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A B S T R A C T

Charged polymer membranes that selectively transport ions are crucial for advancing electrochemical technol-
ogies for water purification, resource recovery, and energy generation/storage. Recent studies suggest that the
ion selectivity trends of such membranes are due to ion dehydration at the membrane/solution interface, where
ions that require less energy to shed their hydration can partition more favorably into the membrane. However,
direct evidence of ion dehydration in polymer membranes at relevant conditions is scarce, with claims based
primarily on correlations between ion hydration energies and membrane transport properties. This study in-
vestigates the electronic environment, local coordination, and hydration of vanadyl counter-ion in negatively
charged membranes with broadly varying water content via x-ray absorption spectroscopy. The results highlight
that vanadyl counter-ions maintain similar oxidation state, electronic state, and coordination number in the
membranes as in aqueous solutions of vanadyl sulfate and that vanadyl dehydration is unlikely in these mem-
branes. However, as the membrane water content decreases, the vanadyl diffusion coefficient decreases and the
activation energy of diffusion increases. We attribute these significant changes in membrane transport properties
to increased Coulombic interactions between vanadyl and the fixed charge groups, resulting from a decreased
dielectric constant of the membrane, rather than to ion dehydration at the membrane/solution interface. This
study represents significant progress in understanding the mechanisms that govern ion transport in charged
polymer membranes over a broad range of water content, highlighting the critical role of Coulombic interactions
between the fixed charges and mobile ions.

1. Introduction and background

Electrochemical technologies for water purification, resource re-
covery, and energy generation/storage depend on ion-exchange mem-
branes (IEMs) to regulate ion transport between electrodes [1–4]. The
primary function of IEMs is to transport ions that are oppositely charged
to the membrane (i.e., counter-ions), while restricting the transport of
similarly charged ions (i.e., co-ions). Additionally, in certain applica-
tions, these membranes must effectively differentiate between different
counter-ions [4,5]. For example, membranes with high selectivity for
Li+ ions in solutions containing other cations (i.e., Na+ and Mg2+ in
geothermal brines; Co2+ and Ni2+ in spent batteries leachate) can enable
the efficient recovery of lithium salts, critical for rechargeable lithium
ion batteries [4,6]. Similarly, membranes with high selectivity for H+

over redox active vanadium cations can optimize the efficiency of va-
nadium redox flow batteries (VRFBs), thereby improving power and
energy densities [7–9]. Consequently, there is an increasing need to
develop IEMs with enhanced selectivity for counter-ions, aimed at
bolstering resource recovery and energy storage applications [4,10].
Developing IEMs with tailored selectivity requires fundamental under-
standing of how factors such as polymer structure, the chemistry and
concentration of fixed charged groups, and membrane water content
influence counter-ion transport [4,11].

Ion transport in IEMs is driven by an electrochemical potential
gradient across the membrane [12]. The transport mechanism involves
the thermodynamic partitioning of ions from the solution into the
membrane phase, followed by diffusion down the electrochemical po-
tential gradient [4,13]. Consequently, the selectivity of IEMs for specific
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counter-ions depends on both the partitioning selectivity and the
diffusion selectivity [13]. Recent studies have hypothesized ion dehy-
dration within the membrane as a critical factor influencing selective ion
partitioning and transport in IEMs (Fig. 1a), particularly for similarly
charged ions [14]. That is, as ions enter the membrane, they shed part or
all of their hydration shells. The difference in the ability of different ions
to dehydrate, generally quantified by the Gibbs free energy of hydration,
is proposed to result in an observed transport selectivity. For example,
ions with larger ionic radii and lower hydration energies (e.g., Cs+ or I− )
are more likely to partition into a membrane than those with smaller
ionic radii and higher hydration energies (e.g., Li+ or F− ) [14–16]. The
occurrence of ion dehydration has also been invoked to explain ion
selectivity in other membrane technologies, including nanofiltration
(NF) and reverse osmosis [16–25]. The primary objective of this study is
to investigate ion hydration in charged polymer membranes and rigor-
ously test the hypothesis of ion dehydration.

Molecular dynamics (MD) simulations have provided evidence for
ion dehydration in sub-nanometer rigid pores modeled by graphene
sheets (ca. 2.5–6.5 Å), but the relevance of these results to polymer
membrane systems is uncertain [24–26]. The rigid and uniform pores
modeled in these simulations differ markedly from the structure of
polymer membranes, which are generally amorphous and exhibit a
broad range of free volume sizes that are difficult to determine experi-
mentally, particularly in the subnanometer range. Furthermore, unlike
the static pores of rigid inorganic materials, the polymer chains in these
membranes are mobile, making the free volume in amorphous polymers
a dynamic feature. MD simulations that more accurately represent the
environment of polymer membranes suggest that ions often retain their
first hydration shell when partitioning into the polymer phase, even for
dense polymers with little swelling [27].

Much of the experimental evidence supporting ion dehydration in
IEMs has been indirect. For example, ion dehydration is often invoked
when correlations are found between the ion Gibbs free energy of hy-
dration and either the membrane partitioning selectivity or ion activa-
tion energy of transport, assuming that the partitioning step is rate
limiting [14]. More recently, liquid time-of-flight secondary ion beam
mass spectrometry was used to investigate in-situ ion dehydration during
transmembrane transport in polyamide NF membranes [16]. The au-
thors observed a notable decrease in the average hydration number of
sodium ions during their passage through various NF membranes, sug-
gesting partial dehydration. However, a significant limitation of this
approach is the reliance on ultrahigh vacuum conditions to facilitate
water and ion transport across the membrane. Such conditions can
substantially alter the hydration of the membrane at the interface at
which the measurement is taking place, which would impact the avail-
ability of water molecules to hydrate the ions.

The structure of ions within membranes, including their hydration,
can play a critical role in diffusion and the resulting diffusion selectivity.
Counter-ions that dehydrate may be able to form various types of ion
pairs with the fixed charged groups (Fig. 1b), which can subsequently
impact ion diffusion. These ion pairs are typically classified as solvent-
separated, solvent-shared, and contact ion pairs, in order of decreasing
distance between charged species and decreasing hydration between
them [28]. The formation and distribution of these ion pairs within
membranes can be affected by the membrane water content [11,29,30].
The electrostatic attraction between ions that form ion pairs is greatly
influenced by how easily water can solvate ions of different sizes and
charge distributions [31]. For example, solvation can counteract the
electrostatic penalty of bringing two like-charged ions together. There-
fore, contact ion pairs must overcome stronger electrostatic interaction
energies than solvent-shared and solvent-separated ion pairs during
diffusion (Fig. 1c) [31,32]. Accurately characterizing counter-ion
dehydration and understanding how membrane properties, such as
water content, influence dehydration and the distribution of ion pairs
within IEMs are critical for advancing our understanding of ion trans-
port mechanisms in dense polymer membranes. Moreover, a funda-
mental understating of changes in ion hydration in different
environments is crucial for the success of other applications relying on
the full hydration of ions, such as hydrogels used for aqueous zinc bat-
teries or superlubricity in hydration lubrication for tribological appli-
cations [33–35].

