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ABSTRACT: Grid-scale energy storage is increasingly needed as &> i
7 Redox active

wind, solar, and other intermittent renewable energy sources
molecules

become more prevalent. Redox flow batteries (RFBs) are well
suited to this application because of the advantages in scalability ~More favorable Less favorable
and modularity over competing technologies. Commercdial aqueous e misind
flow batteries often have low energy density, but nonaqueous RFBs
can offer higher energy density. Nonaqueous RFBs have not been
studied as extensively as agqueous RFBs, and the use of organic
solvents and organic active materals in nonaqueous RFBs presents

K

Permeability

unique membrane separator challenges compared to aqueous
systems. Specifically, organic active materdal cross-over, which Polymer membrane
degfadﬁ baﬂﬂ}' Perfma-“cer may be affected bY membrane, Higher crossover Laowar crossover
active material thermodynamic interactions in a fundamentally

different way than ionic active material cross-over in aqueous RFB membranes. Hansen solubility parameters (HSPs) were used to
quantify these interactions and explain differences in organic active material permeability properties. Probe molecules with a more
unfavorable HSP-determined enthalpy of mixing with the membrane polymer exhibited lower permeability or cross-over properties.
The HSP approach, which accounts for the uncharged polymer backbone and the charged side chain, revealed that interactions
between the uncharged organic probe molecule and the hydrophobic polymer backbone were more important for determining
permeability or cross-over properties than interactions between the probe molecule and the hydrophilic side chain. This result is
significant for nonaqueous RFBs because it suggests a decoupling of ionic conduction expected to predominantly occur in charged
polymer regions and cross-over of organic molecules via hydrophobic or uncharged polymer regions. Such decoupling is not
expected in agueous systems where active materials are often polar or ionic and both cross-over and conduction occur
predominantly in charged polymer regions. For nonaqueous RFBs, or other membrane applications where selective organic molecule
transport is important, HSP analysis can guide the co-design of the polymer separator materials and soluble organic molecules.

Enthalpy of mixing
with membrane
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B INTRODUCTION reactions, and this restriction limits the energy density of

Redox flow batteries (RFBs) are being developed to address aqueous RFBs. Nonaqueous RFBs could circumvent this issue

th . d fi id-scal " 1-5 = Al and are being developed to improve battery energy density by
€ BTOWIng Meed for gric-scdle energy storage FEREATY widening the electrochemical stability window of the electro-

these batteries store energy in redox-active molecules that are Q10 " . a
Iyte.™ " Switching to a nonagueous solvent also enables the use

dissolved in an electrolyte solution. This electrolyte is stored in f Fred i olecules th bl
]a.rge tanks and pumped ﬂ'lrcrug]‘l an electrode stack during of new types of redox-active mu?ﬂlzﬁ at are unstable or

electrochemical charge and discharge.” This separation of II'I?CI']'II]J]E in aqueous electrolytes. J ) i i )
battery capacity (adjustable by the size or number of storage }he anolyte and catholyte solutions (i.e., the t\f'u mdes}_ln a
tanks ) and power density (adjustable by the size or number of RFB power stack must be separated, typically via a
electrode stacks) affords RFBs advantages with regards to
modularity and scalability over conventional static batteries.
Furthermore, the separation of energy and power has inherent
safety advantages because the majority of the reactive species Received: August 4, 2021

are stored, at any given time, in physically separated tanks.”" Accepted: September 23, 2021

The most common commercially available RFB systems are Published: October 5, 2021

based on vanadium or zinc-bromine chemistry, and both use

membrane.”” This membrane separator is a critical battery
component because it must facilitate jonic conduction between

aqueous electru]ytes.i The maximum operating voltage of

aqueous RFBs is limited by undesired water splitting side
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the anode and cathode while preventing cross-over and
subsequent reaction of the soluble redox-active molecules.
Membranes have been evaluated and developed for use in the
more mature aqueous RFBs, induding commerdial sys-
tems,”" ™" but few studies have considered membranes for
use in nonaqueous RFBs.""'®

Battery separator membranes can be porous or nonporous in
nature. Many aqueous flow battery systems use nonporous ion-
exchange membrane (IEM) sepa.raturs'? that are similar to the
membranes used in fuel cells. Some battery applications,
however, use porous membrane separators.” In porous
membrane separators, a pore network filled with the electrolyte
provides pathways for ionic conduction, and ionic conductivity
is typically scaled, relative to the bulk electrolyte conductivity,
by the porosity and tortuosity of the separator. Porous
membranes can be described using a pore flow model, where
penetrant molecule transport is modeled as diffusion and/or
convection through a tortuous porous network."” Membrane
permeability and selectivity in porous separators are dictated
primarily by the relative sizes of the pores and the penetrant
molecules and the relative fraction of the membrane filled with
the elecirolyte. This approach to obtain a selectively permeable
membrane is commonly used in porous separators for both
aqueous and nonaqueous batteries."” ™' Commerdially avail-
able porous separators, such as Celgard or Daramic, are also
sometimes used as separators when testing new redox-active
materials.”* ™" The pore dimensions in these commercially
available sepamators are very large relative to the size of the
molecules, so they promote high conductivity but also result in
higher active material permeability or cross-over.'*"’

