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ABSTRACT: To probe local molecular-scale effects of polymer
backbone dynamics on the transport of water and salt in
desalination membranes, we have studied water diffusion behavior
in two chemically similar copolymers using NMR diffusometry. We
observe a greater activation energy for water diffusion in a glassy
hydroxylated methacrylate membrane as compared to its chemically
similar rubbery acrylate counterpart. We also investigate water
diffusion in aqueous solutions of both precursor monomers, which
serve as close mimics of each membrane’s local environment.
Comparison between membranes and solution mimics can further
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inform on the effects of purely geometric (physical) nanoconfinement versus those effects from water—chain intermolecular
interactions. We find that diffusive activation energy differences between the rubbery and glassy membranes originate mainly from
differences in the intermolecular interactions of water with the different local polymer structures. We further propose that the more
rigid glassy methacrylate backbone introduces configurational restrictions to transport, leading to greater water—salt permeability

selectivity compared to the rubbery polymer.

B INTRODUCTION

To address current and future global water shortages,
polyamide-based membranes are the current “gold standard”
in reverse osmosis water purification technology because of
their simultaneously high water flux (2040 L m™ h™") and
salt rejection (>99%)."~° However, these materials face
shortcomings in the form of fouling and oxidative degradation
due to the chlorine use necessary for pretreatment of
feedwater.”~” While many different avenues are being explored
to produce efficient chlorine-resistant materials, largely
through synthesis of polysulfone- and poly(phenylene oxide)-
based membranes,”'" these materials presently are unable to
match the performance of polyamide membranes. Further
advances in membrane design require studies into structure—
dynamics—property relationships to achieve the combination
of desirable properties needed to meet water purification goals
of the future.'""”

To delve deeper into structure—dynamics—property rela-
tionships, we have investigated two chemically similar
materials: a methacrylate-based hydroxymethyl methacrylate-
co-methyl methacrylate (HEMA-co-MMA) with a glassy
backbone and an acrylate-based hydroxyethyl acrylate-co-
ethyl acrylate (HEA-co-EA) with a rubbery backbone (Figure
1). Similar to commercial polyamide reverse-osmosis mem-
branes, these materials absorb roughly 10 % water by mass.
This low water content and its similarity to that of commercial
materials are important because water content stron_gly
influences water and salt transport in hydrated polymers.”"
The dynamics of the polymer backbone play a more significant

© 2021 American Chemical Society

W ACS Publications 11187

role in low-water-content materials due to an increased degree
of interaction between water, salt ions, and the polymer in the
small (~1 nm) hydrophilic pathways that facilitate transport
through the membrane. This situation contrasts materials like
Nafion, which at higher hydration levels shows the presence of
“bulk-like” water or regions where water—water interactions
dominate the transport behavior.'*"

Our previous studies of HEMA-co-MMA and HEA-co-EA
have provided insight into the effects of polymer backbone
dynamics on water and salt transport through these
membranes over a range of length scales by NMR
diffusometry.” We have seen greater water—salt selectivity in
HEMA-co-MMA membranes compared to that in HEA-co-EA
as well as increasing water—salt selectivity in the HEMA-co-
MMA materials with increasing size of the salt ions.'®
Measurements of water diffusivity on the micrometer length
scale allowed us to separate the tortuosity of the membrane
hydrophilic network into two regimes. One tortuosity
corresponds to an average over larger scale heterogeneities
(~0.5 ym and larger), and one tortuosity includes the local
structure and morphology responsible for the selective
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Figure 1. Chemical structures of the (a) HEA-co-EA and (b) HEMA-co-MMA materials, both created through a photoinitiated polymerization
process with 3 mass % poly(ethylene glycol) diacrylate (PEGDA) included for cross-linking. The ratio of hydrophilic to hydrophobic comonomers
of these materials is represented on the structures as X and Y (i.e,, HEA-co-EA contains an X:Y ratio by mass of HEA:EA), where 35:65 is typical for
both materials. These chemically similar membranes differ predominantly in that (a) is rubbery and (b) is glassy in the hydrated state. Aqueous
solutions of the (c) HEA and (d) HEMA monomers provide models for the local intermolecular environment of the internal hydrophilic transport

pathways present in the two copolymers.

transport of salt on the molecular level.”'” Because of practical
limitations of NMR diffusometry (pulsed-field-gradient switch-
ing times), we cannot directly probe the contribution to
diffusion on shorter length scales (<100 nm). Therefore, we
need another approach to better understand the local
interactions and structure that differentiate the selectivity of
these two materials.