X-ray absorption fine structure (XAFS) is a non-destructive technique
capable of identifying the element-specific local coordination of ions in
solution [36–44]. The XAFS spectra are divided into near-edge (XANES)
and extended (EXAFS) regions [43]. The XANES portion provides in-
formation about the electronic structure and oxidation states of ions and
highlights differences in ion-ligand interactions [39,43]. The EXAFS
portion yields the average coordination number around a central ion
and the bond distances between ions and ligands [28,40,45,46]. While
XAFS provides detailed information on the coordination of ions in so-
lution, it has not been used extensively to investigate ion coordination in
charged polymers, such as IEMs [46–59]. Several studies have investi-
gated ion coordination and speciation in anion-exchange resins that are
lightly crosslinked and have high water content [46,48,56–58].
Conversely, XAFS studies of cation-exchange membranes (CEMs) have
primarily focused on understanding counter-ion coordination within
Nafion and other CEMs [50–53,60]. While these studies have been
pioneering in their in-situ exploration of ion coordination within IEMs,
they have been limited in scope, focusing on a few membranes with
minimal variations in properties such as equilibrium membrane water
content, which is known to significantly affect counter-ion transport in
IEMs [11,61]. This limitation restricts our ability to understand counter-

Fig. 1. Schematics of the factors that can affect ion transport across IEMs. (a) Counter-ion dehydration upon partitioning in the membrane. (b) Types of ion pairs
between counter-ions and charged groups in the membrane. (c) Electrostatic interactions affect the diffusion of counter-ions since strong electrostatic interactions
result in larger energy barriers for ion transport.
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ion coordination and hydration in situ across different materials and
ranges of membrane water content.

This study investigates the local coordination of vanadyl (VO2+)
counter-ions within negatively charged membranes with broadly vary-
ing water content via XAFS. We compared these findings with experi-
mentally determined VO2+ diffusion coefficients and activation energies
of diffusion. The experimental XANES spectra of VO2+ revealed that the
electronic environment and oxidation state of VO2+ in all examined
membranes are similar to those in an aqueous solution of VOSO4.
Furthermore, the EXAFS results demonstrated that the coordination
number of VO2+ in the membranes does not differ substantially from
that in an aqueous solution of VOSO4, suggesting that VO2+ ions do not
undergo dehydration to enter the membranes nor form contact-ion pairs
with the fixed charge groups. However, VO2+ single diffusion co-
efficients decrease, and activation energies of diffusion increase as the
membrane water content decreases. These notable changes in transport
properties without a corresponding change in ion coordination are
inconsistent with the hypothesis that ion dehydration is the primary
factor influencing ion transport in IEMs. Specifically, Coulombic in-
teractions between the counter-ions and fixed charge groups, and not
counter-ion dehydration, adequately explain the observed diffusion
trends. This study advances our fundamental understanding of the fac-
tors influencing counter-ion diffusion in negatively charged membranes,
offering new insights into how membrane properties impact ion
transport.

2. Results and discussion

2.1. Membrane properties

The primary objective of this study is to investigate the role of
membrane water content on the hydration and diffusion of
VO2+counter-ions in negatively charged membranes. We synthesized six
homogeneous cross-linked membranes with different water volume
fractions and similar charge densities via free radical polymerization of a
charged monomer and a cross-linker (see Sections S1 and S2 in the
Supporting Information (SI) for materials and the synthesis procedure).
To isolate and independently control the water content of the mem-
branes, we tuned the amount of cross-linker and/or solvent in the pre-
polymerization mixture, both of which affect the cross-link density of
the membrane [11]. The charged monomer is 3-sulfopropyl methacry-
late potassium salt (SPM), and the cross-linker is glycerol dimethacrylate
(GDMA). The chemical structures of these monomers are shown in
Fig. S1, and the composition of the six membranes are listed in Table S1.
For comparison, we also studied Nafion 117, whose chemical structure is
given in Fig. S2. This perfluorinated membrane is commonly used in
vanadium redox flow batteries (VRFBs) and features a vastly different
chemical environment relative to the aliphatic SPM-GDMA membranes
[62]. The synthesized membranes are designated as SPM-GDMA(xx),
where the xx represents the water volume percent in the vanadyl
counter-ion form. We note the number 117 for Nafion 117 refers to a
designation of the theoretical ion exchange capacity and the thickness of
the Nafion membrane, not a water volume fraction. The measured water
volume fraction of Nafion 117 is 0.442. The process to convert the as-
synthesized membranes to the vanadyl counter-ion form is illustrated

in Fig. S3, and images of the membranes in both forms are presented in
Fig. S4.

Small angle x-ray scattering (SAXS) results of SPM-GDMA(33), SPM-
GDMA(42), and SPM-GDMA(59) in the VO2+ form, presented in Fig. S5,
support the homogeneity of these membranes since there are no features
in the spectra (e.g., formation of sharp peaks) that indicate strong
structural inhomogeneity. Conversely, the SAXS spectra of Nafion 117 in
VO2+ form, presented in Fig. S5, exhibits a distinctive ionomer peak,
characteristic of the hydrophilic phases within the membrane [63,64].

XAFS measurements were performed with the highest (SPM-GDMA
(59)) and lowest (SPM-GDMA(33)) water content membranes to study
the extremes. Table 1 lists the water volume fraction and charge density
of these two membranes, while the properties for all other membranes
involved in this study are compiled in Section S4 of the SI (Tables S2–S4
and Fig. S6). We also performed XAFS measurements with Nafion 117
membranes in the vanadyl counter-ion form.

