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A B S T R A C T

The interplay of polymer water content, dielectric relative permittivity, and ion sorption properties was studied using
a cross-linked poly(glycidyl methacrylate) (XL-pGMA) polymer. The water content of the base XL-pGMA polymer
was increased, by partial hydrolysis of the epoxide ring on the polymer side chain, to prepare a series of hydrolyzed
XL-pGMA materials. Microwave dielectric spectroscopy, performed from 45MHz to 26.5 GHz, revealed lower re-
lative permittivity at a given water content compared to Nafion® 117. This observation suggests that knowledge of
polymer water content alone may be insufficient for estimating relative permittivity properties of hydrated polymers.
State of water analysis suggested that (for polymers that contain similar total amounts of sorbed water) more water in
hydrolyzed XL-pGMA interacts with the polymer compared to that in Nafion® 117, and this result may be related to
the observed differences in the relative permittivity properties of the two materials. The hydrolyzed polymers were
more water/ion sorption selective, important for desalination applications, compared to many uncharged materials
reported in the literature but less selective compared to Nafion® 117. Membrane phase mean ionic activity coeffi-
cients suggest that Nafion® 117 is more thermodynamically ideal (i.e., the mean ionic activity coefficients are closer
to unity) than the hydrolyzed XL-pGMA materials, and thus, ion exclusion in Nafion® 117 is primarily due to Donnan
exclusion. Measured static relative permittivity values were used to estimate, via electrostatic theory, the free energy
barrier for ion sorption in each material, and these values were qualitatively consistent with values determined using
measured ion sorption data. This study suggests that polymer chemistry, not water content alone, influences the
relative permittivity properties of hydrated polymers and that relative permittivity measurements can provide
qualitative insight into ion sorption properties, which is important for designing advanced desalination membranes.

1. Introduction

Polymers are widely used as membranes to efficiently desalinate
saline water and address global water shortages [1–7]. Commercially
available desalination membranes, however, are susceptible to de-
gradation via chlorine-based compounds used to disinfect water, so
advanced chemically-stable desalination membranes are needed to
address this challenge [8–10]. To be effective, these membranes must
prevent ions (or salt) from passing through the membrane [11,12].

One approach to designing effective desalination membranes is to
prepare membrane materials that suppress ion sorption (i.e., make
thermodynamic partitioning of ions into the membrane from the ex-
ternal solution unfavorable) [4,13,14]. Reducing ion sorption in
polymer membrane materials can lead to favorable salt rejection
properties and efficient desalination [5]. Therefore, it is important to
understand how to engineer polymer chemistry to suppress ion sorption
and maximize the desalination performance of membranes.

Many theories that relate ion sorption properties to polymer prop-
erties seek to describe the free energy change associated with moving
an ion from solution into the membrane phase and require knowledge
of the relative permittivity (or static dielectric constant) [15] of the
hydrated polymer [13,16–22]. One challenge facing the use of these
theories is that few investigators have reported relative permittivity
data for hydrated polymers of interest for desalination membrane ap-
plications. Relative permittivity data have been reported for Nafion®
117 [23–26], sulfonated polysulfone [26], uncharged hydrogels
[27,28], cellulose acetate [29], polyamide [30], and other polymers
[31,32]. Only a few studies, however, investigated polymers over a
range of water content and/or in the microwave frequency range,
which is particularly relevant for hydrated polymers.

While the relative permittivity of a hydrated polymer is expected to
increase with increasing polymer water content [23,24,33,34], the
functional nature of this increase and its dependence on polymer
chemistry is not well understood. Recent studies have estimated the
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relative permittivity (i.e., static dielectric constant) of hydrated poly-
mers using Nafion® 117 data [13,21,22,35]. This estimation assumes
that the relative permittivity varies linearly between the relative per-
mittivity values for poly(tetrafluoroethane) (PTFE) and bulk water
[13,36]. This approximation is supported by data for Nafion® [13] and
liquid mixtures of water and dimethyl sulfoxide [37], but data for other
liquid mixtures [38–40] suggest that a linear relationship between re-
lative permittivity and water content may not be universally applicable
to hydrated polymers.

Here we report an investigation of the relationship between hydrated
polymer relative permittivity properties and water content in a series of
polymers based on poly(glycidyl methacrylate) (pGMA) that was cross-
linked using poly(propylene glycol) bis(2-aminopropyl ether). We in-
creased the water content of these polymers by hydrolyzing the epoxide
ring on the pGMA side chain to increasing extents. Results were com-
pared to Nafion® 117, which is a perfluorosulfonic acid polymer widely
considered for fuel cell applications [41] to investigate the influence of
polymer chemistry on relative permittivity properties. While Nafion® 117
and the materials considered in this study are chemically different (Na-
fion® contains highly charged sulfonic acid groups and is not cross-
linked), the comparison made in this study is important as very little
microwave frequency dielectric permittivity data have been reported for
hydrated polymers. Furthermore, the Nafion® data used for comparison
in this study has been used to describe the dielectric permittivity prop-
erties of other hydrated polymers, so it is important to understand how
chemical differences between polymers influence hydrated polymer di-
electric permittivity properties.