The activation energy (E,) of diffusion is affected by
molecular scale (~1 nm in length, ~1 ps in time) interactions
that influence diffusion.*'*~>* These interactions include not
only those that are chemical in nature (e.g., hydrogen bonding
and dipole—dipole interactions) but also those that are physical
restrictions to diffusion (also termed geometric nanoconfine-
ment).'® In separations (e.g, desalination) membranes, the
boundaries or restrictions to molecular motion between
hydrophilic and hydrophobic regions of the polymer can give
rise to geometric nanoconfinement. We use the Arrhenius
equation (eq 1) to extract the E, of diffusion

D = Dye”B/RD (1)
where D is the diffusion coefficient, D, is the pre-exponential
factor, T is the absolute temperature, and R is the gas constant.

As the HEMA-co-MMA and HEA-co-EA membranes studied
here sorb only a small amount of water at saturation (~10 wt
%), the hydrophilic medium through which water diffuses will
be strongly influenced by intermolecular interactions due to
the hydrophilic moieties present at high density. Previously,
Lingwood et al.'"* and Zhang et. al'® have studied
trifluoromethanesulfonic acid and lithium trifluoromethane-

11188

sulfonate, respectively, as local molecular mimics for the ion-
dense environment of perfluorosulfonic acid membranes such
as Nafion. These studies were therefore able to separately
address the effects of confinement on water transport. In the
present work, we use a similar strategy to quantify the effects
on water diffusion originating from the intermolecular
interactions of water and the effects from geometric confine-
ment. In our previous paper on these materials,” we made the
experimentally convenient approximation that at the limit of
very short diffusion length scales water molecules do not
experience any restricted diffusion effects as a result of the
polymer membrane. Pure water was therefore used as a model
for the local diffusion behavior to determine our reported
membrane tortuosity values.

The use of pure water as a model for local diffusion,
however, neglects the significant impact that intermolecular
interactions between water and the hydrophilic moieties can
impart to the diffusion behavior, even in the absence of any
nanoconfinement (membrane physical matrix) effects. To
probe a more appropriate analogue to the chemical environ-
ment within the polymer membranes, we perform diffusion
measurements on mixtures of water and each hydrophilic
monomer (HEMA and HEA) at water:monomer mole ratios
equivalent to what exists inside the hydrated membranes (2.8
water molecules per HEA monomer and 3.6 water molecules
per HEMA monomer). These analogues allow us to observe
the impact, on water diffusion, of intermolecular interactions
between water and the hydrophilic moieties, and without the
geometric confinement effects present in the membranes.
These solutions also allow for a second point of comparison
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regarding the assumed similarity in chemical interactions
between HEMA and water versus HEA and water. From this
information, we can better define the structural features that
control the differences in transport selectivity between the
glassy HEMA-co-MMA and the rubbery HEA-co-EA mem-
branes. We propose that this methodology can be applied to
understand chemical and physical contributions across multi-
ple length scales that affect bulk transport in a range of
polymeric materials.

In addition to measuring diffusion and its associated
activation energy, NMR can be used to elucidate information
about the dynamics of chemical exchange.””™" In these
systems, interactions between water protons and the hydroxyl
groups of the hydrophilic moieties can enable exchange of
labile protons between the two species.”>***" This exchange
results in temperature-dependent broadening and coalescence
of the NMR signals arising from the exchanging sites as well as
changes in the chemical shift, a property that can be used as an
“NMR thermometer”.”> While the polymer and water NMR
signals inside the membranes are broad and thus obscure such
dynamics, the monomer solution signals reveal clear chemical
exchange. From these observations, we present additional
insight into how molecular structural differences between
HEMA and HEA affect how these two chemical species
interact with water.

B EXPERIMENTAL SECTION

Polymer Sample Preparation. The two copolymer membranes
investigated (Figure 1) were prepared according to the procedures
discussed in Chang et al.” The 35:65 HEA-co-EA membrane was cut
into 3 mm diameter discs, stacked in groups of 16 disks, and wrapped
with thin strips of PTFE tape to hold them together, before being
equilibrated in 0.5 M NaCl solution until saturated. The 35:65
HEMA-co-MMA material was too brittle to be neatly cut by using the
circular punch used for the HEA-co-EA material and instead was cut
with a blade into rectangular sections approximately 3 mm X 4 mm.
The slices were stacked and wrapped in a similar manner to the HEA-
co-EA discs, before being similarly equilibrated in 0.5 M NaCl
solution until saturated. The membranes were 200 ym thick. The
equilibrium water content in each material was as previously
reported,” with HEA-co-EA absorbing 82 + 0.4 mass % and
HEMA-co-MMA absorbing 9.1 =+ 0.5 mass %. For the NMR
experiments, the stacks were removed from the equilibration solution,
blotted to remove any surface water, and wrapped completely with
additional PTFE tape to minimize water loss to evaporation. The
wrapped stacks were sealed inside a polyoxymethylene (POM)
sample cell designed to minimize excess volume to prevent water loss
from the sample through evaporation.'”****

