a PPO-based anion exchange membrane where
increased electrolyte uptake was attributed to the favorable interactions
between the positive fixed charges of the polymer and the solvated
electrolyte [63].

The electrolyte uptake of the PEG-PPO membranes may be sensitive
to the PEG chain length of a given film. For example, PEG200-PPO18
had notably higher electrolyte uptake than that of PEG400-PPO9,
even though both materials had approximately equivalent overall PEG
content (Fig. 2B). At comparable density of ethylene glycol repeat units,
PEG200-PPO18 contains shorter PEG chains spread throughout the
polymer whereas PEG400-PPO9 contains half as many chains that are
twice as long. This may create a difference in the way that the PEG
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Fig. 4. Membrane conductivity in 0.5 M LiFSI in ACN as a function of PEG
content (taken as the density of ethylene glycol side chains in units of mEq
(EG)/g (dry polymer)). The data are reported as the average of three mea-
surements, and the uncertainty is quantified as one standard deviation from
the mean.

chains solvate with the electrolyte. In SPEs, it has been reported that
approximately 4.5 ethylene glycol repeat units are necessary to solvate
LiFSI [33]. In this case, it appears that the PEG200 films have a sufficient
chain length, with ~4.5 repeat units per chain, to solvate LiFSI resulting
in a spike in electrolyte uptake, as discussed. For the films with longer
PEG chains, there are more ethylene glycol repeat units than are
required for solvation of LiFSI, so it is possible that the ethylene glycol
repeat units share the solvation of electrolyte within the membrane,
which results in lower overall uptake at a given PEG content.

3.4. Ion transport

In solid polymer electrolytes, PEG chains have been successfully used
to enhance conductivity because of favorable interactions with lithium-
based electrolyte as well as a low glass transition temperature to pro-
mote chain mobility. In SPEs, ion conduction occurs via ion hopping
between ethylene glycol repeat units and, therefore, increasing the PEG
content of the polymer tends to increase conductivity [17,29,33,36,64].
In the PEG-PPO materials, the presence of electrolyte will significantly
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influence the transport of ions through the polymer. It is likely that ion
conduction will occur through solvated regions of the membrane,
perhaps in addition to ion hopping between ethylene glycol repeat units.
Therefore, it is important to understand the influence of electrolyte, as
well as polymer structure, on the conductivity of PEG-PPO membranes.
Here, the influence of LiFSI concentration in the bulk electrolyte, PEG
chain length, and degree of PEGylation on the conductivity of the
membrane are discussed.

The conductivity of the PEG400-PPO14 film decreased as LiFSI
concentration increased in the bulk electrolyte from 0.5 M to 2 M
(Fig. 3A). This result contrasts the behavior in bulk LiFSI in ACN solution
where the conductivity of LiFSI in ACN bulk electrolyte increases with
increasing concentration until a peak value (above 40 mS/cm) is
attained at a concentration of ~1.75 M (Fig. 3A). The swollen polymer
behavior, where ionic conductivity decreased as LiFSI concentration
increased, was consistent across all PEG-PPO membranes (the conduc-
tivity of all PEG-PPO membranes as a function of LiFSI concentration in
the bulk electrolyte can be found in the Supporting Information, Fig. S8).
The difference between the conductivity properties in bulk solution and
in the membrane is likely caused by osmotic deswelling of the polymer
with increasing LiFSI concentration in the bulk electrolyte. Such desw-
elling, where solvent content decreases as electrolyte concentration in-
creases, is commonly observed in aqueous systems [45,60].

To further explore, ACN uptake was calculated from the LiFSI sorp-
tion and electrolyte uptake (described in Section 2.6). The ACN uptake
of PEG400-PPO14 decreased as a function of LiFSI concentration in the
bulk electrolyte, consistent with osmotic deswelling (Fig. 3B). The
reduction in ACN uptake as electrolyte concentration increased (Fig. 3B)
likely drove the reduction in conductivity with increasing electrolyte
concentration (Fig. 3A) as ionic conductivity generally exhibits a posi-
tive correlation with solvent uptake [17].

For a fixed external electrolyte concentration, membrane conduc-
tivity tended to increase with increasing PEG content, as expected
(Fig. 4). Furthermore, increasing the PEG chain length or the degree of
PEGylation, while holding the other constant, resulted in an increase in
the conductivity of the membrane (Fig. 4). In either case, the number of
ethylene glycol repeat units in the membrane increased significantly
with the modification to the polymer structure resulting in an increase in
conductivity. The modification to the polymer structure also led to an
increase in electrolyte uptake (Fig. 2B), which likely contributed to the
increase in conductivity. It is unlikely that specific interactions resulting
from changing the polymer structure significantly impacted the con-
ductivity in this case. However, it does appear that the PEG chain length
may influence the conductivity of a given membrane. For polymers with
the same overall PEG content, the conductivity decreased as the PEG
chain length of the membrane increased (~4.5 and ~6.5 mEq (EG)/g

(dry polymer) in Fig. 4). As discussed previously, membranes func-
tionalized with long PEG chains have a lower electrolyte uptake than
those membranes with shorter PEG chains, possibly because the repeat
units share the solvation of electrolyte within the membrane to a greater
extent than is the case with the short chain systems. This decrease in
solvation by the longer PEG chains may slow the conduction of ions
through the polymer matrix relative to the short PEG chain case
resulting in lower conductivity.

