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ARTICLE INFO ABSTRACT

Keywords: Five methacrylate-based co-polymers, which have different ratios of 2-hydroxyethyl methacrylate (HEMA) and
Dielectric glycerol methacrylate (GMAOH) co-monomers, were prepared to investigate the influence of functional group
Permittivity configuration on salt transport properties. The HEMA and GMAOH co-monomers were selected because of the
Water differences in position and number of hydroxyl groups in the two molecules. Co-polymer composition was varied
Ezll_fnr:rbimy systematically from a vicinal diol-rich (GMAOH-rich) configuration to a distributed hydroxyl group (HEMA-rich)

configuration. To decouple the impact of functional group configuration and of changing water content on
transport properties, all of the materials were prepared to have statistically equivalent water content. Salt
sorption was lower and salt diffusion was slower in the HEMA-rich configuration compared to the GMAOH-rich
configuration. Microwave dielectric relaxation spectroscopy revealed lower relative permittivity (i.e., dielectric
constant) for the HEMA-rich co-polymers, which is consistent with suppressed salt sorption in those materials
compared to the GMAOH-rich co-polymers. This observation was complemented by state of water analysis that
suggested freezable (i.e., bulk-like) water content decreased as HEMA content increased. Both results suggest
that stronger interactions between water molecules and the polymer are favored when hydrophilic functional
groups are distributed more evenly throughout the material. These results suggest that functional group position
in hydrated polymers influences salt transport properties, and engineering polymers that have a distributed
functional group configuration may suppress salt transport properties, which could result in favorable materials
for desalination membranes.

[13-16]. Several candidate materials have been considered
[4,5,16-18], but a combination of excellent chlorine tolerance and fa-

1. Introduction

Desalination is one strategy to improve access to clean water and
address global water shortage [1-7]. Membrane-based desalination
techniques, such as reverse osmosis, are widely used due to high energy
efficiency and low cost compared to thermal desalination technologies
[4,5,8-10]. The effectiveness of desalination membranes is intimately
coupled to the water and salt transport properties of the polymer used
to prepare the membrane, and materials that afford high water/salt
selectivity, whether by enhancing water transport or by suppressing salt
transport, are desirable for desalination applications [11,12].

Polyamide-based reverse osmosis membranes, with high water
permeance and low salt passage, are the current state-of-the-art for
membrane-based desalination [1,2,5,7]. Polyamides, however, are
susceptible to oxidative degradation via chlorine-based chemicals used
to disinfect water and to limit biofouling, so advanced chlorine-tol-
erant, or chemically stable, desalination membranes are needed
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vorable water/salt selectivity properties remains elusive [11,12,19].
Engineering the next generation of desalination membranes with de-
sirable combinations of transport properties, chemical and mechanical
stability, and surface properties requires knowledge of how specific
chemical functional groups influence material properties.

One approach to designing effective desalination membranes is to
engineer polymers that suppress salt permeability. So long as water
transport properties are not simultaneously suppressed to the same or
greater extent, this approach would increase salt rejection [4,19,20].
The solution-diffusion model (for non-porous polymers such as those
often used in desalination membranes) suggests that salt permeability
can be suppressed by reducing salt partitioning (i.e., sorption) into the
membrane and/or salt diffusion through the membrane as salt perme-
ability is the product of salt sorption and diffusion [21,22].

In relatively simple uncharged hydrated polymers, salt sorption

Received 1 February 2019; Received in revised form 18 July 2019; Accepted 21 July 2019

Available online 22 July 2019
0376-7388/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03767388
https://www.elsevier.com/locate/memsci
https://doi.org/10.1016/j.memsci.2019.117295
https://doi.org/10.1016/j.memsci.2019.117295
mailto:geise@virginia.edu
https://doi.org/10.1016/j.memsci.2019.117295
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2019.117295&domain=pdf

H. Luo, et al.

properties are linked to the relative permittivity (or dielectric constant)
of the material [19,23-25], and polymer chemistry can be used to en-
gineer relative permittivity to influence the thermodynamics of salt
sorption [23]. Additionally, preparing membranes (with low water
content — similar to desalination membranes) with rigid polymer
backbones and/or bulky side groups can result in favorable water/salt
transport selectivity [26-28]. These findings inform opportunities to
engineer polymers to achieve the necessary combination of properties
to purify water effectively.

One challenge in many fundamental studies of membrane transport
properties is that modification of the polymer often changes the hy-
drophilicity of the material [4-6,29]. In other words, a change in water
content often accompanies systematic variations in polymer chemistry.
Water content can have a profound impact on the water and salt
transport properties of polymers [4,19,30-32], and it can be difficult to
decouple the influences of changing water content and polymer
chemistry on transport properties. Doing so, however, is critical to
understanding how molecular engineering can be used to design ad-
vanced membrane materials.