Relative permittivity increased as the pGMA side chains were in-
creasingly hydrolyzed and polymer water content increased. The
functional form of the increase in the relative permittivity of the cross-
linked hydrolyzed pGMA-based polymers considered in this study with
increasing water content was different from that reported for Nafion®
117. These results suggest that polymer chemistry and/or structure, not
water content alone, may play a significant role in determining the
relative permittivity properties of hydrated polymers.

Furthermore, we measured and analyzed the ion sorption properties
of the materials to evaluate the effectiveness of using relative permit-
tivity measurements to understand the ion sorption properties of hy-
drated polymers. The free energy barrier for ion sorption in the hy-
drated polymer was calculated using measured relative permittivity
values and electrostatic theory. These calculated values were qualita-
tively consistent with the measured data and suggest that measured
relative permittivity data for hydrated polymers may provide qualita-
tive insight into ion sorption properties. Therefore, controlling polymer
relative permittivity via the chemical functionality of the polymer could
be a viable strategy to prepare polymer membrane materials that ef-
fectively suppress ion sorption, and relative permittivity measurements
made on hydrated polymers may provide insight into the design of
future desalination membranes.

2. Materials and methods

2.1. Materials

Poly(glycidyl methacrylate), pGMA, was synthesized from glycidyl
methacrylate (GMA, 97%, Sigma-Aldrich, St. Louis, MO) using a reported
initiators for continuous activator regeneration atom transfer radical
polymerization (ICAR ATRP) technique [42]. The weight-average mole-
cular weight (Mw) and polydispersity index (PDI) of the resulting polymer
were determined to be 24,000 g/mol and 1.11, respectively, via gel per-
meation chromatography (GPC) using tetrahydrofuran (THF) as the sol-
vent and polystyrene as the molecular weight standard. The pGMA
polymer was mixed with poly(propylene glycol) bis(2-aminopropyl ether)
(Mn~2000 g/mol, Sigma Aldrich, St. Louis, MO) cross-linker (such that
the composition of cross-linker in the mixture was 2.4% by mole) and was
dissolved in a 5:1 (by volume) solution of dimethyl sulfoxide (DMSO,

≥99.9%, Macron Fine Chemicals): N-methyl-2-pyrrolidone (NMP, la-
boratory grade, Fisher Chemical). The cross-linker content of 2.4% (by
mole) balanced the need to prepare mechanically robust membranes that
could be characterized via microwave dielectric spectroscopy with the
goal of minimizing the amount of cross-linker to probe the influence of co-
monomer functionality on the dielectric properties of the materials.

The casting solution (5.2% polymer and cross-linker in solvent, by
mass) was poured into a flat PTFE mold and was heat treated to remove
solvent, cross-link the polymer, and obtain a dense cross-linked pGMA
membrane (XL-pGMA). Coupons of XL-pGMA were cut and subse-
quently immersed in 0.5mol/L sulfuric acid (H2SO4) solution at 318 K
for either 8, 10, or 12 h to partially hydrolyze the epoxide rings on the
pGMA side chains (Fig. 1). The nomenclature for the hydrolyzed XL-
pGMA materials is XL-pGMA-z where z represents the hours of hydro-
lysis used to prepare the material. Additional details about ICAR ATRP
synthesis, membrane casting, and FT-IR characterization are provided
in Supplementary information (SI).

The XL-pGMA-z materials were compared to PTFE (i.e., Teflon®)
and Nafion® 117 polymers. PTFE was used as an uncharged, hydro-
phobic, and low dielectric loss control material [23,34,43]. Relative
permittivity, differential scanning calorimetry (DSC), and ion sorption
data for the XL-pGMA-z materials were compared to those data for
Nafion® 117 (Alfa Aesar, catalog number 42180), a perfluorinated io-
nomer consisting of a hydrophobic PTFE backbone and side chains
terminating with sulfonic acid groups. Prior to use, Nafion® samples
were treated by boiling the samples in 3% hydrogen peroxide for one
hour, rinsing the samples in boiling water for one hour, then boiling the
samples in 0.5mol/L H2SO4 for one hour, and finally, rinsing the
samples in boiling water for one hour [23,34,44,45]. All samples were
stored in de-ionized (DI) water (18.2MΩ cm) until use.