3.5. Redox active material permeability

Small molecule transport in polymer films has been widely ascribed
to accessibility of small molecules to free volume elements within the
polymer matrix [60]. Generally, as electrolyte uptake increases, the
accessibility to free volume elements within the polymer increases, as
does small molecule permeability. As previously described, increasing
the PEG content of the PEG-PPO membranes resulted in an increase in
electrolyte uptake due to favorable interactions between the PEG side
chains and the electrolyte as well as solvation of both the PEG chains and
LiFSI. Therefore, it was expected that the hydroxy TEMPO permeability
would follow electrolyte uptake trends and increase with increasing PEG
content.

In general, holding the PEG chain length constant, increasing the
degree of PEGylation of the membrane resulted in an increase in the
hydroxy TEMPO permeability, as expected (Fig. 5A). At a PEG content of
~4.5 mEq (EG)/g (dry polymer) the PEG400-PPO8 membrane had a
lower permeability than the PEG200-PPO18 film (Fig. 5A). As discussed,
the longer chain length of the PEG400 membranes resulted in a decrease
in electrolyte uptake, so it is expected that the permeability would
decrease in the PEG400 film. At PEG contents greater than 5 mEq (EG)/g
(dry polymer), the hydroxy TEMPO permeability levels off as it ap-
proaches the diffusivity of hydroxy TEMPO in electrolyte (Fig. 5A). The
diffusivity of hydroxy TEMPO in 0.5 M LiFSI in ACN was estimated to be
6.2 x 107® cm?/s using the Wilke Chang model based on the reported
viscosity of the electrolyte at 25 °C [42,65]. The leveling off behavior of
the permeability likely resulted from the high electrolyte uptake of the
polymer (>80%) where subsequent increases in electrolyte uptake
resulted in relatively small changes to the hydroxy TEMPO permeability
as free volume elements in the material were already readily accessible
for transport.

To further examine the influence of electrolyte uptake on hydroxy
TEMPO permeability, the electrolyte uptake in the materials was con-
verted to electrolyte mass fraction, as described in Section 2.6, and these
values were used to construct a semi-log plot of hydroxy TEMPO
permeability versus the inverse electrolyte mass fraction (Fig. 5B) ac-
cording to theory developed by Yasuda et al. [66] The observed
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Fig. 6. Hydroxy TEMPO permeability and membrane ionic conductivity
tradeoff plot. Note that the y-axis is inverted such that permeability decreases
(favorable for flow battery applications) in the upward direction. The dotted
lines are lines of constant selectivity. Selectivity increases as conductivity in-
creases and permeability decreases (i.e., the upper right-hand corner of the plot
corresponds to the highest values of selectivity.

exponential relationship between permeability and the inverse electro-
lyte mass fraction suggested that electrolyte uptake in these materials
was a proxy for the free volume that facilitated hydroxy TEMPO
permeation (Fig. 5B) [66-68]. Additionally, the correlation intersected
the vertical axis, at an electrolyte mass fraction of unity (i.e., pure
electrolyte), at a value that was consistent with the diffusivity of hy-
droxy TEMPO in 0.5 M LiFSIin ACN (Fig. 5B). This physically satisfying
result has been observed in other non-aqueous and aqueous systems and
further supports the position that the electrolyte uptake is critical for
hydroxy TEMPO permeation in these materials [39,60,66]. Slight de-
viations away from the trendline may have resulted from second order
affects influencing the redox molecule permeation such as second order
interactions between the solvated polymer chains and the redox mole-
cules in the electrolyte [38,60].

3.6. Selectivity for flow battery applications

In general, increasing PEG content led to an increase in both the
permeability and conductivity of the membrane (Fig. 6). In redox flow
battery applications, selectivity is defined as conductivity divided by
permeability (meaning that selectivity for this application has units as
illustrated on the dotted lines of Fig. 6). Often, as electrolyte uptake and
ionic conductivity increase for a given polymer, a reduction in selec-
tivity is observed. Such a situation was observed for the most highly
functionalized PEG200 material and the two most highly functionalized
PEG400 materials. The decrease in selectivity of the PEG400 material,
however, was smaller compared to the situation for the PEG200 mate-
rial, and the PEG600 material may actually realize increased selectivity
at the highest degree of functionalization relative to the two lower de-
gree of functionalization (and conductivity) materials. In particular,
increasing the PEG content of the PEG400 and PEG600 materials led to
increases in conductivity without dramatic reduction in selectivity.

4. Conclusions

PEG-PPO materials with varying PEG chain length and degree of
PEGylation were successfully synthesized and fabricated into mem-
branes. Increasing PEG content led to more favorable interactions be-
tween the membrane and ACN and, therefore, increased ACN uptake.

Polymer 300 (2024) 126986

Favorable interactions between ethylene glycol repeat units and LiFSI
led to a dramatic increase in acetonitrile and electrolyte uptake when
the materials were exposed to LiFSI. Increasing the LiFSI concentration
in the bulk electrolyte, however, led to a decrease in ACN uptake and
therefore a decrease in membrane conductivity due to osmotic deswel-
ling. Hydroxy TEMPO permeability was consistent with free volume
theory suggesting that the electrolyte uptake was the primary driver for
transport in these films. Ultimately, increasing PEG content via PEG
chain length and/or degree of PEGylation led to increased ionic con-
ductivity, and the longer chain length PEG400 and PEG600 materials
retained more of their selectivity as ionic conductivity increased.
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