Here we prepared five methacrylate-based co-polymers that have
statistically equivalent water content but different ratios of two co-
monomers that have different numbers of hydroxyl groups: 2-hydro-
xyethyl methacrylate (HEMA) and glycerol methacrylate (GMAOH).
Selecting these co-monomers enabled a systematic variation of the
position and number density of hydroxyl groups in the co-polymers
without changing the water content of the material. The chemical
composition of the co-polymer was systematically varied from a vicinal
diol-rich configuration (GMAOH-rich co-polymer) to a HEMA-rich
material with single hydroxyl groups on the side chains. Shifting the co-
polymer composition from a GMAOH-rich configuration to a HEMA-
rich configuration suppressed both salt sorption and salt diffusion
properties, and these results were supported by dielectric permittivity
property measurements and state of water analysis. The results suggest,
without complication from changing water content, that a more dis-
tributed hydrophilic functional group configuration may suppress salt
transport to a greater extent than a more vicinal functional group-rich
configuration within the co-polymer. As such, this study provides in-
formation about how specific chemical functional groups influence salt
transport properties in a unique manner that is decoupled from polymer
water content.

2. Experimental methods
2.1. Materials

Co-polymers (Fig. 1) were prepared by photo-initiated cross-linking
of 2-hydroxyethyl methacrylate (HEMA, 99%, Sigma-Aldrich, St. Louis,
MO), glycidyl methacrylate (GMA, 97%, Sigma-Aldrich, St, Louis, MO),
and glycerol methacrylate (GMAOH, synthesized as reported by Tan
et al. [33]). The cross-linker was poly(ethylene glycol) dimethacrylate
(PEGDMA, average Mn = 550 g/mol, Sigma-Aldrich, St. Louis, MO).
The cross-linker content (10% of the total mass of the co-monomers)
was chosen to mitigate two competing objectives: minimizing the cross-
linker content to study the influence of co-monomer functionality on
transport properties while incorporating enough cross-linker to yield
mechanically robust materials. The initiator was 1-hydroxycyclohexyl
phenyl ketone (HCPK, 99%, Sigma-Aldrich, St. Louis, MO), and the
amount of initiator used was 1% of the total co-monomer mass [26,27].

In a typical preparation of the 15:55:30 HEMA:GMA:GMAOH ma-
terial, 0.15g of HEMA, 0.55g of GMA, 0.3g of GMAOH, 0.1g of
PEGDMA, and 10 mg of HCPK were mixed, via magnetic stirring, in a
20mL glass vial. The mixture was stirred at room temperature for
30 min and then was degassed for 10 min in an ultrasonic bath (VWR,
97043). The result of this process was a homogeneous and bubble-free
pre-polymerization solution.

This solution subsequently was deposited slowly onto a clean glass
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Fig. 1. Chemical structure of the cross-linked HEMA:GMA:GMAOH co-polymer.
The co-polymers were prepared from pre-polymerization solutions that con-
tained a x:y:z, by mass, ratio of HEMA:GMA:GMAOH co-monomers (such that
x + y + z = 100). The cross-linker was added such that the mass of cross-
linker was 10% of the total mass of the co-monomers.

plate. Two 100 pm thick metal spacers were placed on either side of the
solution, and a quartz plate was placed on top of the spacers to create a
uniformly thick film of the pre-polymerization solution. This assembly
was placed on a leveled platform in a UV-crosslinking chamber
(Spectroline, Select™ Series). The pre-polymerization solution was ir-
radiated with 120 pJ/cm?® 312nm light for 5min, which was suffi-
ciently long to form mechanically robust membranes, to obtain a col-
orless and transparent membrane film.

The transparent nature of the films was an indicator that the ma-
terials are relatively homogeneous. Glass transition temperatures can
also provide additional information about the morphology of these
dense thick films [34]. Homogeneous co-polymers, i.e., materials where
the co-monomers are well-mixed at the molecular level, are expected to
exhibit a single glass transition temperature [26,34]. Unfortunately, the
glass transition temperatures of all of the HEMA:GMA:GMAOH co-
polymers appear to be obscured by vaporization of some of the water
initially sorbed by the co-polymer. The Fox equation [35,36], which
can be used to calculate a first approximation estimate of the co-
polymer glass transition temperature based on homopolymer glass
transition temperatures and co-polymer composition, provides evidence
for this situation. Furthermore, the Fox equation has been used to cal-
culate values in good agreement with experimentally measured glass
transition temperatures for HEMA-containing materials [27]. The Fox
equation estimated hydrated co-polymer glass transition temperatures
increased in the order of 108 °C, 113°C, 116 °C, 121 °C, and 126 °C as
the HEMA composition of the pre-polymerization solution increased
from 0 to 60% (by mass). Importantly, we did not observe glass tran-
sition temperatures at the temperatures where a glass transition would
be expected if the co-monomers were prepared as homopolymers, and
this result further suggests that the co-polymers were relatively
homogeneous. As such, the transparent nature of the films and the glass
transition temperature data/analysis suggest that the co-polymers
considered here are relatively homogeneous.