2.2. Methods

2.2.1. Water uptake
The XL-pGMA-z and Nafion® 117 samples first were equilibrated in

DI water for at least 48 h. Then, samples were removed from DI water,

Fig. 1. Structures of non-hydrolyzed, i.e., XL-pGMA-0, (left) and partially hy-
drolyzed, i.e., XL-pGMA-z, (right) materials. The value of z in the sample no-
menclature corresponds to the hydrolysis time (in hours) during the membrane
preparation process, i.e. z is 0 for the non-hydrolyzed material, and z is 8, 10, or
12 for the partially hydrolyzed materials. All materials were prepared from a
base polymer that contained 2.4% (by mole) cross-linker (i.e., x= 0.024), and
the value of y increased as the hydrolysis time increased.
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excess surface water was quickly and thoroughly removed, and the wet
sample mass, mw, was measured. Samples subsequently were dried
under vacuum in vented Petri dishes [46,47] at room temperature for at
least 48 h. After drying, samples quickly were removed from the oven,
and the dry sample mass, md, was measured. Water uptake, wu, was
calculated as:

=w m m
mu

w d

d (1)

The volume fraction of water sorbed in the polymer, w, was cal-
culated using the water uptake data assuming volume additivity of
water and polymer [48,49]:

=
+
w

ww
u

u
w
p (2)

where w is the density of water (1.0 g/cm3) [50], and p is the dry
polymer density. Dry polymer density was measured using an Archi-
medes’ principle method, where sample mass was measured in air,mair ,
and in an auxiliary liquid, maux [49,51–53]. The dry polymer density
was calculated as:

= +m
m m

( )p
air

air aux
aux air air (3)

where aux is the density of the auxiliary liquid, air is the density of air.
Cyclohexane was used as the auxiliary solvent [49,51], and the mea-
surement temperature was used to determine the density of cyclo-
hexane [50,54]. The volume fraction of water sorbed in the polymer is
effectively equal to the water sorption coefficient, Kw, that is used in the
desalination membrane literature and is defined as the ratio of the
concentration of water in the polymer to that in the bulk external so-
lution [4,49,55].

2.2.2. Microwave dielectric spectroscopy
Dielectric permittivity properties of the samples were characterized

as the frequency-dependent relative complex permittivity, * [15,24],
using a microwave dielectric spectroscopy technique developed by
Nicolson, Ross, and Weir (NRW) [56,57]. The real part of the relative
complex permittivity, , is typically referred to as simply the relative
permittivity or the dielectric constant, and the imaginary part of the
relative complex permittivity, , is typically referred to as the di-
electric loss [15].

Two port scattering parameter (S-parameter) measurements were
made using a Keysight N9928A vector network analyzer (VNA). The
data were analyzed using the Keysight N1500A materials measurement
software. A 10 cm long and 3.5mm diameter coaxial transmission line
(Maury Microwave, catalog number 8043S10) was used as the sample
holder, and shielded coaxial cables (Keysight Technologies, catalog
number N9910X0–708) were used to connect the VNA to the trans-
mission line. A full two-port calibration was performed to define the
calibration reference plane using 3.5 mm short, open, and load im-
pedance standards (Maury Microwave, catalog number 8050CK) and
one transmission line standard (i.e., directly connecting the two coaxial
cables together) [15,24,37,58].

Samples were exposed to electromagnetic radiation over a fre-
quency range of 45MHz to 26.5 GHz in the transmission line (or wa-
veguide) sample holder. This frequency range was chosen because
water molecules in the hydrated polymer are sensitive to electro-
magnetic radiation in the microwave region of the spectrum
[23,24,26,34,37,59]. The amplitude and phase of the reflected and
transmitted electromagnetic radiation was measured (in two directions)
using the VNA and expressed as four S-parameters: S11, S12, S21, and (Fig.
S2) that describe the properties of the material under test. The S-
parameters are related to the relative complex permittivity, *, and
relative complex permeability, µ*, properties as [56,60–62]:
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where is the angular frequency, c is the speed of light in vacuum, and
d is the length dimension that describes how much of the transmission
line is filled with sample (Fig. S2).

An algorithm, proposed by Bartley and Begley [60] and built into
the analysis software [63], was used to calculate the relative complex
permittivity properties of the samples. This algorithm is suitable for
non-magnetic materials, and it reduces noise and mismatch errors
during data analysis [60,63]. It also addresses known issues with the
NWR technique such as an analysis issue where multiple * and µ*
values can be calculated from a single set of S-parameters and a mea-
surement issue at frequencies corresponding to situations where the
sample length is an integer multiple of one-half wavelength [56,60,62].

Samples were loaded into the transmission line in a manner that
minimized air gaps (i.e., the sample filled the annular space in the
coaxial transmission line) as air gaps can introduce measurement arti-
facts. PTFE was machined to fit perfectly in the annular space of the
transmission line, and XL-pGMA-z films were tightly wrapped around
the inner conductor of the transmission line until sufficient polymer
was wrapped to fill the annular space of the transmission line [34].
Measurements using DI water were performed by directly pipetting DI
water into the vertically positioned transmission line fitted with a
customized silicone dielectric plug at the bottom end to prevent leaks.
The influence of the plug on the DI water measurements was taken to be
negligible, which was consistent with previous studies [24,37,64–66].