The transport mechanism is different for porous and
nonporous membrane sepal'.atcnrs.m’z";1 In nonporous [EMs,
transport is often described by the solution-diffusion model
where the penetrant molecule first dissolves in the polymer
matrix and subsequently diffuses through the solvated
membrane before desorbing at the downstream side 152537
The sorption process in these materials s fundamentally
different than the pore partitioning process in porous
separators, and the permeability depends on both thermody-
namic (sorption) and kinetic (diffusion) factors. The sorption
and diffusion processes are affected by a variety of factors, but
differences in the permeability of charged molecules are often
explained using charge-based exclusion (e.g, Donnan
exclusion™) and/or free volume-based mechanisms.*® This
solution-diffusion approach is commonly used to describe
transport in nonporous materials for other selectively
permeable membrane applications including reverse osmosis
(RO) and gas sepa.ratil:nns.w’1-"’1""1\'IJ

The ionic conductivity of polymer membranes has been
previously investigated using nonaqueous solvents, in part due
to the historical development of the polymer and gel
electrolytes.” ™ Additionally, conductivity properties of
IEMs, developed both for aqueous and nonagueous
applications, have been investigated using nonaqueous electro-
]ytes.'?‘“_“ The permeability of redox-active molecules
through IEMs, a critical metric for quantitatively assessing
cross-over, is less undemstood in nonagueous solvents. The
structure—property tradeoffs between permeability and con-
ductivity in nonagqueous systems are even less developed. This
lack of fundamental knowledge is further complicated because
nonaquecus flow batteries use a wide range of solvents and
redox-active materials.™" " Robust structure —property relation-
ships are needed to inform the permeability of membrne

materials considered for use in the vast space of solvents and
redox-active materials of interest for nonagueous RFBs.

Size-exclusion or free volume effects may influence diffusion
strongly enough to explain the permeability differences of
some uncharged materals in polymeric membranes, but they
may be insufficient for other molecules, including moderately
hydrophobic solute molecules, where other thermodynamic
effects may be more signiﬁcant.w": In these cases,
thermodynamic interactions (e.g., hydrophobic—hydrophobic
interactions between the solute and uncharged polymer) may
also significantly affect permeability properties because of the
sorption contribution to permeability.

For example, for the rejection of a series of hydrophilic
molecules of varying size through a RO membrane, rejection
was reported to increase (ie, permeability decreased) with
increased molecule size, as predicted by size-exclusion or free
volume appruaches.w However, hydrophobic interactions
cause moderately hydrophobic molecules to sorb into the
polymer matrix to a greater extent than hydrophilic materials.
This situation can result in some larger hydrophobic molecules
permeating faster than smaller hydrophilic molecules and can
create rejection trends that do not correlate well with molecule
size.?® Such a situation illustrates the importance of
considering thermodynamic interactions in addition to size-
based approaches commonly used to describe diffusion. These
thermodynamic interactions are likely to be more important in
nonaqueous RFB membranes because the redox molecules for
nonaqueous RFBs are typically more hydrophobic compared
to the ionic or hydrophilic organic molecules used in aqueous
RFBs."

Our previous work investigating ion-conductive and
-selective membmanes further suggested that thermodynamic
interactions were significant in nonaqueous flow battery
membranes. Increasing the charge density of an ion-exchange
membrane did not noticeably influence the permeability of
ferrocene, a nonpolar molecule, even though both solvent
uptake and ionic cunducl:ivit}rincreased.“ It was hypothesized
that this result stemmed from stronger interactions between
ferrocene and the hydrophobic polymer backbone compared
to interactions between ferrocene and the hydrophilic charged
side chains.

Here, the hypothesized influence of thermodynamic
interactions in our previously reported membrane material
was studied in further detail by investigating the permeability
of a series of organic probe molecules, which included redox-
active molecules, through a polymeric cation-exchange
membrane. In general, organic probe molecules that more
favorably interact with the polymer backbone tended to
permeate through the membrane more rapidly compared to
molecules that interact less favorably with the membrane.
These structure —property relationships can be explained using
a regular solution theory (Hansen solubility parameter)
framework that could be generalized to other systems and
could guide polymer membrane material design for non-
aqueous RFB applications or other membrane applications
where organic molecule transport is important.