Following the cross-linking process, the membrane was removed
carefully from the surface and immersed in de-ionized (DI) water
(18.2 MQ cm). Five materials, with different ratios of the co-monomers
(Fig. 2), were prepared using this process. The mass composition of the
pre-polymerization solution used to prepare the co-polymers was used
to distinguish the materials, and Fourier-transform infrared (FT-IR)
spectroscopy (see Supplementary Information and Fig. S1) suggests that
the pre-polymerization solution composition is representative of the
composition of these cross-linked networks. All materials were stored in
DI water until use.
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Fig. 2. The co-monomer content of the co-polymer was systematically varied
(by adjusting the composition of the pre-polymerization solution used to pre-
pare the co-polymers) to probe the influence of hydroxyl group configuration
on the salt transport properties of the five HEMA:GMA:GMAOH materials
considered. The nomenclature on the horizontal axis corresponds to the pre-
polymerization solution mass composition.

2.2. Methods

2.2.1. Water uptake

After an initial equilibration period of at least 48 h, samples were
removed from the DI water. Residual surface water was wiped from the
film, and the wet sample mass, m,,, was measured immediately there-
after. Samples were subsequently dried under vacuum at 22 = 1°C
(ambient temperature) for at least 48 h to remove sorbed water. After
drying, samples were removed quickly from the oven, and the dry mass,
my, of the sample was measured. Pure water uptake, w,, was calculated
as:
my,, — my

mq (@)

Dry polymer density, p,, was measured immediately after the dry

w, =

mass measurement using an Archimedes’ principle method
[26-28,37,38]. The dry polymer density, Py, Was calculated as:
Mair
Py = ————(Ouux — Puir) + Py
P Mair — Maux aux air air (2)

where m,;, was the sample mass measured in air, m,,, was the sample
mass measured in an auxiliary liquid, p,,, was the auxiliary liquid
density, and p,, was the air density. Cyclohexane was chosen as the
auxiliary liquid [26-28], and the cyclohexane density was evaluated at
the measurement temperature [39,40]. The cyclohexane uptake by all
of the materials considered was measured to be less than 2% (by mass)
over a 12h period of time, which is considerably longer than the ap-
proximately 30 s density measurement.

Assuming volume additivity between sorbed water and polymer
[4,41], the volume fraction of water sorbed in the polymer, ¢,, was
determined as [4]:

Wy

o ®)

where p,, was taken as the density of water (1.0 g/cm3 [39]). The value
of ¢, is effectively equivalent to the water sorption coefficient, K,,,
which is defined as the ratio of the concentration of water in the
polymer to that in the bulk external solution [4,5,21,22].
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2.2.2. Salt sorption

The partitioning of salt from an external solution into the polymer
was characterized using a desorption method [20]. First, samples were
equilibrated with 0.5 mol/L sodium chloride (NaCl) solution for at least
3 days. This equilibration time was well in excess of the characteristic
time for salt diffusion, which was conservatively estimated as film
thickness squared divided by measured salt permeability [20,42], in
these materials. After equilibration, samples were removed from the
salt solution, the residual surface solution was wiped quickly using la-
boratory wipes, sample thickness was measured using digital calipers
(Mitutoyo, Item # 293-344), sample diameter was measured, and the
sample was placed in 20 mL of DI water to allow sorbed salt in the
sample to desorb from the polymer. The salt sorption coefficient, Kj,
which is defined as the ratio of the salt concentration in the polymer
relative to the salt concentration of the external solution in equilibrium
with the polymer [20], was calculated as:

_a v
SN eA 4

where C;" is the salt concentration in the polymer, C; is the salt con-
centration in the initial external solution (i.e., 0.5 mol/L NaCl), C, is the
final salt concentration in the desorption solution, Vj is the desorption
solution volume, and V), is the volume of the hydrated polymer sample,
which was determined geometrically using the average thickness and
diameter of the circular sample coupon.

2.2.3. Salt transport

Salt permeability was characterized using a custom-built diffusion
cell apparatus consisting of two jacketed chambers (i.e., donor and
receiver chambers) that were separated by the sample. Silicone rubber
gaskets were used to tightly seal the sample into the cell (i.e., to prevent
leaks from the donor and/or receiver chambers). The donor chamber
was filled with 100 mL of 0.5 mol/L NaCl solution, and the receiver
chamber was filled with 100 mL of DI water. These solutions were
stirred at a rate of 360 rpm using overhead mechanical stirrers to keep
the solutions well mixed and minimize boundary layer effects.

The conductivity of the receiver chamber solution was recorded as a
function of time using a conductivity meter (Cond 7310, WTW), and the
solution temperature was maintained at 25°C by circulating water
through the chamber jackets using a water circulator with a tempera-
ture controller [43]. Conductivity was subsequently converted to salt
concentration via a calibration curve. Salt permeability, B, was mod-
eled as one-dimensional transient Fickian diffusion and was determined
via a linear regression of the time-dependent salt concentration data in
the form [26,31,43]:

_ﬂm(l_ﬁ_@)=m
2A

Cp(0) %)

where V is the volume of liquid (i.e., salt solution or DI water) in the
donor and receiver chambers, A is the sample area available for
transport, t is time, Cg(¢) is the salt concentration in receiver chamber at
time ¢, and Cp(0) is the initial salt concentration in donor chamber (at ¢
= 0). The measured salt permeability and salt sorption coefficients
were used to calculate the apparent salt diffusion coefficient, Dy, as
[4,5,21,22]:

K )

2.2.4. Microwave dielectric relaxation spectroscopy

Hydrated polymer dielectric permittivity properties were char-
acterized as the frequency-dependent relative complex permittivity
€*[44,45], using a Keysight N9928A vector network analyzer (VNA)
[23]. S-parameters, related to the relative complex permittivity, were
measured over a frequency range of 450 MHz to 20 GHz using the VNA
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[23]. Analysis software interpreted the measured S-parameters as the
relative complex permittivity properties of the samples [21,23,46]. The
VNA calibration and S-parameter analysis were performed as described
previously [23]. The real part of the relative complex permittivity was
the relative permittivity, ¢’, (often referred to as the dielectric constant)
of the sample, and the imaginary part of the relative complex permit-
tivity was the dielectric loss, z’/, of the sample [44].

A 5cm long and 3.5 mm diameter coaxial transmission line or wa-
veguide (Maury Microwave, catalog number 8043S5) was used as the
sample holder. Shielded coaxial cables (Keysight Technologies, catalog
number N9910X0-708) were used to connect the VNA and the trans-
mission line. Co-polymer samples were carefully cut, using a razor
blade, into small rectangular-shaped strips that were approximately
0.5cm wide, and these strips were carefully and tightly wrapped
around the inner conductor of the transmission line until sufficient
polymer was wrapped to fill the annular space of the transmission line
with the absence of air gaps.

2.2.5. State of water analysis

Differential scanning calorimetry (DSC, TA Instruments Q1000) was
used to characterize the state of water sorbed in the materials. First, DI
water equilibrated samples were loaded in well-sealed hermetic alu-
minum pans, which prevented water loss during the experiment. The
samples were quenched to —70°C in the DSC instrument and then
scanned once from —70 °C to 90 °C at a heating rate of 10 °C/min. The
DSC sample chamber was continuously purged with dry nitrogen during
the experiment [26,27,47].

The results were analyzed to quantify the relative amounts of
freezable (i.e., bulk-like, or weakly bound water) and non-freezable
water (i.e., strongly bound water) in the co-polymer [23,48-56].
Freezable, wy, and non-freezable, w,s, water content were calculated as:
wy (%) = ™ w1009 = m X (w, + 100)

mq AH,, 10 @

Wi (%) = W, — Wy (€))

where m; was the freezable water mass in the co-polymer, AHpgyme- Was
the enthalpy of melting in the co-polymer determined by integrating
the water melting peak (at 0 °C) measured using DSC, and AH;,,HZO was
the enthalpy of melting for water (333.5J/g) [56].

3. Results and discussion
3.1. Water uptake

The primary goal of this study was to determine the influence of
hydroxyl group configuration on salt transport properties. To accom-
plish this goal, five HEMA:GMA:GMAOH materials were prepared with
different ratios of HEMA and GMAOH (Fig. 2), which have different
numbers of hydroxyl groups (Fig. 1). As polymer water content criti-
cally affects the salt transport properties of hydrated polymers [4,31], it
was important to prepare the materials used in this study such that the
water content of all of the materials was statistically equivalent. By
doing so, transport property differences between the materials can be
ascribed to changes in the functional group configuration of the
polymer without needing to consider the effect of changing water
content.

Over the range of co-monomer compositions considered, a series of
materials were prepared such that the water uptake and water sorption
coefficient properties were statistically indistinguishable (Table 1). As
the HEMA content of the co-polymer increased (and the GMAOH con-
tent of the co-polymer decreased), the overall hydroxyl group content
in the co-polymer decreased by approximately 8%. We also observed
similar dry density values for all co-polymers (Table 1), suggesting that
the changing of functional group orientation does not significantly af-
fect chain packing in the materials. As the HEMA content of the co-
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polymer increases, the cross-link density likely decreases to a small
extent (estimated to be approximately 7% using the molar composition
of the polymer [57]) to offset the small decrease in hydroxyl group
content and yield a series of materials that have statistically indis-
tinguishable water content (Table 1). It is also possible, however, that
differences in the intrinsic hydrophilicity of the HEMA and GMAOH co-
monomers may contribute to this balance. The water uptake of HEMA is
reported to be 0.60 g(water)/g(dry polymer), and GMAOH is reported
to be water soluble [26,33]. Additionally, molar enthalpy of mixing
data for mixtures of water and either ethanol [58] or 1,2-propanediol
[59], which are representative of the HEMA and GMAOH side chains,
respectively, suggest that mixing of water and 1,2-propanediol is more
thermodynamically favored compared to the situation for water and
ethanol. If ethanol and 1,2-propanediol are taken to be representative
of the side chains of HEMA and GMAOH, respectively, these results
suggest that mixing of water and GMAOH may be more thermo-
dynamically favored compared to that of water and HEMA [57]. Both
analyses suggest that the GMAOH side chain is more hydrophilic
compared to the HEMA side chain. Subsequent transport property data
will be discussed within the framework of the co-monomer composition
and hydroxyl group content of the co-polymer.