2.2.3. State of water analysis
Differential scanning calorimetry (DSC, TA Instruments Q1000) was

used to characterize the states of water present in DI water equilibrated
XL-pGMA-z and Nafion® 117 samples. Each sample (masses ranged
from 3 to 6mg) was sealed in a hermetic aluminum pan to avoid water
loss during the experiment. The samples were quenched to −70 °C,
scanned once from –70 to 90 °C at a heating rate of 10 °C/min under a
dry nitrogen purge [49,67].

2.2.4. Ion sorption
Ion sorption was measured using a desorption method [14]. Samples

were initially equilibrated with 0.5mol/L sodium chloride (NaCl) solu-
tion for at least 7 days, which was 28 times larger than the characteristic
time for diffusion in these materials [49,68–70]. After equilibration,
samples were removed from the NaCl solution, the residual surface so-
lution was quickly and thoroughly removed, and the samples were
placed in a known volume of DI water. The sorbed ions in the sample
then desorbed from the polymer into the external solution. The ion
sorption coefficient, Ks, (defined as the ratio of the ion, or salt, con-
centration in the polymer relative to the ion concentration of an external
solution in equilibrium with the polymer [14]) was calculated as:

= =K C
C

C V
C Vs

s
m

s
s

d d

s
s

p (6)

where Cs
m is the ion concentration in the membrane, Cs

s is the ion con-
centration in the initial external solution (i.e., 0.5mol/L NaCl), Cd is the
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final ion concentration in the desorption solution, Vd is the desorption
solution volume, and Vp is the volume of the hydrated sample. Because
monovalent NaCl was used in these experiments, the concentrations of
sodium, chloride, and salt in a given solution were equivalent.

3. Results and discussion

3.1. Water uptake

We controlled the water content of XL-pGMA by partially hydro-
lyzing the epoxide ring to determine the influence of polymer water
content on the relative permittivity of the hydrated polymer. The water
content of XL-pGMA-z increased as the hydrolysis time (z in units of
hours) increased (i.e., as the hydroxyl group content of the polymer, or
value of y in Fig. 1, increased) (Table 1). The hydrolysis process did not
affect significantly the dry density of the polymer. The water sorption
coefficient for Nafion® 117 was calculated using reported water uptake
and dry density data [71,72].

3.2. Microwave dielectric spectroscopy

Following each calibration, we measured the dielectric properties of
air in the empty transmission line to verify the calibration. The mea-
sured relative permittivity (i.e., static dielectric constant) of air was
essentially constant, over the frequency range considered, at a value of
1.0014 (Fig. S3). This value is consistent with the reported value of
1.0006 [73].

The relative permittivity of PTFE was also measured to be essen-
tially constant over the range of frequencies considered. The measured
relative permittivity of 1.898 and dielectric loss of 0.008 at 9.95 GHz,
are very similar to reported values (2.048 and 0.001, respectively, at
9.95 GHz) [24,43]. The lower experimental value compared to the re-
ported value may result from small air gaps between the sample and the
wall of the transmission line (perhaps due to imperfections in the ma-
chined PTFE sample) [71,73]. Such small air gaps would tend to reduce
the relative permittivity.

The observation that the dielectric permittivity values for air and
PTFE do not change significantly as a function of frequency (Fig. S3) is
due to the absence of significant dipole relaxation mechanisms in air
and PTFE [74]. Alternatively, dipole relaxations do occur in water. We
measured the dielectric permittivity properties of DI water using dif-
ferent sample lengths (i.e., different values of d achieved by loading
different volumes of water into the transmission line) to optimize the
measurement (SI, Fig. S2) [75]. DI water relative permittivity and di-
electric loss data were well represented by a single Debye relaxation
process (SI Section S.3.2) in agreement with the literature [34,59,76].

Using the single Debye relaxation process model, the static per-
mittivity, s, and the relaxation peak position in the dielectric loss data
for DI water were regressed to be 77.98 ± 0.09 and 20.6 ± 0.1 GHz,
respectively [23,77]. These values are similar to reported values (80.18
and 18 GHz, respectively) [77]. The measured static permittivity (i.e.,

the relative permittivity value measured at the lowest frequency) was
79.15 at 45MHz, which agrees better with the reported value compared
to that determined using the single Debye relaxation model. The lower
values obtained in our measurement/regression could result from the
presence of small air bubbles in the DI water in the transmission line.
Due to the metallic nature of the transmission line, it was difficult to
determine whether bubbles were present.