Solution Sample Preparation. The polymer-analogous solution
samples were prepared by mixing the same monomer reagents used in
the polymerization process, with HPLC grade water (Fisher
Chemical). Approximately 1 mL aliquots of the solutions were
added to 5 mm NMR tubes, along with four 0.8 X 1 X 10 mm® (inner
diameter, outer diameter, and length, respectively) glass capillary
tubes to mitigate the effects of convection on the diffusion
experiments at elevated temperatures. The NMR tubes were
additionally flame-sealed to prevent evaporative loss of the solution
and stored in an opaque container to prevent photopolymerization of
the acrylate monomers over time. Solution concentrations were
confirmed by NMR integrations.

NMR Diffusometry. Water diffusion measurements were
performed, for both the copolymer samples and the monomer—
water solutions, on a 9.4 T Bruker Avance III wide-bore spectrometer,
by using the monopolar pulsed-gradient stimulated echo (PGSTE)
pulse sequence. A Bruker Diff60 diffusion probe was used with a §
mm radio-frequency (RF) coil for all NMR diffusion measurements of
the membrane materials. A DiffS0 gradient coil was used for diffusion

measurements of the solutions; good agreement was found with
identical experiments run on the Diff60 coil. Equation 2 shows the
relation between the normalized signal intensity data (I/I,) obtained
from a PGSTE experiment and the Stejskal-Tanner parameter, b,
which is used to extract the measured diffusion coefficient, D, from a
plot of I/I, versus b:

I D _ Dy (a-8/3)
I, )

The Stejskal-Tanner parameter, b, is composed of the following
experimental parameters and constants: the effective gradient pulse
length, 0, the gradient strength, g, the gyromagnetic ratio of the
nucleus being observed, y, and the experimental diffusion time, A.
The strength of the magnetic field gradients was calibrated by using a
sample of 1 wt % H,O in D,O, which has a known diffusion
coefficient of 1.91 X 107 m” s™! at 25 °C. Measurements performed
on membrane samples used a 90° pulse time of S s, and a linear
gradient list with gradient strengths from 20 to 350 G/cm and 40 to
800 G/cm for water in the HEA-co-EA and HEMA-co-MMA samples,
respectively. An effective gradient pulse duration of 1—2 ms (actual
pulse duration is 1.57 times the effective duration for the sinusoidal
pulse shape used) and a diffusion time of 20 ms were used for all
diffusion measurements, with repetition times of 3—5 s. For all
diffusion experiments, four dummy gradient pulses and four dummy
scans were utilized to minimize signal weighting artifacts.

Diffusive Activation Energy. Water diffusion measurements
were performed at varied temperatures, ranging from 15 to 55 °C for
the copolymer samples and —10 to 65 °C for the solution samples.
Note that as evaporation and sample freezing are more easily observed
in a solution sample, a wider window could be used, assuming
transverse relaxation time (T,) values are long enough at lower
temperature. Activation energies are found from the slope of the
linearized Arrhenius plot of the diffusion coefficient versus inverse
temperature. As a verification that no measurable convection was
occurring in the solution samples measured at elevated temperatures,
a convection-compensated double stimulated echo experiment®® was
run at the highest temperature, and good agreement was found with
the single stimulated echo results. Note that because of the short T, of
the exchange-broadened OH—water signal, this experiment could not
be run at all temperatures. For most polymeric systems, the
conventional PGSTE is suitable for measurement of the widest
range of samples (with short T,) and with negligible phase artifacts
(from convective flow), since polymer matrices will effectively block
any substantial convection pathways.