2.2. Electronic environment and oxidation state of vanadyl within the
membranes

Vanadium ions used in VRFBs can be investigated through x-ray
absorption fine structure (XAFS) at the vanadium K-edge (5465 eV). This
technique allows for precise identification and characterization of the
electronic state and coordination environment of vanadium ions (see
Fig. 2). As the oxidation state of vanadium increases, the K-edge shifts to
higher energies, the pre-edge peak changes, and the white line (i.e., the
post-edge peak) changes in shape and intensity. As a d-transition metal,
vanadium exhibits a range of electronic states and coordination geom-
etries that can be readily analyzed via XAFS. Moreover, XAFS mea-
surements of vanadium species can be performed in transmission mode
for membranes with thickness on the order of hundreds of micrometers,
allowing in situ and potentially in operando analysis of both commer-
cially and laboratory-prepared IEMs (Section S6). Among the four
oxidation states of vanadium ions used in VRFBs, the vanadyl ion, VO2+,
is distinguished by its unique electronic structure and stable oxo-
vanadium coordination complex. The coordination and electronic
state of VO2+ within different media has been extensively studied [45].
Therefore, we focused on exploring the in situ coordination, hydration,
and ion pair formation of vanadyl counter-ions in negatively charged
membranes exhibiting a range of water content levels using XAFS to
demonstrate the utility of this technique for investigating the local
molecular environment around ions in IEMs.

A fundamental question addressed in this study is whether the
oxidation and electronic states of vanadyl ions change when moving
from an aqueous solution of vanadyl sulfate into negatively charged
membranes. Both the pre-edge and the K-edge step of normalized μ(E)
data for vanadium ions can be used to determine their oxidation state
[66]. As depicted in Fig. 3a, the pre-edge and XANES of vanadyl in both
solid and aqueous samples of vanadyl sulfate (VOSO4) demonstrate
similar edge locations and pre-edge peaks, confirming the vanadyl ions
are in the 4+ oxidation state. While the oxidation state of vanadyl in the
solid and aqueous VOSO4 is the same, distinct differences in the μ(E)
data are evident. Notably, a shoulder appears between 5470 eV and
5480 eV in the VOSO4 solid data that is absent in the aqueous VOSO4
results. Additionally there are distinct variations in the white line

Table 1
Equilibrium properties of membranes employed for XAFS measurements. Uncertainties represent the standard deviation of measurements performed on ten inde-
pendent samples.

Membrane Water Uptake
(g(water)/g(dry polymer))

Water Volume Fraction
(L(water)/
L(hydrated membrane))

Fixed Charge Density
(L(water)/
L(hydrated membrane))

Ion Exchange Capacity
(mmol/g(dry polymer))

SPM-GDMA(33) 0.344 ± 0.009 0.330 ± 0.008 1.55 ± 0.03 1.63 ± 0.04
SPM-GDMA(59) 0.984 ± 0.009 0.593 ± 0.008 1.56 ± 0.06 2.59 ± 0.08
Nafion 117 0.379 ± 0.005 0.442 ± 0.010 1.05 ± 0.10 0.902 ± 0.058
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intensity and shape (the peak around 5485 eV) between the solid and
aqueous VOSO4 samples. These discrepancies suggest changes in the
electronic structure due to local ligand coordination differences between
the two forms. The observed differences are not attributable to variation
in oxidation states based on comparisons to the controls in Fig. 2.
Instead, we attribute these differences to the coordination of vanadium
by sulfate in solid VOSO4, while in the aqueous VOSO4, the vanadium
dissociates as VO2+ and predominantly coordinates with water mole-
cules, rather than with sulfate [45,67,68].

Fig. 3b and 3c demonstrate that both the pre-edge peak and edge
location of vanadium in the CEMs are in the same location (5468.4 eV
and 5483 eV, respectively) as those observed for aqueous VOSO4.
Furthermore, these spectral features correspond with the expected peak
locations reported elsewhere [66]. These results suggest that the elec-
tronic structure of the vanadyl counter-ions in the membranes closely
resembles that of vanadium ions in aqueous solutions, while distinctly
differing from that of the solid salt form. To quantify this resemblance,
we employed linear combination fitting using the ATHENA software,
using both the solid and aqueous forms of VOSO4 as reference standards
[69]. The best fit for all three membrane samples was achieved with 100

% representation from aqueous VOSO4 and 0 % from solid VOSO4. This
similarity in the XANES spectra between the membrane samples and
aqueous vanadyl indicates a lack of coordination (i.e., contact ion
pairing) between the sulfonate anions and vanadyl counter-ions in the
membranes. Consequently, we propose that the vanadyl counter-ions in
the membranes form either solvent-shared or solvent-separated ion pairs
across the explored range of water contents.

We also investigated the oxidation and electronic states of vanadyl
both in solution and in the membrane via UV–vis spectroscopy (Section
S5). The sensitivity of UV–vis spectra to the bonding chemistry of
transition metal ions, such as vanadyl, makes this technique particularly
valuable for identifying coordination complexes, including contact ion
pairs formed between anionic ligands and the vanadyl cation [68,70].
The spectra obtained for membranes with different water contents
exhibit characteristic features similar to those of hydrated vanadyl ions
in aqueous solutions of vanadyl sulfate and chloride (Fig. S7). Notably,
the two prominent bands in the UV–vis spectra are associated with the
tetragonal symmetry of the hydrated vanadyl ion, which includes the
oxo-vanadium bond (V––O) and the equatorial water ligands
[67,71–75]. These bands correspond to metal-to-ligand and ligand-to-
metal charge transfer transitions, manifesting as absorption peaks at
approximately 762 nm and 621 nm, respectively [71,75]. The primary
peak positions and shapes in the spectra of dilute aqueous VOSO4 so-
lution, SPM-GDMA(33), SPM-GDMA(59), and Nafion 117 membranes
closely align with established literature values for the solution-phase
spectra of vanadyl ions, confirming the preservation of the electronic
structure of vanadyl within the membrane. Notably, the lack of signifi-
cant deviations in the UV–vis spectra of vanadyl within the membranes
compared to those in aqueous solution corroborates the results from
XANES spectroscopy, affirming the unaltered oxidation and electronic
state of vanadyl ions within the membrane matrix.

2.3. Coordination and hydration of vanadyl within the membranes

Investigating counter-ion dehydration and ion pair formation in
IEMs is challenging due to limitations in the spatial and temporal res-
olution required to capture in situ evidence of these phenomena within
dense polymer membranes. EXAFS spectroscopy is a powerful tool for
examining the local atomic arrangements surrounding the vanadyl
counter-ion [45]. Specifically, EXAFS analysis enables the determina-
tion of coordination numbers, bond lengths, and coordination geome-
tries of vanadyl ions in various chemical environments, including in
solution and in membranes. The coordination number obtained by
EXAFS refers to the number of water molecules in the immediate vicinity
of an ion [45,76,77]. This metric is distinct from the ion hydration
number, which quantifies the water molecules that accompany an ion as
it executes a diffusion step [42,77,78]. While the coordination number

Fig. 2. Normalized XANES spectra of vanadium ions in aqueous solutions in all
four oxidation states implemented in vanadium redox flow batteries, demon-
strating the difference in the location of the pre-edge peak and edge peak with
oxidation state. V(III) (0.2 M V, 0.7 M SO42− ) [65], V(IV) (0.3 M V, 0.3 M SO42− ),
and V(V) (0.4 M V, 3 M SO42− ) samples are in sulfuric acid, V(II) (0.2 M V, 1 M
ClO4− ) sample is in perchloric acid [65].