The Debye relaxation process observed for water is different from
the dielectric permittivity versus frequency behavior observed for air
and PTFE. At sufficiently low frequencies, the alternating electric field
is slow enough that the water dipoles are able to remain in phase with
the field, and energy can be stored in the aligned dipoles [74]. As the
frequency increases, energy begins to dissipate as the electric field os-
cillations become faster and exceed the rate at which water dipoles can
align [74]. In this situation orientation polarization disappears, and
water dipoles are no longer able to remain in phase with the external
electric field [74]. Therefore, we observe a drop in relative permittivity
and a relaxation peak in the dielectric loss data (Fig. S4) [74].

We expect the dielectric permittivity data for hydrated XL-pGMA-z to
have features similar to that of both PTFE and water because the water
content of XL-pGMA-z is between that of PTFE and water. The relative
permittivity data for XL-pGMA-0 is similar to that of PTFE but higher in
absolute value (Fig. 2A). This result is consistent with the low water
content of XL-pGMA-0. As the water content of XL-pGMA-z increased
(i.e., as z increases), we observed an increase in the magnitude of the
relative permittivity, and the shape of the relative permittivity versus
frequency data began to assume a shape more characteristic of water
compared to PTFE. This result is reasonable given that increased water
content means that more dipolar relaxations are possible in the polymer.

We compared the dielectric relative permittivity properties of XL-
pGMA-z to that of Nafion® 117. The XL-pGMA-12 material has similar
water content to Nafion® 117. The relative permittivity of XL-pGMA-12,
however, is considerably lower (by approximately a factor of 5) com-
pared to that for Nafion® 117 (Fig. 2A).

Similar to the DI water data, XL-pGMA-z data were fit to a single
Debye relaxation process model to determine the static permittivity
(i.e., static dielectric constant) of the hydrated polymer (Fig. 2B). The
XL-pGMA-z static permittivity values increased as polymer water con-
tent increased, with values of 2.2, 3.9, 4.4, and 5.3 for XL-pGMA-0, −8,
−10, and −12 samples, respectively. The data for XL-pGMA-0, −8,
and −10 were described reasonably well by a single Debye relaxation.
However, the XL-pGMA-12 data deviated more from the single Debye
relaxation description compared to the other materials. This observa-
tion may indicate the existence of more than one relaxation mechanism
in this material.

3.3. State of water analysis

We observed differences between the XL-pGMA-12 relative per-
mittivity data and that for Nafion® 117. These materials have similar
volume fractions of water, so chemical differences between the two

Table 1
Water content and dry polymer density data measured at 295 ± 1K. Water content measurements were made on samples initially equilibrated with DI water. The
volume fraction of water in the polymer, w, (equivalent to the water sorption coefficient, Kw) was calculated from water uptake and dry density data using Eq. (2)
[4]. The uncertainty was taken as the standard deviation from the mean of three measurements. Hydrolysis time, z, refers to the length of time (in hours) that the XL-
pGMA-z samples were immersed in 0.5mol/L H2SO4 at 318 K.

Polymer Hydrolysis
Time, z (h)

Water Uptake [g(water)/
g(dry polymer)]

Dry Density
(g/cm3)

w

XL-pGMA-z 0 0.036 ± 0.002 1.22 ± 0.02 0.042 ± 0.003
8 0.163 ± 0.008 1.23 ± 0.01 0.167 ± 0.008
10 0.238 ± 0.011 1.25 ± 0.01 0.229 ± 0.016
12 0.308 ± 0.007 1.25 ± 0.01 0.278 ± 0.012

Nafion® 117 – 0.197 [71] 1.98 [72] 0.280
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materials appear to influence the relative permittivity properties. This
difference may be linked to water dynamics, so we performed DSC
measurements on hydrated XL-pGMA-z and Nafion® 117 to quantify the
relative amounts of freezable (i.e., bulk, or weakly bound water) and
non-freezable water (i.e., strongly bound water) in the polymers
[33,41,78–84]. Both freezable, wf , and non-freezable, wnf , water con-
tent were calculated for XL-pGMA-z and Nafion® 117 as [80]:

= × = × + ×°w
m
m

H
H

w(%) 100% ( 1) 100%f
f

d

polymer

m H O
u

, 2 (7)

= ×w w w(%) ( 100%) (%)nf u f (8)

where mf is the mass of freezable water in the polymer, Hpolymer is the
enthalpy of melting (determined from the DSC thermogram) in the
polymer, and °Hm H O, 2 is the enthalpy of melting for water (333.5 J/g)
[80].

We did not observe evidence of a melting transition at 0 °C for the
XL-pGMA-0 material (Fig. 3). This result is reasonable given that very

little water is absorbed by that polymer. As water content increased, we
observed an increase in the intensity and breadth of the melting tran-
sitions observed at 0 °C, suggesting the presence of more freezable
water in the partially hydrolyzed materials. The amounts of both
freezable and non-freezable water increased as XL-pGMA-z hydrolysis
time, z, increased (Table 2).