3.2. Salt transport properties

As the HEMA content of the polymer increases and the GMAOH
content of the polymer decreases, the configuration of hydroxyl groups
on the polymer side chains shifts from a vicinal diol-rich material (when
the GMAOH content is high compared to HEMA) to a material where
most side chains contain a single hydroxyl group (when the HEMA
content is high compared to GMAOH). Therefore, we were able to use
the HEMA:GMA:GMAOH materials to study the influence of hydroxyl
group distribution on salt transport properties without concern for
changing water content (as the water content of the
HEMA:GMA:GMAOH series of materials was equivalent, Table 1). Salt
transport properties can be engineered by controlling the molecular
distribution of hydroxyl groups within the polymer, and this observa-
tion may have implications for molecular design of desalination mem-
brane materials.

The co-monomer content of the materials was varied by adjusting
the mass composition of the co-monomers in the pre-polymerization
solution used to prepare the co-polymers. While Fourier transform in-
frared (FT-IR) spectroscopy (see Supplementary Information) indicates
that the co-polymer composition reflects the pre-polymerization solu-
tion composition, the similar chemistry and cross-linked network ar-
chitecture of the co-polymers impedes quantitative measurement of the
co-polymer composition. The hydroxyl group content, reported in
Table 1, was calculated from the pre-polymerization solution compo-
sition under the assumption that the pre-polymerization solution
composition translates directly into the co-polymer composition.

While the hydroxyl group content of the co-polymers may vary
slightly over the compositional range considered (as suggested in
Table 1), we expect this change to be small in light of the expected
changes in co-monomer composition. The pre-polymerization solution
composition is given by mass, but the molar composition is more re-
presentative of the distribution of hydroxyl groups. For example, in the
HEMA:GMA:GMAOH 60:40:0 sample, 62% (by mole) of the side chains
have a single hydroxyl group. By comparison, the HEMA:GMA:GMAOH
0:40:60 sample has 37% (by mole) side chains that contain two hy-
droxyl groups. As such, the hydroxyl groups are highly localized in the
HEMA:GMA:GMAOH 0:40:60 sample compared to the HE-
MA:GMA:GMAOH 60:40:0 sample. While we recognize the possibility
for small variations in cross-link density and/or hydroxyl group content
of the co-polymers, we believe that the configuration of the hydroxyl
groups in the co-polymers primarily influences the resulting material
properties, and the subsequent discussion is focused accordingly.
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Table 1

Water content and dry polymer density data measured at 22 * 1°C. Water content measurements were made on samples initially equilibrated with DI water. The
water sorption coefficient, K,,, was taken as equivalent to the volume fraction of water in the material, which was calculated using Equation (3). Co-polymer
composition is reported as in Fig. 2. The uncertainty was taken as one standard deviation from the mean of three measurements.

HEMA:GMA:GMAOH Water Uptake [g(water)/g(dry polymer)] Dry Density (g/cm®) Ky Hydroxyl Group Content [meq(-OH)/g(dry polymer)]

Composition (by mass)

0:60:40 0.24 = 0.02 1.29 + 0.02 0.23 = 0.01 5.0

15:55:30 0.24 = 0.01 1.30 £ 0.03 0.24 = 0.01 4.9

30:50:20 0.24 = 0.01 1.27 = 0.01 0.23 = 0.01 4.8

45:45:10 0.23 = 0.01 1.27 + 0.01 0.23 = 0.01 4.7

60:40:0 0.23 = 0.01 1.26 + 0.02 0.23 = 0.01 4.6
Table 2 0.30 v T v T ¥ 7T ¥
Salt transport property data for the series of HEMA:GMA:GMAOH materials. | 4 i
The salt sorption coefficient measurements were made at 22 = 1°C using / O
sample that initially had been equilibrated with 0.5 mol/L NaCl. Salt perme- 0.25 - / -1
ability was measured at 25 = 0.2°C using an upstream salt concentration of 4 ]
0.5 mol/L NaCl. For each experimentally determined value, the uncertainty was r / 4
taken as one standard deviation from the mean of three measurements. The 0.20 |- , O HEMA content 4
apparent salt diffusion coefficient was calculated from the measured salt Y, [}
sorption and salt permeability coefficients using Equation (6), and standard r 7 o |
propagation of error [60] was used to estimate the uncertainty in the salt dif- xw 0.15 | - 0 = -
fusion coefficient. Co-polymer composition is reported as in Fig. 2. / O [i 15

HEMA:GMA:GMAOH K; B(x 10 °cm?/s)  Dg(x 10~ % cm?/s) /Ef & 8 EF!" /

Composition (by mass) 0.10 |- , Bo tl?_{_m_ 30 -

0:60:40 0118 + 0.004 16.2 % 0.6 137 = 01 I / F ™ .