Fig. 3. (a) XANES spectra of the vanadium K-edge of solid (dried) VOSO4 and 0.3 M aqueous solution of VOSO4. (b) XANES spectra of the 0.3 M aqueous solution of
VOSO4 and vanadyl counter-ion in SPM-GDMA(59). (c) XANES spectra of vanadyl counter-ion in SPM-GDMA(33), SPM-GDMA(59), and Nafion 117. Slight changes in
the peak shape at 5482 eV and the formation of a shoulder between 5470 eV and 5480 eV are indicative of changes between the VOSO4 (s) and VOSO4 (aq) samples.
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provides an ensemble average reflecting the immediate surroundings of
the ion, the hydration number offers a broader perspective on ion-water
interactions, capturing the dynamic nature of hydration [42]. This
distinction has been seldom made in previous discussions of ion dehy-
dration in polymer membranes.

Previous studies have examined the coordination and electronic
structure of the vanadyl ion in both the solid and solution states using
electron paramagnetic resonance spectroscopy [73], density functional
theory [73,76], nuclear magnetic resonance (NMR) spectroscopy
[79,80], and XANES [45]. In aqueous solutions and at moderately low
pH, vanadium (IV) typically exists as the pentahydrate vanadyl ion [VO
(H2O)5]2+ [68]. This ion exhibits an octahedral coordination geometry,
with four water molecules occupying the equatorial plane and a fifth
water molecule positioned axially opposite to the vanadium-oxo bond,
albeit with a longer bond length than the equatorially coordinated wa-
ters [45,76,79,81]. Additionally, there is the possibility of weakly bound
water molecules from the bulk solvent forming a second coordination
sphere around the octahedral structure [68,79].

Fig. 4a shows the EXAFS magnitude plots of solid VOSO4, a dilute
aqueous solution of VOSO4, and VO2+ in the SPM-GDMA(33) mem-
brane. The primary differences between samples are in the intensity of
the peak around 1.75 Å, which is higher in both the aqueous VOSO4 and
the membrane compared to the solid VOSO4, and the feature around 2.5
Å that is more pronounced in the solid VOSO4. The spectral data for
SPM-GDMA(33) closely resembles that of the aqueous VOSO4. The re-
sults are similar for the other membranes, as shown in Fig. 4b. These
results indicate a similar local coordination structure for vanadyl in
dilute aqueous solution and the three membranes, with a different
structure evident for the solid VOSO4 salt. To better understand the
reasons for these structural differences, we fit the EXAFS data using the
ARTEMIS software [69] and included the structural parameters from the
fitting in Table S5 and fits in Figs. S8–S12.

For the solid VOSO4 sample, we anticipated that, in addition to the
double bonded oxygen group from the oxo-vanadium moiety, four ox-
ygen atoms from the water ligands and another oxygen from the sulfate
anion would be distinguished in the EXAFS fitting, as depicted in Fig. 4a.
This fitting suggests a first shell dehydration and the formation of a
contact ion pair between the vanadyl center and an oxygen from a sul-
fate anion in the solid VOSO4. There is also a clear peak ascribed to the
sulfate anion in Fig. 4a between 2.2 Å and 2.8 Å. Our analysis of the
EXAFS results for the solid sample is consistent with literature reports
[45,71,75,79]. The coordination number of water derived from the solid
VOSO4 were used to determine the ΔE0 and S02 parameters, essential for

Fig. 4. a) k2 weighted V K-edge EXAFS results for solid VOSO4, aqueous VOSO4, and VO2+ in SPM-GDMA(33). The peak between 1 to 2 Å is from electron
backscattering due to the V––O bond and the coordination between the vanadyl cation and oxygen atoms in water. A schematic of these bonds is shown to the right of
the blue arrow. The features between 2.2 and 2.8 Å are the primary difference between the solid sample and all other samples and are attributed to a sulfonate group
oxygen forming a contact ion pair with vanadyl in the solid VOSO4. The distance corresponds to electron backscattering of the V-O-S bond of the sulfate ion pair. The
schematics in the middle illustrate the proposed structure of vanadyl in the solid (bottom) and aqueous (top) VOSO4. (b) k2 weighted EXAFS results for VO2+ in
Nafion 117, SPM-GDMA(59), and SPM-GDMA(33) membranes. No evident differences were observed for the VO2+ in different membranes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Fitted parameters for VO2+ in an aqueous VOSO4 solution and in the
SPM-GDMA(33), SPM-GDMA(59), and Nafion 117 membranes. (a) Bond
lengths for the double bonded oxygen in the vanadyl ion obtained from EXAFS
fitting. (b) Bond lengths for the single bonded oxygen between vanadium and
water ligands obtained from EXAFS fitting. (c) Coordination number of single
bonded oxygen molecules around the vanadium ion. Bond length and coordi-
nation numbers are derived from EXAFS fitting of the data presented in Fig. 4.
See Table S5 for details on all obtained fit parameters. Schematics above Fig. 5a
and b show the bonds modelled by the EXAFS fitting.
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normalizing the fit and calculating the coordination number of oxygen
atoms around the vanadyl ion in the aqueous and membrane samples.
The fitting of the VOSO4 (aq) EXAFS results reflected the expected
structure shown in Fig. 4a. For VOSO4 (aq), the double bonded oxygen
group is present at a bond length of 1.58 Å, similar to the bond length in
the solid VOSO4, as shown in Fig. 5a. The aqueous VOSO4 fit revealed
that 5 oxygen atoms surround the vanadium ion at similar distances of
just over 2 Å (Fig. 5b,c). To determine whether one of those oxygen
atoms was coming from the sulfate anion, we attempted to include a
sulfate anion into the fit (Table S5). However, inclusion of a sulfate
anion was possible only if the V––O rattle path (where the electron
scatters between the vanadium ion and the double-bonded oxygen atom
twice) characteristic of the VO2+ ion, was absent. This scenario con-
tradicts the known chemistry. Consequently, the sulfate anion is disso-
ciated from the vanadyl cation in solution, suggesting that all five
oxygen atoms in the first coordination shell of VO2+ in the aqueous
solution of VOSO4 are likely from water molecules.