B THEORY

A solubility prediction approach was used to quantify and
analyze the thermodynamic interactions that influence redox-
active or probe molecule permeability. The rationale for this
approach was based on the role that thermodynamic solubility
or partiioning plays in determining permeability in dense
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NONporous Pu]ymers.lq’z? Using regular solution theory, the
Gibbs free energy of mixing can be described in terms of an
ideal entropy of mixing and a nonideal enthalpy of mixing.m
Solubility parameter approaches apply this theory to describe
and predict solubility, or the favorability of mixing, by using
empirical methods to estimate the enthalpy of mixing and the
magnitude of the excess enthalpy that causes a solute to
become insoluble in a solvent. This theoretical basis for
solubility parameters has been leveraged to describe gas
permeability in membranes, pervaporation membrane selectiv-
ity, and solute rejection in organic solvent nanofiltration.”* ™"

The Hildebrand solubility parameter, §, was developed
first.™® It is defined as the square root of the cohesive energy
density, which i the total potential energy contained in a
liquid that results from the intermolecular forces between
molecules. The Hildebrand solubility parameter is based on
the premise that a solute and solvent with more similar
cohesive energy densities will minimize the magnitude of an
unfavorable excess enthalpy. Specifically, the theory suggests
that the difference of the solute and the solvent solubility
parameters is proportional to the enthalpy of mixing (or excess
enthalpy). A smaller positive excess enthalpy corresponds to a
higher probability of solute solubility in the solvent, or in the
context of this study, higher cross-over through the RFB
membrane separator. Hildebrand’s approach, however, com-
bines all of the enthalpic effects into a single parameter, and
this can lead to inaccurate predictions, especially for polar
molecules or other systems with more complicated inter-
actions.””

The Hansen solubility parameter (HSP) improved on
Hildebrand’s method by spliting the cohesive energy density
into component parts associated with different types of
intermolecular interactions: dispersive interactions (dD),
dipole interactions (8P), and hydrogen bonding interactions
{r')'H).ﬂ’M This approach can improve solubility predictions in
both polar and nonpolar systems. Instead of the simple
difference of solubility pammeters, the HSP method defines a
distance, R,, that depends on the three HSP components of
both the solute and solvent

R, = \4(6D, — &D,)" + (6B, — 3P,)" + (3H, — 6H,)’
(1)

The factor of 4 in the dispersive energy term was empirically
added to improve predictiuns.ﬁ As with the Hildebrand
solubility parameter, a smaller distance, K, indicates that the
two molecules are predicted to have a smaller enthalpy of
mixing (ie, the interactions are closer to ideal). The HSP
method also introduces a solute- and concentration-dependent
cutoff distance, R, If K, is less than R, the solute is predicted
to be soluble in the solvent at the concentraton at which K,
was defined. A sphere analogy is useful due to the similarity of
eq | to the distance between two points in 3-D space, and the
cutoff distance is typically referred to as a radius. Therefore, a
solute has three HSP components and a radius, and solvents
with HSP components that lie within the sphere defined by the
solute HSP components and radius are predicted to be good
solvents for the solute.

As with all solubility parameters, Hansen’s method contains
assumptions, and the method does not necessarily account for
everything that determines solubility. The method was
originally developed for paints and polymers, and many of

the assumptions were made to reflect these use cases. The

result is that small-molecule solubility is less accumtely
predicted with Hansen’s orginal method, and extensions and
corrections have been Pruposed.ﬁ_ﬂ

Here, we will apply the extensions proposed by Louwerse et
al™ This approach includes solvent-specific effects and
extensions derived from themmodynamic effects that were
shown to improve solubility predictions for their set of test
molecules, which included small molecules with a variety of
different functional groups. In addition, the method splits the
hydrogen bonding parameter into hydrogen bond donor and
acceptor parameters. This allows the model to predict a
negative enthalpy of mixing when one material is a strong
hydrogen bond donor and the other is a strong acceptor, which
is observed experimentally but is not predicted by the original
HSP method. The Louwerse et al. extensions replace eq 1 with

d = 4(8D; — &D,) * + (8P, — 6B,)" + (6H;, — 6Hp)
(6H, — 6H,) (2)

where d is the parameter distance, &H, is the hydrogen bond
acceptor solubility parameter, and 6Hy, is the hydrogen bond
donor solubility parameter. In this extension, the hydrogen
bonding contribution to the cohesive energy density is 6H, X
dH, instead of SH® in Hansen's original method. If these
values need to be compared, the split (acceptor and donor)
hydrogen bonding solubility parameters can be converted to
the original Hansen hydrogen bonding solubility parameter by
taking the square root of their product, 6H, x dHp,