We observed a much broader melting transition for Nafion® 117
compared to XL-pGMA-12 (Fig. 3, both materials have comparable
water content). The melting peak for Nafion® 117 suggests the presence
of more freezable (i.e., bulk or weakly bound) water [34,87–90] com-
pared to XL-pGMA-12. The XL-pGMA-12 material contained less
freezable water than Nafion® 117 (4.1% compared to 9.7%) and more
non-freezable water (26.8% compared to 22.4%) compared to Nafion®
117 (Table 2). Since the total water content of the two materials is
similar, this result suggests that sorbed water in XL-pGMA-12 interacts
with the polymer backbone (via hydrogen bonding interactions) to a
greater extent compared to Nafion® 117. The higher relative permit-
tivity of Nafion® 117 compared to XL-pGMA-12 (Fig. 2) likely results
from the presence of more freezable water in Nafion® 117 compared to
XL-pGMA-12.

Fig. 2. (A) Relative permittivity, , as a function of frequency for DI water,
Nafion® 117 [71], XL-pGMA-z, and PTFE. (B) Data for XL-pGMA-z are shown
with the single Debye relaxation fit (dashed curves). The hydrolysis time, z, is
labeled for each XL-pGMA-z sample. All measurements were made at
295 ± 1K, and the uncertainty was taken as the standard deviation from the
mean of three measurements.

Fig. 3. Differential scanning calorimetry (DSC) thermograms for XL-pGMA-z
and Nafion® 117. The hydrolysis time, z, refers to the length of time (in hours)
that the XL-pGMA-z samples were immersed in 0.5mol/L H2SO4 at 318 K.

Table 2
The distribution of freezable and non-freezable water in XL-pGMA-z samples
and Nafion® 117. The values for XL-pGMA-z were calculated using water uptake
data reported in Table 1. The values for Nafion® 117 were calculated using a
measured water uptake of 0.320 ± 0.005 g(water)/g(dry polymer). This value
was measured using Nafion® 117 films treated in the same manner as those
films analyzed via DSC. The effect of residual water in Nafion® 117 after va-
cuum drying (as discussed in the literature) [85,86] was estimated to poten-
tially affect the results by approximately 2%. The sum of the values of wf and
wnf is equivalent to the total water uptake of the material (Eq. (8)). The hy-
drolysis time, z, refers to the length of time (in hours) that the XL-pGMA-z
samples were immersed in 0.5mol/L H2SO4 at 318 K.

Polymer Hydrolysis Time, z (h) wf (%) wnf (%)

XL-pGMA-z 0 0.05 3.5
8 0.3 16.1
10 2.6 21.2
12 4.1 26.8

Nafion®117 – 9.7 22.4
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3.4. Static permittivity

The static permittivity values for XL-pGMA-z are compared to re-
sults for Nafion® 117 in Fig. 4. We chose to use the static permittivity
values obtained via regression using the single Debye relaxation model
(see the SI for more details) for consistency. Comparing Figs. 2B and 4,
however, reveals that the differences between the static permittivity
values regressed using the model and the experimental data at the
lowest frequency considered are relatively small with regard to the
Nafion® 117 comparison. At similar water content, the XL-pGMA-z
materials have a lower static permittivity compared that of Nafion® 117
membranes (where water content was adjusted by equilibrated Nafion®

samples with different relative humidity environments) [23,71].
The long dashed line in Fig. 4 connects the static permittivity of

PTFE with that for bulk pure water. The data for Nafion® samples are
generally consistent with this trend. This observation has been used to
approximate the static permittivity of other hydrated polymers based
on knowledge of water content alone [13,21,22,35].

The short dashed line illustrates the increase in static permittivity
for XL-pGMA-z with increasing water volume fraction. The XL-pGMA-z
materials have lower static permittivity than Nafion® 117 and the linear
approximation between PTFE and bulk pure water. This difference
becomes more apparent as the water volume fraction increases. The
data in Fig. 4 suggest that the functional relationship between hydrated
polymer relative permittivity and water volume fraction may be af-
fected by specific polymer chemistry, and relative permittivity property
measurements may be needed to understand the behavior of different
hydrated polymers.

The observed difference between the XL-pGMA-z and Nafion® 117
data, particularly at higher water volume fractions, is consistent with
more non-freezable water in XL-pGMA-z compared to Nafion® 117
(Fig. 3). This situation could result in slower water dynamics in XL-
pGMA-z compared to Nafion® 117. The phase-separated morphology of
Nafion® 117 is reported to lead to water clustering around the sulfonate
groups in that polymer [41], and those clusters can harbor freezable
bulk or weakly bound water with faster dipole relaxations compared to

the non-freezable water in XL-pGMA-z.