The fitting results for all of the membranes were similar to those for
the aqueous VOSO4, as depicted in Fig. 5a and b. Each of the three
membranes exhibited similar radial structure functions, bond lengths,
and coordination numbers. The primary difference between the aqueous
sample and the membrane samples is an extra coordination number of
oxygen atoms in the membrane samples (Fig. 5c). While the assignment
of this additional oxygen atom is uncertain, possible sources include an
extra water molecule, the sulfonate group, or the carboxyl group on the
polymer backbone. Further attempts to identify the source of the extra
oxygen atom by including either the sulfonate or carboxyl groups during
fitting resulted in unphysical values. Additionally, the higher uncer-
tainty in the coordination number for the membrane samples suggests
that the observed difference might be insignificant. Nevertheless, these
results demonstrate that the coordination numbers of the vanadyl ions in
the membrane are not lower than those in solution (Fig. 5c).

The results from XANES, UV–Vis, and EXAFS confirm that the local
structure of vanadyl in aqueous solution and in the membranes is
similar. Previous studies that have implemented XAFS with other tran-
sition metal cations in Nafion membranes and sulfonated cation ex-
change resins have reached similar conclusions [49–53,55]. For
example, studies using EXAFS have demonstrated that Zn2+ and Ni2+

maintain their first water coordination shell when incorporated into
Nafion membranes [50,51,53]. Similarly, the electronic state and co-
ordination number of Sr2+ in the cation-exchange resin Amberlite
200CT equilibrated in DI water were found to be the same as those in
aqueous solutions of SrCl2 [55]. These observations suggest that cations
do not dehydrate or form contact ion pairs with the sulfonate groups in
these membranes even as the membrane water content decreases, pro-
vided there is enough water to satisfy the first hydration shells of the
counter-ions and fixed charged groups [29]. Furthermore, across the
various materials examined in these studies, neither the specific polymer
matrix nor the sulfonate charged groups appeared to significantly alter
the local environment of the counter-ions [53,54].

As previously mentioned, the coordination number refers to the
average number of water molecules in direct contact with an ion, while
the hydration number represents the average number of water mole-
cules accompanying an ion during diffusion. Distinguishing between
these two parameters is crucial for accurately interpreting experimental
transport data and describing ion dehydration. We propose a method to
relate coordination numbers obtained by EXAFS to hydration numbers
via the residence time of water molecules in the first hydration shell of
hydrated vanadyl (Section S6.4). Using data for the kinetics of water
exchange reactions in the first hydration shell of vanadyl, we estimated
that the residence time of the equatorial and axially coordinated waters
around the first coordination shell of vanadyl is longer on average than
the relaxation time of vanadyl diffusion and the residence time of water
in pure water. The significant differences between these time scales and
the similar bond distances between the equatorial and axially coordi-
nated water molecules and the vanadyl ion (see Fig. 5b) suggest that

both types of water molecules can be classified as hydration waters. This
assumption has been recently explored via high flux backscattering
(HFBS) quasi-elastic neutron scattering (QENS) measurements of
vanadyl counter-ion diffusion in Nafion 117 [81]. In this study, the
HFBS-QENS measurements captured the diffusion of water molecules
involved in the hydration of the mobile vanadyl counter-ions, allowing
for the study of the jump and local diffusion of vanadyl within Nafion
117 membranes. The study found that the smallest radius of the sphere
at which the dynamics of the hydrated vanadium were observed (~5.42
Å) was larger than that of pure water (~3.66 Å). This finding suggests
that the dynamics of vanadyl counter-ions in a water-equilibrated
Nafion 117 membrane, measured via HFBS-QENS, originate from the
hydrated ion [81].

The total water content of an IEM is pivotal when considering the
potential for ion dehydration within the membrane. The membrane
hydration number, λ, represents the number of water molecules in the
membrane per fixed charge group/counter-ion pair. This number is
instrumental in assessing whether sufficient water is present to maintain
ion hydration levels comparable to those in aqueous solutions. If λ is
smaller than the number of water molecules needed to fully hydrate the
counter-ions and fixed charge groups as they are in solution, ion dehy-
dration within the membrane is likely to occur due to insufficient
availability of water molecules. This concept is empirically supported by
Volkov et al., who used NMR to measure the hydration number of
lithium ions in a Nafion membrane equilibrated with different relative
humidities [82]. Their findings indicated that when λ > 10, the hydra-
tion number of lithium in Nafion is similar to that found in aqueous
solutions. Conversely, at lower λ values, a notable chemical shift dif-
ference in the measured 7Li NMR signal was observed, indicating ion
dehydration [82].

The total amount of water in IEMs is generally categorized into
freezable water and bound (i.e., non-freezable) water [11,83]. Freezable
water includes bulk-like and weakly interacting water capable of un-
dergoing thermal phase transitions such as freezing and melting.
Conversely, bound water does not undergo a melting thermal phase
transition at the same temperatures as freezable water presumably due
to strong interactions between the water molecules and their environ-
ment (e.g., ions and polar groups on the polymer). These two states of
water can be quantified via differential scanning calorimetry (DSC) as

Fig. 6. The membrane hydration number, λ, decoupled into the bound water
hydration number, λb, and freezable water hydration number, λf , for mem-
branes in the VO2+ counter-ion form. The filled dark gray symbols represent the
predicted values of λb by assuming all of the bound water resides in the primary
coordination shell of the ions and hydroxyl group on the polymer. Uncertainties
for the measured values represent the standard deviation of measurements
performed on at least 8 independent samples. Uncertainties of the predicted
values of λb were obtained via standard propagation of uncertainty techniques.
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discussed in Section S7 [11,83–85]. Subsequently, the membrane hy-
dration number λ can be decoupled into a freezable water hydration
number, λf , and bound water hydration number, λb. As depicted in
Fig. 6, SPM-GDMA(59) and Nafion 117 have approximately equal
amount of freezable water and bound water, while virtually all of the
water in the low water content membrane SPM-GDMA(33) is bound.