15:55:30 0.104 + 0.004 11.6 * 0.4 11.2 * 0.1 0.05 |- p 4 | 45 i

30:50:20 0.097 + 0.001 87 * 0.1 9.0 = 0.1 - 60

45:45:10 0.090 + 0.002 7.0 = 0.1 7.8 £ 0.1 L / J

60:40:0 0.080 = 0.002 6.0 = 0.1 7.5 £ 0.1 /

0.00 L 1 : ! i L L
0.0 0.1 0.2 0.3 0.4

3.2.1. Salt sorption Kw

Increasing the HEMA content, while simultaneously reducing the
GMAOH content of HEMA:GMA:GMAOH, drives a reduction in the salt
sorption coefficient or an increase in the ability of the polymer to ex-
clude salt (Table 2). In many hydrated polymers, salt sorption coeffi-
cients tend to vary proportionally with the water content of the polymer
(i.e., K; typically increases as K, increases) [4,19,31]. The cross-linked
hydrogel data in Fig. 3 illustrate this type of relationship. Engineering
the molecular position of the functional groups in the HE-
MA:GMA:GMAOH materials, however, allows access to different salt
sorption properties without changing the water content of the polymer
(Fig. 3).

This result may suggest that adjusting the distribution of a given
functional group within a polymer can have a pronounced influence on
salt sorption properties. The observed change in the salt sorption
coefficient without a corresponding change in water content suggests
that the change in functional group configuration affects the thermo-
dynamic environment of the hydrated polymer. As discussed subse-
quently, we believe that the observed salt sorption properties are highly
related to changes in the hydrogen bonding environment within the co-
polymer, which can be probed via DSC and microwave dielectric re-
laxation spectroscopy measurements.

3.2.2. Salt permeability and diffusivity

To further explore the influence of hydroxyl functional group con-
figuration on salt transport, we characterized the salt permeability of
the HEMA:GMA:GMAOH materials. Similar to the salt sorption coeffi-
cient observations (Fig. 3), the salt permeability decreased as the HEMA
content of the co-polymer increased (Fig. 4A). This decrease in salt
permeability, P;, is related to the observed decrease in the salt sorption
coefficient, K, by the solution-diffusion model where B, = K; X D;
(i.e., Equation (6)) [21].

Unique to this study is the fact that the observed changes in salt
sorption and permeability occur at a fixed water content. Several

Fig. 3. Salt sorption coefficient data as a function of the water sorption coef-
ficient for HEMA:GMA:GMAOH (this study, m) and hydrogels (00) [31]. The
dashed line on this parity plot indicates the border between salt exclusion from
the polymer (points below the line) and salt enrichment in the polymer (points
above the line). For HEMA:GMA:GMAOH, the HEMA co-monomer composition
of the pre-polymerization solution used to prepare each co-polymer is reported
for each data point.

studies have established that water content has a significant impact on
salt sorption and permeability properties (e.g., the open symbols in
Figs. 3 and 4) [4,5,31]. Our results, however, suggest that the func-
tional group configuration of a polymer (not simply water content
alone) can be used to control salt sorption and permeability properties,
and this observation suggests new opportunities for membrane science.

Free volume theory provides a framework to explain the dashed line
relationships shown in Fig. 4 [4,31,61]. Yasuda proposed a free volume-
based model where the water content of the polymer was taken to be
proportional to the polymer free volume [31]. This model suggests that
the natural logarithms of both the permeability and diffusion coeffi-
cients should scale with inverse water content provided that water
content is a proxy for free volume and that transport can be described
by the free volume model [31]. As such, the natural logarithm of salt
permeability and diffusion coefficients tend to decrease linearly with
the inverse water sorption coefficient (i.e., 1/K,,). An example of this
relationship is illustrated in Fig. 4A where the salt permeability of
several uncharged hydrogels decrease with 1/K,,. One implication of
this model is that movement along the dashed line in Fig. 4A indicates
that salt permeability is changing in response to changes in free volume
brought about by water content changes in the polymer, i.e., other
polymer compositional effects are secondary.

In the HEMA:GMA:GMAOH materials considered in this study, the
water content of all 5 samples is statistically indistinguishable, so the
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Fig. 4. Salt permeability (A) and apparent salt diffusion (B) coefficients as a function of inverse water sorption coefficient for HEMA:GMA:GMAOH (this study, m) and
hydrogels (O0) [31]. For HEMA:GMA:GMAOH, the HEMA co-monomer composition of the pre-polymerization solution used to prepare each co-polymer is reported for
each data point. The dashed lines are drawn to guide the eye for the hydrogel data.
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Fig. 5. Frequency-dependent relative permittivity, ¢’, data for the

HEMA:GMA:GMAOH co-polymers. The data sets are labeled with the HEMA co-
monomer composition of the pre-polymerization solution used to prepare each
co-polymer. Dashed curves are a single Debye relaxation fit to the measured
data. All measurements were made at 22 + 1 °C, and the uncertainty was taken
as one standard deviation from the mean of three measurements.

observed decrease in salt permeability as HEMA content increases is
due to factors other than water content. As such, the
HEMA:GMA:GMAOH data points in Fig. 4A move vertically downward
as HEMA content increases and not along the dashed line, as would be
expected if water content was driving the changes in permeability. This
unique behavior is a result of changing the functional group config-
uration within the polymer.