The distance in eq 2 is the square of the comparable Hansen
distance in eq 1. This change is required for the addition of
solvent-specific corrections. Additionally, the enthalpy of
mixing has been shown to be proportional to d, not R
which further supports the description in eq 2. To use the HSP
method with the Louwerse et al. extensions, an effective radius
(ie, solubility cutoff distance), r g must also be calculated for
each solvent data point, to account for specific solvent and
concentration effects

xln{x) + (1 — «)In(1 — x)[ 1 1
Tef = +
i 4]1'1[13.5)3‘{1 - x) lrsulule Tsalvent
Cmelt
1 —=x (3)

where x is the mole fraction of the solute, ¢y, is an additional
parameter that is fit to the data and represents a temperature-
dependent value to account for the energy contained in the
crystal structure of the solute, and r g, and r, 4., are the
solute and solvent radii, respectively. As in the original Hansen
method, if the distance, d, is less than the radius, rg the
material is predicted to be soluble. Since r g is different for
every solvent, and the new distance equation is not analogous
to a distance in 3-D space, the sphere analogy used previously
no longer applies; however, the cutoff distance for determining
solubility has still been referred to as the effective radius.
The most straightforward way to experimentally determine
the HSP value of a solute s to measure solute solubility in
many different solvents and then fit the HSP value to the
results of those E:)'.lzrerimE:nt.s.w’q'u In the original Hansen
method, with three parameters and no solvent-specific effects,
this approach is equivalent to plotting the HSP values of good
solvents in 3-D space and fitting a sphere around them to
exclude the bad solvent HSP values. The extensions used
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Figure 1. Chemical structures of membrane components (left) and probe molecules (right) used in permeation experiments and analysis.

herein break this analogy, but the overall analysis process
remains similar in principle.

A modification to this method, adopted in this study, is the
inclusion of solvent mixtures in the solubility tests.”! The
Hansen solubility parameter of a solvent mixture is equal to the
volume-weighted average of the Hansen solubility parameters
of the pure solvents.”” Including these points in the
measurement allows the transition point from soluble to not
soluble to be found with increased precision by having more
data points and data points that are closer to the solubility
limit.

B MATERIALS AND METHODS

This study considers a cation-exchange membrane (POATS-PPO)
prepared via functionalization of a poly(2,6-dimethyl-1,4-phenylene
oxide) (PPO) backbone with a sulfonate group-containing side chain
(phenoxyaniline trisulfonate or POATS). An illustration of the
structure of the components of the membrane can be found on the
left side of Figure 1, and the s?nthem and processing of the
membranes were described prevmus}jr 7 The polymer in this work is
72% substituted, ie, 72% of the PPO repeat units had a POATS
molecule substituted onto one of the methyl groups. This degree of
substitution was chosen as it achieved a relatively high degree of
substitution but not so high as to result in the loss of mechanical
strength, which was observed for higher degrees of substitution. A
7 2% substitution corresponds to 20 wt % POATS in the membranes
or an ion-exchange capacity of 1.44 mequiv g~". Membranes with this
degree of substitution have a measured solvent uptake of 32 wt % in
dimethyl carbonate (DMC), which was the solvent used for all
permeability measurements, This membrane and solvent system was
chosen because the possible influence of the thermodynamic
interactions was previously observed in this matedal, and the
membrane was previously shown to not swell exu.essweh: or degrade
over time in the chosen solvent and electrolyte ™

Six probe molecules were considered; the chemical structures of
these molecules are shown on the right of Figure 1. These molecules
were chosen from three common dasses of redox-active materials: ™
metallocenes, aromatic organic compounds, and nonaromatic organic
compounds. Within each category, two molecules were selected with
different functional groups that were expected to give significantly
different HSP values and to facilitate probing changes in interactions
with the polymer backbone. The molecules were not necessarily
chosen as the most desirable for energy-storage applications but as
examples of the particular class of redox molecules and with functional
groups expected to change measured HSP values. The chosen redox-
active metallocenes were ferrocene and a dervative molecule,
ferrocene carboxaldehyde. The two nonaromatic organic redox-active
materials were 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and a
derivative molecule, 4-hydroxy-TEMPO. Anthraquinone was selected

49334

as an aromatic organic redox-active molecule, and while not used as a
redox-active material, naphthalene was selected as the second
aromatic organic molecule as a highly nonpolar molecule. Only the
neutral forms of each molecule were considered to avoid introducing
additional effects from ionic interactions.