We modeled the bound water hydration number by accounting for
contributions from the primary coordination shells of the vanadyl
counter-ions, fixed charge groups, and water molecules interacting
strongly with hydrophilic parts of the polymer (e.g., –OH groups in the
case of SPM-GDMA membranes). These values of λb were estimated
based on numerical assignments to these components, with the hydra-
tion of vanadyl ions equated to the first-shell water coordination
numbers obtained from the EXAFS analysis (see Section S6.3 and
Table S5). As shown in Fig. 6, the λb values predicted by the model are
lower than the λb measured experimentally. The additional bound water
may be from water interacting with the polymer or second-shell coor-
dinated water. The total membrane hydration number, λ, being larger
than the expected bound water hydration number, λb, indicates that the
membranes contain a sufficient amount of water to fully hydrate the
vanadyl ions and fixed charge groups. Collectively, the results from DSC
and EXAFS analysis provide complementary evidence to support the
conclusion that vanadyl ion dehydration does not occur, at least from
the first hydration shell of the ions, in the membranes studied. Given
that all of the water in SPM-GDMA(33) is bound, ion dehydration is
likely to occur if the total water content of the membrane were reduced.
However, synthesizing membranes with even lower water content than
that of SPM-GDMA(33) was not possible. This difficulty arose because
the mixture of SPM (solid powder) and GDMA (viscous liquid) required
water to form a homogeneous solution. Attempts to use less water than
in SPM-GDMA(33) led to the pre-polymer solution precipitating at room
temperature. Consequently, reducing the water content further was not
pursued.

It is important to address the limitations of the results discussed thus
far in the EXAFS analysis. Due to the noise in our results at distances
greater than 3.5 Å, fitting the second coordination shell proved chal-
lenging. This inability to accurately characterize the second coordina-
tion shell means that some aspects of the local environment of the ion
and its solvation dynamics remain unexplored. It is possible that as
vanadyl ions transition from the solution into the membrane, they lose
second coordination shell water molecules. Techniques such as quasi-
elastic neutron scattering [86], terahertz spectroscopy [87], and
dielectric relaxation spectroscopy [88] could be employed to uncover
more direct information about changes in the second coordination shells
of vanadyl ions as they transition from the solution into the membrane.
The larger measured values of λb compared to the predicted values in
Fig. 6 could be attributed to additional bound waters associated with
secondary coordination shells of vanadyl. The residence time of water in
the second coordination shell of vanadyl has been hypothesized to be
longer than 10–10 s [89], which would also qualify the expected eight
water molecules on the phases of the vanadyl octahedral complex as
hydration shell waters (cf. ~ 10–11 s for pure water) [68,89].

Extending the XAFS results to other ions in membranes may be
challenging. Vanadyl ions hold their water molecules more tightly than
common alkali ions, as indicated by water exchange reaction rate
measurements on the first hydration shell of the ions [89,90]. Thus, our
method for correlating hydration and coordination numbers may not
apply to alkali ions. Additionally, for some ions, obtaining reliable XAFS
results is challenging due to their intrinsic attenuation length. If the
attenuation length is significantly shorter or longer than the membrane
thickness, it is challenging to obtain sufficient signal to noise ratio for
accurate fitting. See Table S6 and S7 for more details regarding XAFS
studies for various ions in membranes. With adjustments to membrane
thickness, use of fluorescence detection, or with high flux x-ray sources
the structure of these ions in membranes could also be determined.

2.4. Diffusion of vanadyl within the membranes

The mechanism of ion transport in IEMs involves ion partitioning
into the membrane followed by diffusion down an electrochemical po-
tential gradient. In this study, we investigated VO2+ diffusion in the
CEMs and assessed the impact of membrane water content. Several
factors could influence counter-ion diffusion as the membrane water
content decreases, including the chemical structures of the fixed charge
group and polymer [91], polymer dynamics [92–95], interactions be-
tween counter-ions and fixed charges [61,64,96–98], ion dehydration
[14], and ion pairing [99–103]. Our preceding analyses indicate that the
VO2+ counter-ions in the membranes maintain their first hydration shell
and there are no detectable contact ion pairs between the fixed charge
groups and VO2+. Thus, the potential impact of ion dehydration and
contact ion pairing on vanadyl counter-ion diffusion in these CEMs can
be considered minimal.

We determined the VO2+ diffusion coefficients, Dm
V , from ionic con-

ductivity measurements on membranes equilibrated with DI water via
the Nernst-Einstein equation [12].

Dm
V =

RT
F2

κ
z2VCm

V
(1)

where R is the gas constant, F is Faraday’s constant, T is absolute tem-
perature, κ is the membrane ionic conductivity, zV is the VO2+ valence,
and CmV is the VO

2+ concentration in the membrane (in units of mol/L
[membrane]). Measuring the ionic conductivity of DI water-equilibrated
membranes ensures that the electrical current is carried solely by the
vanadyl VO2+ counter-ions, thus avoiding interferences from other ions
when the membrane contacts a salt solution. Eq. (1) assumes the validity
of the Einstein equation, which relates ion mobility to ion diffusivity
[12]. This assumption is reasonable for IEMs, particularly in the absence
of co-ions, which can interact with the counter-ions and invalidate the
Einstein equation [104].

Fig. 7 presents the ratio of the VO2+ diffusion coefficient in the

Fig. 7. Ratio of vanadyl counter-ion diffusion coefficient in the membrane, Dm
V ,

to that in an aqueous solution at infinite dilution, Ds
V . The solid line represents

the prediction from the Meares model. The xx in SPM-GDMA(xx) represents the
water volume percent in the membranes as indicated by the numbers next to
the symbols. Uncertainties were determined via standard propagation of un-
certainty techniques using results from measurements on at least ten samples.
Results for Nafion are plotted both using the overall water volume fraction
(Nafion 117) and using the water volume fraction of only the hydrophilic phase
of Nafion (Nafion 117 Corr.).
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membrane to that in an aqueous solution at infinite dilution, Ds
V , plotted

against the water volume fraction of each membrane. For Nafion 117,
two scenarios are depicted––one assumes a homogeneous membrane
and uses the overall water volume fraction, while the other assumes a
phase separated membrane and uses the water volume fraction of the
hydrophilic phase (see Section S4.2). Additionally, Fig. 7 also includes
diffusion coefficients predicted by the Meares tortuosity model, a widely
implemented model in the study of ion diffusion in swollen polymers
[105]. This simple model assumes that ion diffusion in the membrane
follows a mechanism similar to that in an aqueous solution, but the
relatively immobile polymer chains lengthen the diffusional path of the
ions compared to an aqueous solution of equivalent thickness
[105,106]. As a result, a higher polymer content (i.e., lower water vol-
ume fraction) creates a more tortuous pathway, which reduces ion
diffusion coefficients. This model neglects specific interactions between
the polymer and ions. The key result of this model is:

Dm
V

Ds
V

=

(
ϕw

2 − ϕw

)2

(2)

where ϕw is the water volume fraction of the membrane.
For Nafion 117, assuming a homogeneous membrane structure in the

diffusion analysis results in significantly higher normalized VO2+

diffusion coefficient compared to the homogeneous SPM-GDMA mem-
branes. This discrepancy is not surprising given that Nafion is well
known to phase separate into hydrophilic and hydrophobic domains
[62]. When the effect of phase separation is considered in the analysis by
assuming ion diffusion occurs primarily in the hydrophilic phase, the
results for Nafion follow a similar trend as those for the SPM-GDMA
membranes. For the SPM-GDMA membranes, the Meares model over-
estimates the VO2+ diffusion coefficients for all of the membranes. The
discrepancy between model prediction and experiment becomes more
pronounced as the membrane water content decreases. The largest dis-
crepancy––approximately an order of magnitude––is observed for the
lowest water content membrane. These findings suggest that factors
beyond tortuosity, such as specific ion-polymer interactions or changes
in the local environment of the ions, significantly influence VO2+

diffusion in membranes with reduced water content.