A similar trend is observed when the salt sorption and permeability
coefficients are used to calculate apparent salt diffusion coefficients
that can also be plotted versus 1/K,, (Fig. 4B). We observed a decrease
in the apparent salt diffusion coefficient as HEMA content increased at
equivalent water content (Table 1, Fig. 4B), and the decrease was 1.5
times less than the decrease in salt permeability for these

HEMA:GMA:GMAOH materials. This result is expected because the
decrease in both salt sorption and diffusion coefficients contribute to
the overall decrease in salt permeability, according to the solution-
diffusion model (B = K; X D).

Additionally, we compared the apparent salt diffusion coefficients
of HEMA:GMA:GMAOH to those values for other cross-linked hydrogels
[31]. At similar water content values (i.e., similar values of 1/K,,), the
magnitudes of the salt diffusivity are similar among these chemically
similar materials (Fig. 4B). This observation suggests that molecular
motions are similarly facilitated by comparable amounts of sorbed
water in these materials.

The hydroxyl group configuration in the HEMA:GMA:GMAOH ma-
terials influences salt sorption, diffusivity, and permeability.
Investigating this effect using materials of comparable water content
reveals unique structure property relationships. Distributing the hy-
droxyl groups more evenly throughout the polymer (i.e., on the HEMA
side chain versus the vicinal diol of the GMAOH side chain) appears to
suppress salt sorption and diffusion coefficients. This result may suggest
more broadly that distributed hydrophilic functionality may be ad-
vantageous for desalination membrane materials.

3.3. Microwave dielectric relaxation spectroscopy

To further explore the underpinnings of the salt transport property
results discussed in the previous section, we characterized the dielectric
properties of the hydrated HEMA:GMA:GMAOH co-polymers. We per-
formed the analysis in the microwave frequency range where dipolar
relaxation motions of water molecules can be probed [45,62-66]. The
relative permittivity properties of these materials provide insight into
the thermodynamic environment of the polymer and, thus, salt sorption
properties [19,24,25,67-71].

We fit the HEMA:GMA:GMAOH relative permittivity data (Fig. 5) to
a single Debye relaxation process to determine the static permittivity
(i.e., static dielectric constant) of the material [23,72]. Though the
single Debye relaxation model is likely an oversimplified description of
dipolar relaxations in these hydrated polymers (i.e., agreement between
the data and the single Debye relaxation is not perfect), this approach
provides a uniform method to approximate the static permittivity
properties (i.e., the value of the ¢ plateau at low frequency) of the
materials [23]. The static permittivity is useful for quantifying the ex-
tent of water dipole relaxation and for modeling ion sorption thermo-
dynamics in hydrated polymers [19,23,24].
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The single Debye relaxation fitting process revealed that the static
permittivity values of the HEMA:GMA:GMAOH materials decreased
from 11.0, 10.0, 9.9, 9.1, to 8.1 as HEMA content increased from 0, 15,
30, 45, to 60%. It is important to note, again, that the water content of
all of the co-polymers was statistically indistinguishable. This result is
consistent with previous work suggesting that polymer chemistry (and
not water content alone) plays an important role in determining the
dielectric properties of hydrated polymers [23].

The observed decrease in the magnitude of the relative permittivity
and the regressed static permittivity properties as the HEMA content of
the co-polymer increased could be interpreted as a reduction in the
dielectric constant of the co-polymer as HEMA content increases.
Consistent with electrostatic theory, lower dielectric constant materials
often exclude salt to a greater extent than higher dielectric constant
materials [19,23]. As such, the relative permittivity data shown in
Fig. 5 are qualitatively consistent with the salt sorption data reported in
Table 2 as the relative permittivity and salt sorption coefficient de-
creased as the HEMA content of HEMA:GMA:GMAOH increased.

Another molecular interpretation of the data in Fig. 5 is that dipolar
relaxation processes are weaker, or less energy is dissipated during the
dipolar relaxations, in materials that contain more HEMA co-monomer.
We believe this result may suggest that transitioning from a vicinal diol-
based co-polymer to a system where hydroxyl groups are more dis-
tributed throughout the polymer matrix may have the effect of slowing
water molecule motions within the hydrated co-polymer. This result is
also consistent with the observed reduction in salt diffusion coefficient
values as the HEMA content of the co-polymer increases (Fig. 4B).

3.4. State of water analysis

The dielectric permittivity data discussed in the previous section
suggest that different states of water may exist within the co-polymers
and mobility of sorbed water in each sample may be affected by the
configuration of hydroxyl groups in the polymer. Several studies have
investigated the state of water in hydrated polymers [23,48-55,64,73].
Many of these studies use differential scanning calorimetry to quantify
the state of water in hydrated polymers, and we applied that approach
to the HEMA:GMA:GMAOH materials.

All of the thermograms for the HEMA:GMA:GMAOH co-polymers
(Fig. 6) indicated the presence of freezable sorbed water (i.e., we ob-
served a melting transition at 0 °C for each material). We calculated the
amount of freezable and non-freezable water sorbed in the co-polymers,
and freezable water content decreased from 2.3 to 0.9% as HEMA
content increased (Table 3). Non-freezable water content remained si-
milar among all of the co-polymers (Table 3) presumably because the
concentration of hydroxyl groups only decreased slightly as HEMA
content increased (Table 1).