Membrane Synthesis. Full s;rnthests and characterization of
POATS-PPO were reported prevmus}j.v In summary, POATS was
synthesized via an aromatic sulfonation of phenoxyaniline. The
procedure began by dissolving phenoxyaniline in 20% fuming sulfuric
acid in an ice bath, followed by slowly increasing the temperature to
80 °C. Triethylamine was then added, in an amount stoichiometri cally
equal to the theoretical number of sulfonate groups added to
phencxyaniline, to convert the product to the triethylammonium
cation form. Then, caldum carbonate was added until the solution pH
became neutral. Precipitated caldum sulfate was removed through
filtration and drying, and the POATS product was purified by
dissolving again in a small amount of water and repeating the fltration
and drying process.

Brominated PPO (Be-PPO) was produced through the radical
bromination of PPO using N-bromosuccinimide (NBS) and
azobisisobutyronitrile (ATBN). All reactants were combined in a
flask and dissolved in chlorobenzene at room temperature and
subsequently heated to 110 °C in an cil bath. The reaction continued
at 110 “C for 1 h. The reaction mixture was cooled, predipitated in
reagent alcohol, and then collected by Altration. An additional round
of purification was performed by dissolving the product in chloroform
and precipitating in reagent alcohol again.

POATS-PPO was made by mixing a solution of BrPPO in
chlorobenzene with a solution of POATS dissolved in N-methyl-2-
pyrrolidone (NMP) together in a flask that also contained K,CO, to
neutralize the acid produced and Nal as a catalyst. This flask was
heated in a 70 “C «il bath under a flow of nitrogen for 1 h. The
polymer was precipitated using reagent alcohol and collected via
centrifugation, then washed with more reagent alcohol, and collected
again by centrifugation. The polymer was dried under wvacuum,
dissolved in NMP, and cast in a circular mold, The NMP was
removed first in a convection oven at 70 °C followed by drying under
vacuum at 70 °C, and the membranes were ion-exchanged to the
lithium counter ion form by soaking the membranes in a 1 mol L™
agqueous solution of LiC] for 24 h. Samples were rinsed in deionized
water before use.

Solvent Uptake. Solvent uptake by the membrane was measured
by first drying the membranes under vacuum for 24 h at 70 “C. The
dry mass was then measured, and the membranes were placed in
dimethyl carbonate (DMC). After 24 h, the solvated mass was
measured after lightly wiping the surface to remove liquid drops. The
membranes were placed back in DMC, and the solvated mass was
measured again, 24 h later, to confirm that solvent uptake had
plateaued. The membranes were then redried in a 70 "C oven at
ambient pressure for 4 h followed by vacuum drying for a further 24 h,
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and the dry mass was remeasured as well. Solvent uptake is reported
as the percentage increase in mass from the dry to solvated state.

HSP Measurements. The HSP measurement procedure was
developed and walidated by measuring the HSP walues of several
molecules with previous literature reports. A comparison of the
measured and literature wvalues can be found in the Supporting
Information, Section 51. The measurement procedure resulted in
good agreement with literature values for uncharged materials, but a
poor agreement was obtained for ionic compounds. The probe
molecules tested in this work were thus limited to species that were
not ionic

Hansen solubility parameters (HSPs) for each probe molecule and
polymer component were measured experimentally, and a specihc
example is described in the Supporting Information, Section 52, with
a flow chart in Figure S1. First, a concentration, in mg (solute) per
mL (solvent), was chosen as a cutoff value for the solubility to make a
distinction between a good or bad solvent. Typically, 20 mg mL™" was
used as an initial solubility concentration threshold. Solubility for a
probe molecule was then determined by observing if the material
being tested was soluble at that concentration in 10—12 solvents via
visual inspection after stiming in each solvent for 24 h. The list of
solvents that these were chosen from can be found in Table 52 along
with their HSP values.

The measured HSP wvalues had the best agreement with the
literature reports when the material was considered soluble, according
to the cutoff value, in 3—5 of the chosen solvents, When the
concentration cutoff was too low, the predicted HSP values could
change by a large amount when a new set of solvent data was added to
the fit. With a higher concentration cutoff value, and more bad
solvents than good solvents, the predicted HSP values were much less
sensitive to the addition of new data. However, too high of a
concentration made determining solubility more difficult since the
solutions were typically colored and became darker at high
concentrations and thus visual confirmation of the undissolved
material was challenging under such conditions. Also, high
concentrations limited the effectiveness of the solvent mixing step,
described below, since any amount of poor solvent made the solute
insoluble. Therefore, if fewer than 3 good solvents were found, the
cutoff concentration was lowered, and the pure solvent solubility test
was repeated. If the molecule was soluble in more than 5 solvents, the
cutoff concentration was raised and the solubility test was repeated.