2.5. Activation energy and entropy of diffusion for vanadyl within the
membranes

To develop better mechanistic understanding of VO2+ diffusion in
the CEMs, we determined the diffusion coefficients across a temperature
range of 10–60 ◦C and interpreted the results within the framework of
transition state theory [11,107]. This approach, which views ion diffu-
sion in the membrane as an activated process, has recently regained
popularity for describing ion diffusion in polymer membranes [107].
According to the Eyring-Polanyi equation, the diffusion coefficient of
VO2+ in the membrane is given by [11,97,107].

Dm
V = l2

kBT
h
exp

[
ΔS‡

R
+1

]

exp
[

−
Ema
RT

]

(3)

where l is the mean distance of a diffusion step, kB is the Boltzmann
constant, h is the Planck constant, Ema is the activation energy of diffu-
sion, ΔS‡ is the activation entropy of diffusion, and the other variables
have been defined previously. The activation entropy of diffusion,
indicative of the number of microstates an ion can occupy in the tran-
sition state relative to the equilibrium state, helps explain steric effects
influencing ion diffusion [11,107]. Conversely, the activation energy of
diffusion, representing the energy barrier ions must overcome during
diffusion, primarily reflects the interactions between the ion and its local
environment [11,107].

Fig. 8 presents the Ema and ΔS‡ values for VO2+ across all of the
membranes, plotted against their water volume fraction. For compari-
son, the activation energy (Esa) and activation entropy (ΔS‡,s) of diffusion
for VO2+ in an aqueous solution at infinite dilution are also shown to
evaluate the impact of the membrane on VO2+ transport. In the case of
Nafion 117 and SPM-GDMA(59), which are membranes with relatively
high water content, the activation energy of diffusion in the membrane
is approximately 17% and 24% higher, respectively, than in an aqueous
solution. This result indicates that ion diffusion in these high water
content membranes is not substantially different from that in an aqueous
solution, likely because interactions between vanadyl and the fixed
charges on the polymer are adequately screened by the abundant
freezable water in the membranes. Conversely, for the lower water
content SPM-GDMA membranes, Ema increases significantly as the water
volume fraction of the membranes decreases. Notably, for the lowest

Fig. 8. (a) Activation energy of vanadyl diffusion in membranes of different water volume fractions. The solid blue line represents the solution activation energy of
diffusion at infinite dilution (Esa), and the dashed lines represent the uncertainty of this parameter determined from the fitting procedure (Section S8.7). (b) Activation
entropy of vanadyl diffusion in the membranes as a function of water volume fraction. The solid blue line represents the solution activation entropy of diffusion at
infinite dilution (ΔS‡,s) and the dashed lines represent the uncertainty of this parameter determined from the fitting procedure (Section S8.7). The activation entropy
associated with the diffusion process was calculated from the pre-exponential factor obtained from the linearized Arrhenius equation and the Eyring-Polanyi equation
relating entropy to the pre-exponential factor (Eq. (3)) assuming a jump distance of 2.8 Å (i.e., the size of a water molecule) [11,108] for both the solution and the
membrane. Uncertainties of the measured Ema and ΔS‡ were determined via standard propagation of uncertainty techniques using results from measurements on at
least three membrane samples. (c) The normalized activation energy of diffusion (Ema /Esa) plotted against εw /εm, where εw and εm are the dielectric constants of pure
water and the membrane, respectively. A linear trend line is included to fit the data with the R2 value indicated. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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water content membrane, the activation energy of diffusion is nearly
double that in the aqueous solution, suggesting a significant influence of
the membrane on VO2+ diffusion.

A recent study has linked variations in the activation energies of
diffusion/permeation to ion dehydration within the membrane [14].
The study reported that ions with smaller ionic radii and higher hy-
dration energies exhibit higher activation energies of permeation in
IEMs, attributing this to ion dehydration at the membrane/solution
interface. Similar conclusions have been reached in studies exploring the
activation energy of transport in nanofiltration membranes and molec-
ular dynamics simulations of nanopores formed by graphene and carbon
nanotubes [23,109]. In the case of VO2+ ions in the membranes studied
here, dehydration of the first hydration shell does not occur, making this
explanation insufficient to account for the changes in the activation
energies of diffusion. In a previous study, we observed similar behavior
for various monovalent cations (Li+, Na+, K+, and Cs+) in the same SPM-
GDMA membranes studied here, where the activation energies of
diffusion significantly increased with decreasing membrane water con-
tent [11]. We attributed this result to stronger Coulombic interactions
between the fixed charge groups and counter-ions, which become more
pronounced as the dielectric constant of the membrane decreases with
decreasing water content. The increase in activation energy of diffusion
was adequately predicted without adjustable parameters by a model
incorporating Coulomb’s law to calculate electrostatic interactions be-
tween the fixed charge groups and counter-ions [11].

In this model, we assumed that the energy barrier arises due to dif-
ferences in Coulombic interactions between the fixed charge groups and
counter-ions. Using Coulomb’s law, we calculated the change in elec-
trostatic energy between a counter-ion and a fixed charge group from an
initial state to a final state after the counter-ion makes a diffusional
jump. The distance between the ions in the initial state was approxi-
mated by considering the counter-ions and fixed charged groups are
separated only by their hydration shell. The distance between the ions in
the final state was approximated as the distance of the initial state plus
the diameter of a water molecule (2.8 Å), which is consistent with
diffusional jumps of ions in aqueous environments. The dielectric con-
stant of the membrane was calculated as a volume fraction-weighted
average dielectric constant containing the contribution from the poly-
mer, the freezable water, and the bound water. The activation energy of
diffusion in the membrane is composed of two parts: the intrinsic acti-
vation energy of diffusion in water (which accounts for the displacement
of water molecules during diffusion) and the additional energy differ-
ence due to electrostatic interactions between the fixed charges and the
counter-ions [11].