State of water analysis suggests that materials with more HEMA had
less freezable water than the materials containing more GMAOH. As
such, the more distributed hydroxyl group configuration in the HEMA-
rich materials may promote stronger water-polymer interactions. These
interactions could reduce the likelihood of forming water clusters that
contain freezable (or bulk-like) water; such clusters may be more fa-
vorable in the vicinal diol-rich materials that contain more GMAOH
compared to HEMA. Formation of such bulk-like water clusters may
reduce transport selectivity, so engineering materials to have more
distributed functional groups throughout the polymer matrix may favor
transport selectivity, which is critical for desalination applications
[11,57].

The decrease in the HEMA:GMA:GMAOH apparent salt diffusion
coefficient with increasing HEMA content (Fig. 4B) may be the result of
less freezable water (i.e., bulk-like water) clustering around the hy-
droxyl groups in the HEMA-rich materials. To illustrate this point, we
calculated the freezable (i.e., bulk-like) water content per equivalent of
hydroxyl group in the co-polymers, and increasing the HEMA content of
the pre-polymerization solution from 0% to 60% by mass caused the
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Fig. 6. Differential scanning calorimetry (DSC) thermograms for the hydrated
GMA:HEMA:GMAOH materials. The HEMA co-monomer composition of the
pre-polymerization solution used to prepare each co-polymer is reported for
each data set.

Table 3

The distribution of freezable and non-freezable water in the
HEMA:GMA:GMAOH materials was calculated using water uptake (Table 1)
and DSC data. The sum of wy; and w,y is equivalent to the total water uptake of
the material. The co-polymer composition is reported as in Fig. 2.

HEMA:GMA:GMAOH Wy (%) War (%)
Composition (by mass)

0:60:40 2.3 21.2
15:55:30 1.9 22.3
30:50:20 1.8 21.7
45:45:10 1.2 22.3
60:40:0 0.9 22.4

amount of freezable water, in the co-polymer film, per equivalent of
hydroxyl group to decrease by more than a factor of 2 (See the Sup-
plementary Information for additional details). This result suggests that
freezable water content may be suppressed by preparing polymers with
more distributed hydrophilic functional groups. Such a situation could
also result in more tortuous transport pathways [23,74], which could
impact salt diffusivity properties.

Additionally, the state of water results are consistent with the di-
electric permittivity analysis (Fig. 5) as they provide quantitative in-
sight into the lower static permittivity of higher HEMA content mate-
rials. A more evenly distributed hydroxyl group configuration may
allow water to interact with the polymer backbone to a greater extent,
and this situation could reduce freezable water content compared to the
situation where hydroxyl groups are situated closer together (i.e., the
GMAOH-rich materials). In other polymers, freezable water content and
relative permittivity properties appear to be related [23], so the si-
multaneous reduction in freezable water content and relative permit-
tivity observed in these materials, as HEMA content increases, is con-
sistent with previously observed phenomena.

This study focused on salt transport properties, but water transport
properties are also important for desalination applications. The water
permeability, like salt permeability, can be described using the solution
diffusion model (i.e., water permeability is taken as the product of the
water sorption coefficient and an apparent water diffusion coefficient)
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[21,22]. The slowing of water molecule motions, suggested by the di-
electric permittivity data and state of water analysis presented here,
cause a decrease in the apparent water diffusion coefficient reported in
a separate study [57]. Importantly, however, the water sorption coef-
ficient (unlike the salt sorption coefficient) remains constant as the
HEMA content of the co-polymer increases. Therefore, the salt perme-
ability decreases to a greater extent than the water permeability. As
such, the water/salt selectivity, which is coupled to salt rejection and
important for desalination applications, increases as the co-polymer
composition shifts from the vicinal diol-rich material to the HEMA-rich
co-polymer with more evenly distributed hydroxyl groups [57].

4. Conclusions

The molecular configuration of hydroxyl groups in a series of
equivalent water content methacrylate-based HEMA:GMA:GMAOH co-
polymers influences salt transport properties. Shifting from a vicinal
diol-rich hydroxyl group configuration (GMAOH-rich co-polymer) to a
configuration where only a single hydroxyl group is present on the co-
polymer side chain (HEMA-rich co-polymer) leads to a reduction in salt
sorption and permeability coefficients, which is favorable for desali-
nation membrane applications. The observed reduction in salt sorption,
as the HEMA content of the co-polymer increases, is consistent with a
simultaneous reduction in the relative permittivity (or dielectric con-
stant) and the freezable water content of the hydrated co-polymer. A
reduction in the apparent salt diffusion coefficient as the HEMA content
of the co-polymer increases is also consistent with a hydrogen bonding
environment where water molecules interact to a greater extent with
the polymer backbone, and both of these conditions are consistent with
the observed reduction in relative permittivity and freezable water
content as the HEMA content of the co-polymer increased. These results
suggest that salt transport properties can be engineered by exercising
molecular control over functional group position in hydrated polymers.
The results suggest that a more distributed functional group config-
uration may facilitate low rates of salt transport, which could be a vi-
able strategy for preparing water/salt selective polymers for desalina-
tion membrane applications.
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