Once a concentration cutoff was chosen and good and bad solvents
were identified, mixtures of the good and bad solvents were also
evaluated for probe molecule solubility in five pairs of good and bad
solvents, mixed together at different volume fractions in increments of
10%, Mixed solvent solubility experiments were performed until the
volume ratio that caused the transition from soluble to insoluble at
the cutoff concentration was found. A MATLAB program was then
used to find the HSP value that resulted in the best agreement with
the solubility data. Details on the algorthm used can be found in the
Supporting Information, Section 53, and a flow chart of the process is
provided in Figure 52.

Permeability Measurements. Probe molecule permeability was
measured using a glass PermeGear Side-Bi-Side cell with 3.0 mL
chambers separated by a POATS-PPO membrane with 0.317 am® of
area exposed to the solution. An image of the experimental setup can
be found in Figure 53. One chamber (donor side) was filled with a
solution of a specific probe molecule in DMC, and the other chamber
(receiving side) was filled with puwe DMC. The probe molecule
concentration on the donor side was 100 mM, except in two cases
where there was a solubility limitation (anthraguinone, where a 5 mM
concentration was used) or using 100 mM caused the receiving side
concentration to exceed the measurable concentration range too
quickly (naphthalene, where a 10 mM concentration was used).

The concentration of the receiving side solution was measured
using ulteaviolet—visible (UV—vis) spectrometry. Prior to the cross-
over experiment, a concentration vs absorbance calibration curve was
measured for the probe molecule of interest. In all cases, the
maximum receiving side solution concentration that could be
measured was ~10% of the donor solution concentration. Over 4—

10 days, depending on the permeation rate, three concentration
measurements were taken by removing solution from the receiving
side, measuring absorbance at the calibrated wavelength, and
returning the solution to the cell. The solution was typically removed
from the receiver chamber for ~10 min for each concentration
measurement, which was considered negligible when compared to the
total experiment time of 4—10 days.

After the final measurement, the cell was disassembled, and the
solvated membrane thickness was measured. The concentration vs
time plot of these points was linear (all with B* > 0.99). The receiving
chamber solution concentration vs time data was used to calculate the
permeability as

-WL £
T PR

24 c,l0] (4)
where Vp is the liquid volume (3 mL), L is the membrane thickness in
cm, A is the membrane area (0,317 em®), C; and C, are the donor side

and receiving side concentrations, respectively, in mM, and P is the
permeability in cm®/s.

B RESULTS AND DISCUSSION

Table 1 reports the measured HSP values for the membrane
components and probe molecules. For each pair of probe

Table 1. Measured Dispersion (D), Polar (6P), and
Hydrogen Bonding (§H) Hansen Solubility Parameter
Components for the Compounds in Figure 1

compound 4D &P 8H (H,/H,)
FRO 17.6 34 13 (29/19)
POATS 17.2 147 195 (11.7/32.3)
naphthalene 17.7 2.7 58 (8.1/41)
anthraquinone v | 6.7 6.5 (5.1/7.8)
fermcene 15.6 36 73 (47/11.3)
ferrocene carboxaldehyde 13.1 118 143 (10.2/199)
TEMPO 18.0 9.5 112 (B9/14)
4-hydroxy-TEMPO 16.0 9.0 140 (133/14.8)

“The hydrogen bonding component is further split into hydrogen
bond donor (Hp) and hydrogen bond acceptor (H,) components.

molecules, the more polar version had slightly higher polar and
hydrogen bonding components than the less polar molecule, as
expected. Both PPO and naphthalene have HSP wvalues
reported in the literature, which match the measured values
reasonably well (see Table 51). Of the compounds considered,
POATS had the highest §F and dH values, which was expected
as it was the only ionic molecule considered. Note that the
previously discussed ionic molecule limitations of our HSP
measurement and analysis procedure suggest caution in
interpreting or comparing the POATS HSP value.

Measured probe molecule permeabilities through POATS-
PPO are shown in Figure 2. In all cases, the more polar
molecule in each category had a smaller permeability than the
nonpolar molecule. This observation was consistent with the
previous results, suggesting that more hydrophobic molecules
may preferentially permeate through the hydrophobic regions
of the Pcn}ymer,“ and it could indicate that more polar or
hydrophilic molecules interact less strongly with the membrane
overall, partition less into the membrane, and thus contribute
to a lower permeability compared to less polar molecules. The
thermodynamic basis for this effect will be investigated in more
depth in the following HSP analysis.