3.5. Ion sorption

We measured ion sorption coefficients, Ks, and observed an increase
in ion sorption as XL-pGMA-z water content increased (Table 3), which
is consistent with results for many other hydrated polymers [4]. We
compared the XL-pGMA-z ion sorption data to that for Nafion® 117. The
water content of XL-pGMA-12 is similar to that for Nafion® 117, so it is
reasonable to compare the ion sorption coefficients for these materials
because Ks is highly sensitive to water content. We observed that ions
were excluded from Nafion® 117 to a greater extent than XL-pGMA-12.

We combined the ion and water sorption data to analyze the sorp-
tion selectivity properties of the materials. The ion sorption coefficients
for these materials are representative of the mobile salt sorption coef-
ficient (i.e., the ions that can pass through the polymer as electrically
neutral salts). Plotting the water/ion (or water/salt) sorption selectivity
(i.e., K K/w s) versus the water sorption coefficient, Kw, provides insight
into the ability of the polymer to exclude salt from sorbing into the
polymer (an important metric for desalination membrane performance)
at a given water content [13,91]. The sorption selectivity plays an
important role in the desalination performance of a material, but details
about rates of water and ion transport through the polymer, not dis-
cussed here, also influence the desalination performance of membrane
materials [13,91]. In general, water/ion sorption selectivity decreased

Fig. 4. Static permittivity, s, of XL-pGMA-z (measured at 295 ± 1K), Nafion®
117a (measured at 298 K) [71], and Nafion® 117b (measured at 303 K) [23],
plotted as a function of the volume fraction of water sorbed in the polymer.
Values for the static permittivity of water and PTFE are also shown. The long
dashed line represents a static permittivity (or dielectric constant) linear ap-
proximation. The short dashed line illustrates the different functional re-
lationship between static permittivity and volume fraction of water for XL-
pGMA-z compared to Nafion®. Uncertainty in the XL-pGMA-z data was taken as
the standard deviation from the mean of three measurements.

Table 3
Ion sorption coefficients for XL-pGMA-z and Nafion® 117 were measured after
equilibrating the samples with 0.5mol/L of NaCl. The hydrolysis time, z, refers
to the length of time (in hours) that the XL-pGMA-z samples were immersed in
0.5mol/L H2SO4 at 318 K. Measurements were made at 293 ± 1 K, and un-
certainty was taken as the standard deviation from the mean of three mea-
surements.

Polymer Hydrolysis Time, z (h) Ks +
m m

XL-pGMA-z 0 0.012 ± 0.001 3025
8 0.072 ± 0.006 84
10 0.118 ± 0.007 31
12 0.147 ± 0.001 20

Nafion®117 – 0.073 ± 0.003 1.1

Fig. 5. Water/ion sorption selectivity, K K/w s as a function of Kw for XL-pGMA-
z, Nafion® 117, and previously reported uncharged polymers (circles) [92]. The
solid line represents a sorption selectivity trade-off frontier reported for desa-
lination membranes [13,91].
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as the XL-pGMA-z water content increased (Fig. 5), which is consistent
with observations for other materials [4,13,91].

Nafion® 117 is more sorption selective compared to the XL-pGMA-z
materials (Fig. 5). The presence of fixed charges on the Nafion® back-
bone contribute to ion exclusion via the Donnan exclusion mechanism
[93]. As such, the higher water/ion sorption selectivity of charged
Nafion® 117 compared to uncharged XL-pGMA-z is not surprising.

This influence of Donnan exclusion on ion sorption can be quanti-
fied using the measured ion sorption data to calculate the activity
coefficients of ions sorbed in the membrane. In uncharged polymers
studied using monovalent electrolytes, the mean ionic activity coeffi-
cient in the membrane phase, ±

m, can be related to the concentration of
salt in the membrane, Cs

m, when the membrane is in equilibrium with
an external salt solution of concentration Cs

s, and the mean ionic ac-
tivity coefficient of the external solution, ±

s, as [94,95]:

= = =± +
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where +
m and m are the cation and anion activity coefficients in the

membrane phase, respectively. The presence of negatively charged
fixed charge groups in a cation exchange material, such as Nafion® 117,
results in a similar relationship for the monovalent electrolyte ionic
activity coefficients in the membrane phase [21]:
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where C m is the co-ion concentration in the membrane and +Cm is the
counter-ion concentration in the membrane.

In cation exchange materials, the concentration of co-ions is re-
presentative of the mobile salt concentration in the membrane phase, so
K C C/s

m
s
s, and = ++C C Cm

A
m m, whereCA

m is the concentration of fixed
charges in the polymer [4,14]. The value of CA

m for Nafion® 117 was
determined to be 2.84meq/cm3 using the ion exchange capacity of
Nafion® 117 [72] and water uptake data [21]. For 0.5 mol/L NaCl, the
mean ionic activity coefficient in the solution phase, ±

s, was calculated
to be 0.660 using the Pitzer model [96].