The model only considered the diffusional jump of a monovalent
counter-ion away from a single fixed charge group, and efforts are under
way to extend its application for divalent counter-ions ions like vanadyl.
Nevertheless, we hypothesize that similar physical phenomena account
for the observed results for VO2+. To demonstrate the importance of
Coulombic interactions in influencing VO2+ diffusion in the CEMs,
Fig. 8c shows the normalized activation energy of diffusion in the
membrane plotted against the ratio of the dielectric constant of bulk
water to that of the membrane. The membrane dielectric constant was
estimated as a volume fraction weighted average of the dielectric con-
stants of the polymer, freezable water, and bound water as previously
reported [11]. A strong correlation is observed between the normalized
activation energy of diffusion and dielectric constant ratio. That is, as
the membrane dielectric constant decreases due to a smaller fraction of
freezable water, the normalized activation energy of diffusion increases
due to stronger Coulombic interactions between the fixed charge groups
and counter-ions. This linear correlation is anticipated since the inter-
action energy from Coulombic interactions scales inversely with the
dielectric constant of the medium (i.e., the membrane dielectric con-
stant, εm).

The activation entropy of diffusion,ΔS‡, which represents the change
in entropy between the activated state and the equilibrium state, pro-

vides additional insights into the mechanism of ion diffusion in poly-
mers. In previous studies of ion diffusion, positive ΔS‡ values have been
attributed to the breakage of bonds or structural changes during the
activation process [97]. Conversely, negative ΔS‡ values have been
attributed to electrostriction of water around the ions in the activated
state [110], which reduces the molecular degrees of freedom. As shown
in Fig. 8b, the activation entropies for all membranes, except for SPM-
GDMA(33) and SPM-GDMA(36) which have the lowest water content,
are comparable in magnitude. Furthermore, these values are negative,
indicating that the molecular degrees of freedom in the activated state
are fewer than in the equilibrium state. This result is reasonable,
considering that divalent cations must be electrically balanced by two
fixed charge groups on the polymer backbone. As an ion executes a
diffusion step away from the fixed charge groups, there are fewer
possible microstates than when the ion is at equilibrium. This view
contrasts with the situation in an aqueous solution, where the counter-
anions (e.g., sulfate) to VO2+ are also mobile.

For SPM-GDMA(33), the activation entropy of diffusion is positive
and larger than that of the aqueous solution. This increase in activation
entropy relative to the higher water content membranes can result from
increasing the entropy of the activated state, decreasing the entropy of
the equilibrium state, or both. The DSC results indicate that virtually all
the water molecules in SPM-GDMA(33) are bound, reducing the fraction
of accessible microstates and thus lowering the entropy of the equilib-
rium state. Additionally, the increased Coulombic interactions between
the counter-ions and fixed charges in SPM-GDMA(33), as evidenced by
the higher activation energy, could further reduce the entropy of the
equilibrium state by limiting the molecular degrees of freedom of the
divalent ions between two charged groups. Executing a diffusion step in
SPM-GDMA(33) will require the temporary breaking and rearrangement
of the bound water structure in the membranes, which will increase the
number of accessible microstates in the transition state. Thus, the en-
tropy of the activated state is higher than the entropy of the equilibrium
state due to the necessity of a temporarily broken or rearranged struc-
ture of hydration water upon making a diffusional jump. This result
agrees with previous results for monovalent ions in these SPM-GDMA
membranes, where the activation entropies of diffusion increased sub-
stantially at low membrane water content [11].

3. Conclusions

In this study, we investigated the local molecular environment of
vanadyl cations in a series of negatively charged polymer membranes
with broadly varying water volume fractions (from 0.33 to 0.59) using x-
ray absorption fine structure spectroscopy (XAFS). The results indicate
that the oxidation state and the electronic structure of vanadyl counter-
ions were similar to those in an aqueous solution of vanadyl sulfate.
Additionally, the primary coordination shell of the vanadyl counter-ion
in the membranes was similar to that found in solution of vanadyl sul-
fate, with approximately five water molecules in the first coordination
shell. This suggests that the vanadyl cations do not dehydrate or form
contact ion pairs within the membranes. These findings were rational-
ized by considering the strength of interactions between vanadyl cations
and the water molecules in the primary coordination shell, as quantified
by the reaction rate for water exchange between the primary coordi-
nation shell and the bulk solution, and the availability of water within
the membranes, as quantified by differential scanning calorimetry. The
conclusions derived from this study are likely to apply to other cations
that exhibit similar reaction rates (smaller than 108 s− 1) for water ex-
change between the primary coordination shell and the bulk solution.
Notably, cations of interest for desalination applications, such as alkali
cations, exhibit substantially higher water exchange reaction rates than
vanadyl, posing a limitation in the generality of our findings. Future
work on the XAFS studies on these cations within charged membranes
would reveal whether they dehydrate upon partitioning in the
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membrane.
We also measured the diffusion coefficients of the vanadyl cations in

the membranes, as well as their activation energy and entropy of
diffusion. The diffusion coefficients decrease by two orders of magnitude
while the activation energy of diffusion increases by approximately a
factor of two from the highest to the lowest water content membranes
studied in this work. These differences were attributed to stronger
Coulombic interactions between the vanadyl cations and fixed charged
groups within the membrane, rather than the commonly invoked
explanation of ion dehydration within the membrane. As the freezable
water content of the membranes decreases from 11 to almost 0, the
dielectric constant of the membranes also decreases from approximately
25–5.5, strengthening the Coulombic interactions between the vanadyl
cations and fixed charge groups.

For all membranes excluding SPM-GDMA(33), the activation entropy
is negative, indicating that the entropy in the equilibrium state is greater
than in the activated state, as the structure of the activated ion is more
restricted. This behavior likely results from two charged groups
neutralizing the counter-ion, which reduces the microstates available for
the ion within the polymer. However, in SPM-GDMA(33), the activation
entropy is positive, likely due to both a decrease in the entropy of the
equilibrium state and an increase in the entropy of the activated state.
The DSC results indicate that this membrane has no freezable water
molecules, so a vanadium ion within the membrane has significantly
fewer degrees of freedom, leading to a lower entropy in the equilibrium
state. Conversely, taking a diffusional jump in the low water content
environment of the SPM-GDMA(33) membrane could require rear-
rangement of the hydration layers, including breaking of bonds with the
bound waters of hydration, resulting in an increase in entropy in the
activated state.
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[24] L.A. Richards, A.I. Schäfer, B.S. Richards, B. Corry, Quantifying barriers to
monovalent anion transport in narrow non-polar pores, PCCP 14 (2012)
11633–11638, https://doi.org/10.1039/C2CP41641G.
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