Before investigating the thermodynamic effects, it is
important to recognize the potential contribution of probe
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Figure 2. Permeability of probe molecules through DMC-solvated
POATS-PPO membranes at room temperature. The results are
reported as the average of three trials, and error bars represent one
standard deviation from the mean.

molecule size effects to the observed permeability properties.
Within this selecion of probe molecules, the more polar
molecule was always larger than the less polar version.
Therefore, the observation that permeability decreased when
molecule polarity increased (within a given pair, eg, TEMPO
to 4-Hydroxy-TEMPO) could be due in part to an increase in
molecule size, which can affect the diffusion coefficient, and by
extension the Permeabi]ity.r"m To account for this size
difference, a molar volume-based size correction factor for
permeability was investigated (discussion of this analysis can
be found in the Supporting Information, Section 54 ). Molecule
size did not appear to impact the conclusions drawn from the
permeability results because the probe molecules were all
relatively similar in size. As such, the observed differences in
permeability in Figure 2 appear to be much larger than
differences in diffusion coethcients, due to molecule size,
would explain. This analysis suggested that, at least for this
selection of probe molecules, thermodynamic differences
between the molecules may more significantly affect
permeation properties compared to molecule size effects.

Permeability is proportional to a thermodynamic partition
(or sorption) coefficient™ that describes the solubility of the
probe molecule in the polymer. Therefore, permeability is
expected to be suppressed for probe molecules that have more
unfavorable interactions with the membrane polymer because
those molecules are not as soluble in the membrane as their
counterparts that have more favorable interactions with the
membrane. The HSP approach provides insight into the
strength of these interactions via the parameter distance,
defined in eq 2, mnvolving the HSP values for the probe
molecule and the membrane. A smaller distance is indicative of
a smaller excess enthalpy or the situation where the probe
molecule was likely more soluble in the polymer and thus more
permeable. In other words, a negative correlation between HSP
distance and permeability was expected for a series of probe
molecules and a given polymer.

The HSP values for PPO and POATS were quite different,
however, which was consistent with the chemical differences
between the two compounds. For this reason, the distances
between the probe molecules and the components of the
membrane were calculated both separately and combined as
detailed below. The combined value was calculated using a
volume-weighted average of the components, which was the
same method used for the solvent mixtures. The densities of
POATS and PPO were assumed to be similar, and therefore
the mass fraction was the same as the volume fraction.

The three approaches to analyzing the distance between the
probe molecule and the membrane or polymer component are
shown in Figure 3. Probe molecule permeability is plotted vs
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Figure 3. Permeability of probe molecules through POATS-PPO asa
function of the HSP distance, which has units of energy densiry,
between the probe molecule and (A) PPO, (B) POATS, and (C)
POATS-PPO. The HSP value for POATS-PPO was taken to be the
volume fraction weighted average of the HSP wvalues of its
constituents. The permeability results are reported as the average of
three trials, and error bars represent one standard deviation from the
mean.

the distance between (a) the probe molecule and PPO, (b) the
probe molecule and POATS, and (c) the probe molecule and
the combined POATS-PPO polymer. Figure 3A,C both exhibit
negative correlations, and this situation was consistent with the
physical picture, described previously, that permeability was
expected to decrease as interactions between the probe
molecule and the membrane component become less
favorable. Alternatively, Figure 3B shows a positive correlation,
suggesting that permeability was suppressed even though
interactions between the probe molecule and POATS were
more favorable.

The POATS-PPQO membrane contains 80% PPO by mass,
which likely led to the similarity of the trends in Figure 3A,C.
Figure 3B appears to have the weakest correlation of the three,
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which may be because the POATS side chain was only 20% of
the membrane by mass and therefore that the contribution of
the POATS interactions to permeability was less significant
than the PPO interactions. The effect of probe molecule/
polymer interactions on permeability appeared to be
dominated by interactions between the probe molecule and
PPO backbone (Figure 3A,C); thus, the trend in Figure 3B
may result not from interactions with the minority component
POATS and the probe molecule but rather as a consequence of
the differences in the HSP values of the PPO backbone and the
POATS side chain. These results suggested that interactions
between the probe molecules investigated here and the PPO
backbone likely were more predictive of permeability and
further suggested that transport of these probe molecules may
predominantly occur in the hydrophobic PPO-rich regions of
the membrane,

The suggestion that probe molecule permeability correlates
strongest with interactions between the probe molecules and
the hydrophobic PPO polymer backbone is different from
observations in agqueous systems and suggests a potential key
difference in the transport properties of membrane se&a.rgtms
for nonaqueous vs aqueous flow battery systems. 7 In
aqueous systems, water, ions, and dissolved materials are
generally jonic and/or polar, so these molecules likely interact
primarily with polar, hydrophilic, regions of the polymer. If
both the ions and redox molecules interact with the same part
of the polymer in aqueous applications, it is reasonable that
their transport, ie, ionic conductivity and redox molecule
permeability, is coupled and increased conductivity often
comes with the expense of increased permeability (or cross-
uw:r}."