NMR Sample Temperature Calibration. Temperature calibra-
tion was performed by using glass-sealed samples of neat ethylene
glycol (anhydrous, 99.8%, Sigma-Aldrich) at temperatures above 30
°C and methanol (anhydrous, 99.8%, Acros Acroseal) containing 0.03
vol % HCI (37%, Sigma-Aldrich) for temperatures below 30 °C. Both
calibration standards were filled to a similar height as the solution
samples to ensure that the observed temperature of the standard was
identical (+1 °C) to the diffusion samples. For temperatures between
30 and 110 °C, the chemical shift difference, Ad, between the two
peaks exhibited by pure ethylene glycol in "H NMR can be related to

the temperature, T, of the sample by eq 3:**’
T (K) = 4.637 — AS
0.009967 ©)

Between —70 and 30 °C, eq 4 describes the relationship between the
chemical shift difference and temperature for methanol.*®

T (K) = —23.832A8% + 29.46A8 + 403 (4)

Chemical Exchange Measurements. The 1D NMR spectra of
the monomer solutions were obtained over a temperature range of
—50 to 70 °C on a 600 MHz Bruker Avance III spectrometer
equipped with a 5 mm triple resonance TBI probe. The samples were
allowed to equilibrate at each temperature for a minimum of 15 min
before acquisition of the final spectrum to ensure an accurate
representation of the exchange behavior at that temperature.
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Figure 2. Linearized Arrhenius plot of water diffusion in saturated HEMA-co-MMA (blue, square) and HEA-co-EA (maroon, round) membrane
materials. Water in the HEA-co-EA material shows both faster overall transport (3.5 X 107" m?/s at 25 °C) and a lower activation energy for
diffusion (E, = 28 + 1 kJ/mol) than the HEMA-co-MMA material (1 X 107! m?/s at 25 °C and E, = 32 + 1 kJ/mol). Thus, the local (~1 nm)
barriers to diffusion are higher in the HEMA material. The uncertainty in the diffusion coeflicients measured is ca. +3%.
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Figure 3. Linearized Arrhenius plot of water and monomer diffusion in the 2.8:1 H,O:HEA (blue, solid symbols) and 3.6:1 H,0:HEMA (maroon,
hollow symbols) solutions, which represent analogues to the environments of their respective membranes. We find the E, for water to be 23 + 2 kJ/
mol (HEA—water solution) and 27 + 1 kJ/mol (HEMA—water solution). The uncertainty in the measured diffusion coefficients is ca. +5%.

Experiments utilized a relaxation delay of 10 s, four dummy scans,
eight acquisition scans, a 90° pulse time of 10 us, and acquisition
times from 0.2 to 3 s, adjusted for the length of the free induction
decay at a given measurement temperature.

B RESULTS AND DISCUSSION

Activation Energy of Diffusion Studies. To advance our
understanding of how local intermolecular interactions and
geometric nanoconfinement separately contribute to bulk
diffusion in these materials, we use variable temperature
NMR diffusometry to probe activation energy (E,) in the two
membranes. Using the Arrhenius plot of Figure 2, we find the
E, of water diffusion in the HEA-co-EA membrane to be 28 +
1 kJ/mol, while in the HEMA-co-MMA membrane E, = 32 + 1
kJ/mol.

The greater E, observed for water in the HEMA-co-MMA
material suggests that interactions between water molecules
and the surrounding polymer are stronger than in the HEA-co-
EA material. E, reflects the average energy landscape given by
the local (~1 nm) physical and chemical interactions that

11190

e S . . 14,18
average over the prediffusive (inertial) motion regime.

Thus, confinement by the hydrophobic regions of the polymer,
combined with barriers or obstacles (e.g., physical restrictions
by polymer chains) and with intermolecular effects (e.g.,
hydrogen bonding and dipole—dipole interactions), provide
the major contributions to E, values. The observed E, values
are com%)arable to those measured for water diffusion in acid
form'*** and lithium form'® Nafion at similar levels of
hydration.

In addition to the E, of diffusion, the pre-exponential factor,
D, provides information related to the configurational degrees
of freedom available for diffusive motion.'® We find that while
water diffusion in the HEMA-co-MMA material is more
energetically hindered (high E,), the configurational environ-
ment available for transport'*'” is slightly less constrained than
that of the HEA-co-EA material, with D, values of 4.4 X 107¢
and 2.6 X 107® m? s7/, respectively. Based on the overall D
values and the diffusion time (A) of the NMR diffusometry
experiments, the diffusion length (root-mean-squared displace-
ment) of water molecules in these measurements is 0.5—3 um.
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Figure 4. Comparison of the diffusive E, of water in both membranes (top left, HEA-co-EA; top right, HEMA-co-MMA) and the membrane
analogue solutions (bottom left, HEA—water solution; bottom right, HEMA—water solution). As the two membrane analogue solutions mimic the
local molecular environment of their respective membranes (absent any physical confinement), the difference in E, seen between these pairs (HEA-
co-EA + HEMA-co-MMA and HEA—water + HEMA—water) should reflect the contribution to E, resulting only due to geometric
nanoconfinement. Similarly, as the only differences between the two analogue solutions is the result of chemical intermolecular interactions and
concentration, the difference in E, between these solutions reflects this. Interestingly, the difference in water E, observed between the two
membranes matches that between the two solutions, and the differences from each solution to their respective membranes match as well. This
suggests that the hydrophilic network of the membranes exhibits a very similar degree of confinement on water diffusion and at the ~1 nm scale
differs only due to intermolecular interactions between water and the hydrophilic monomer moieties.