The ionic activity coefficients, calculated from the ion sorption data,
suggest that Nafion® 117 is more thermodynamically ideal (i.e., the
mean ionic activity coefficients are closer to unity) than XL-pGMA-z
(Table 3). Additionally, XL-pGMA-z becomes more thermodynamically
ideal as the water content of the polymer increases. These activity
coefficients are consistent with the DSC data that suggest more freez-
able water exists in Nafion® 117 compared to XL-pGMA-z.

The activity coefficients can provide insight into the higher water/
ion sorption selectivity of Nafion® 117 compared to XL-pGMA-z. The
XL-pGMA-z polymers exclude salt via a dielectric mechanism that is
described by Eq. (9) [18]. Unfavorable interactions between ions and
the membrane phase result in exclusion of salt from the polymer, and
this extent of exclusion increases as the ionic activity coefficients in the
membrane phase increase and the water content of the polymer de-
creases.

The influence of dielectric exclusion on the overall ion sorption
properties of Nafion® 117 is weak, in part, because the activity coeffi-
cients for Nafion® 117 are close to unity. As such, ion exclusion in
Nafion® 117 is primarily driven by Donnan exclusion [19,93]. There-
fore, it is reasonable that Nafion® 117 would have higher water/ion
selectivity compared to XL-pGMA-z even though the relative permit-
tivity of Nafion® 117 was greater than that of XL-pGMA-z at comparable
water content.

3.6. Free energy of ion sorption

The ion sorption coefficient can be related to the free energy change
associated with moving ions from the solution phase into the membrane
phase, Ws [13]:

=K C
C

W
kT

exps
s
m

s
s

s

(11)

where k is Boltzmann's constant, and T is absolute temperature [97]. In
the simplest case, Ws can be taken as the solvation energy barrier,
which can be calculated using the electrostatic continuum-based ap-
proach proposed by Born [13,95,98,99]:

=W z e
a8

1 1
s

s

s m sol

2 2

0 (12)

where zs is the ion charge number, e is the elementary charge, 0 is the
permittivity of free space, as is the bare ion radius, m is the relative
permittivity of the membrane, and sol is the dielectric constant of the
external solution. The model assumes that both the solution and
membrane can be treated as dielectric continua and that the ions are
non-polarizable charged spheres [95,100,101].

Combining Eqs. (11) and (12) provides a means to estimate the
significance of the difference between the static permittivity data for
XL-pGMA-z and that calculated from the linear approximation dis-
cussed in regard to Fig. 4. For example, if the linear approximation was
used to estimate the static permittivity of XL-pGMA-12, a value of 12.3
would be calculated based on the 0.278 ± 0.012 volume fraction of
water in XL-pGMA-12 (Fig. 4). Eqs. (11) and (12) suggest that this value
of the static permittivity would result in a value of Ks that is eight or-
ders of magnitude larger than that calculated using the static permit-
tivity of 5.3 measured for XL-pGMA-12.

The electrostatic theory-based Born model overestimates the sol-
vation energy barrier for XL-pGMA-z likely as a result of the dielectric
continuum assumptions for the polymer. The predicted values (calcu-
lated using Eq. (12)), however, are qualitatively consistent with ex-
perimental data (calculated using Eq. (11)), suggesting a decrease in the
free energy barrier for ion sorption as polymer water content increases
(Fig. 6). This qualitative agreement suggests that the static relative
permittivity measurements captured part of the physics involved in the
ion sorption process.

4. Conclusion

The relative permittivity of XL-pGMA-z increases with water content
in a manner that is different from Nafion® 117. The relative permittivity
values for XL-pGMA-z are also lower than that of Nafion® 117 at
equivalent water content. This result may be due to the presence of

Fig. 6. Solvation energy barrier calculated (solid bars, experimental data) using
measured sorption coefficients (Table 3) and Eq. (11), and calculated (striped
bars, electrostatic theory) using static permittivity values (Fig. 4) and the Born
model (Eq. (12)).
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more extensive water-polymer hydrogen bonding in XL-pGMA-z that
restricts water dipole dynamics to a greater extent than in Nafion® 117.
As such, chemical details, not solely water content, appear to influence
the relative permittivity properties of some hydrated polymers. These
results suggest an opportunity to engineer membranes with low relative
permittivity to minimize ion sorption in desalination-relevant mate-
rials. Measuring relative permittivity may provide insight into water
dynamics and ion exclusion in a range of hydrated polymers.

Relative permittivity data for XL-pGMA-z was used to calculate the
free energy barrier for ion sorption using the Born model. These values
were compared to those values calculated using experimentally mea-
sured data. We observed qualitative agreement suggesting a decrease in
the energy barrier as polymer water content increases, which is con-
sistent with experimentally observed results. These results suggest that
the static relatively permittivity measurements captured part of the
physics that describes the ion sorption process and may provide insight
into structure/property relationships between ion sorption and polymer
chemistry. This understanding could inform future efforts to engineer
highly water/ion sorption selective polymers for desalination mem-
brane applications.
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