This work suggests that membranes in nonaqueous systems
may be fundamentally different. For example, in our previous
work, increasing the charge density (ie, POATS content)
caused an increase in ionic conductivity and solvent uptake in
POATS-PPO but essentially no change in ferrocene perme-
El]:ri]it}r.15 The HSP analysis here provides a potential
explanation; ferrocene permeability was primarily dictated by
interactions with the PPO backbone and not the POATS side
chain. Therefore, ferrocene permeability was not appreciably
affected by the relatively small changes in PPO content that
occurred as the charge density (POATS content) of the
material increased.™ These results, supported by the HSP
analysis reported here, suggest an important decoupling of
ionic conduction and organic redox molecule permeability that
may inherently occur in nonaqueous RFB systems. Such
decoupling would have advantages in membrane design
because the hydrophobic polymer components could, in
principle, be designed separately from the ionic polymer
components. This approach could mitigate the often observed
tradeoff relationship where conductivity often suffers as
permeability/cross-over is suppressed.

Overall, while this study found a good correlation between
the permeability and H5P-determined favorability of mixing, it
is possible that other factors may affect permeability properties.
This study considered only one membrane and one solvent, so
different polymers or solvent systems may lead to different
results. While the contribution of the solvent to the HSP
analysis appears to not affect significantly the results of this
study (as discussed subsequently), it is possible that specific
interactions between some solvents and specific redox-active
molecules could be important for describing cross-over

properties. Furthermore, all probe molecules in this study

were uncharged and similar in size, and dramatic size
differences or ionic charge could introduce additional
complexity. In practice, varying fractions of the redox-active
molecules will necessarily have a net charge when the battery is
in operation. The charged nature of these molecules will add
additional complexity potentially due to charge exclusion
effects and/or changes in interactions that likely cannot be
described using the HSP approach herein. The addition of
ionic charge will also cause the HSP value of the redox material
to change, and the HSP may also be affected by the counter-
ions form it is in*® As such, more research is needed to
genenalize this HSP approach, particularly with regard to the
relative importance of the interactions investigated here
compared to the effects of charge exclusion.

Additional material properties and interactions other than
the polymer/solute interactions could be important to expand
this analysis to consider different solvents and/or membranes.
The interactions between the solute and solvent were
investigated in Supporting Information, Section 55, but
inchuding them in the analysis resulted in a weaker correlation
between permeability and HSP distances. Altogether, the
combined penmeability and HSP analysis suggested that solute
interactions with the polymer backbone dominated owver
interactions between the solute and the solvent. The
interactions between the polymer and solvent are also
important, since the extent of membrane swelling strongly
affects permeability and can affect membrane stability over
time. These interactions between the solvent and the polymer,
as well as the membrane solvent uptake, were not investigated
as only one polymer and one solvent were considered. These
interactions would likely need to be included in studies that
compare different solvents, which could be an important
additional step toward understanding specific solvent effects in
membranes.

B CONCLUSIONS

Thermodynamic interactions between redox-active molecules
(or other organic solutes) and polymer membrane separators
may be important for nonaqueous RFBs. A method was
reported, using Hansen solubility parameters, to quantify these
thermodynamic interactions and to investigate how they
impact permeability or cross-over properties. The permeability
of probe molecules through a membrane material comelated
well with the solubility parameter distance between the probe
molecules and the polymer backbone. This result suggested
that thermodynamic effects have an important influence on
permeability through the membrane, and solubility parameters
could be useful in engineering membranes to minimize cross-
over in flow battery systems.

These results also suggest that, unlike aqueous systems,
nonpolar interactions are an important factor to consider in a
nonaqueous RFB membrane separator. It was found that the
organic probe molecules tested here were heavily influenced by
interactions with the polymer backbone and less so with the
charged side chain. lonic conduction is generally most sensitive
to the nmature and concentration of charged groups in both
aqueous and nonaqueous systems, but in aqueous systems, the
ions and the redox-active materials likely interact with and
transport through the same regions of the membrane separator.
This study suggests a fundamentally different situation in
nonaqueous systems where ions still preferentially interact with
and transport through charge group-rich regions of the
polymer but organic redox-active molecules preferentially
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interact with and transport through backbone-rich regions of
the polymer. Therefore, the transport of ions and redox-active
molecules in nonaquecus membrane separators may be
uniquely decoupled. This apparent decoupling represents an
interesting opportunity for RFB membrane separator design
because the hydrophobic polymer components could, in
principle, be designed separately from the ionic (charged)
polymer components to access unique and favorable
combinations of ionic conductivity and redox-active molecule
cross-over properties.
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