The diffusion coeflicients D, along with Dy, measured here, are
additionally sensitive to the micrometer-scale membrane
morphology we have previously reported, complicating
interpretation of the differences in D, that arise solely from
local contributions. Additionally, because of the large
uncertainty in the extrapolation of D, values, we compare
only the relative differences between D, values and not the
absolute values. Comparison with the D, values measured for
the analogous solutions provides additional clarity and will be
discussed below.

The observed differences in the E, of water agree with our
previous work,” in which we found that the degree to which
structural heterogeneities and restrictions affect the bulk
diffusion through the membrane was similar between the
HEMA-co-MMA and HEA-co-EA materials. Water diffusion in
the HEMA-co-MMA membrane was slower (1 X 107! m*/s at
25 °C) on the micrometer length scale than in the HEA-co-EA
membranes (3.5 X 107! m?/s at 25 °C). From the
measurements of the water E, in the membranes, we cannot
separate the effects on transport due to differences in
intermolecular interactions between water and HEMA or
HEA units from the effects of nanoconfinement and polymer
morphology. Thus, another point of comparison is needed.

To observe the effects on water transport due to differences
in chemical interactions between water and the respective
hydrophilic monomers, we measured the E, of diffusion in two
membrane analogue solutions. We prepared these solutions at
water:monomer concentrations that match the internal
environment of the membranes reported in our previous
work (2.8 water molecules per HEA unit and 3.6 water
molecules per HEMA unit). These solutions thus mimic the
local intermolecular environment of the membrane hydrophilic

networks, and in the absence of any geometric confinement or
membrane tortuosity effects.”

From these diffusion studies (Figure 3), we find that water
in the HEA analogue solution has E, = 23 + 1 kJ/mol, whereas
the HEMA analogue solution has E, = 27 + 1 kJ/mol
Additional diffusion measurements, including D values for the
monomer species, are shown in Figure S1. The activation
energies measured for these solutions follow the trend seen for
the membrane materials: water diffusion experiences a lower
energetic barrier to diffusion in the HEA—water solution, while
the HEMA—water solution is more energetically hindered.
Here, the D, values observed reflect the local configurations
available to the diffusion process, and we see that water in the
HEMA analogue solution has a higher D, (2.9 X 107> m*s™")
as compared to the HEA solution (6.2 X 107 m? s™!). As a
result, the magnitude of the overall water D values for the two
analogue solutions are similar (+10%) across the temperature
range studied.

Interestingly, if we compare the difference in water E,
between the membrane analogue solutions and their respective
membranes, we see that they are identical (Figure 4). Similarly,
differences in water E, from HEA to HEMA match for the
same sample type (solution or membrane). From these
similarities, we propose that the local scale (~1 nm) diffusion
of water in these two membrane materials is affected very
similarly with regards to nanoconfinement effects and only
differs because of the difference in intermolecular interactions
(including dynamics) between water and the two hydrophilic
monomers. Given that these two materials are made from
similar comonomers and hydrophilic:hydrophobic monomer
ratios, similar cross-linking densities, and polymerization
methods, it appears that there are similar confinement effects
due to the local polymer structure on water diffusion.
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Figure S. Illustration of the different local environments of the hydrophilic network in the rubbery HEA-co-EA (a) and glassy HEMA-co-MMA (b)
membrane materials. We propose that the more dynamic chains of HEA-co-EA allow for greater configurational freedom in the diffusion of salt and
water, which, in addition to the weaker intermolecular interactions, results in a system where both salt and water can diffuse more freely as
compared to HEMA-co-MMA. The rigid methacrylate backbone of HEMA-co-MMA disrupts the cooperative motion of polymer chains with water
and salt molecules, reducing the configurational degrees freedom of available, which in combination with the greater energetic hindrance results in
greatly slowed transport of the relatively large, solvated ions and thus higher water—salt selectivity.

However, this is not something that could be immediately
assumed due to the very different dynamics of the polymer
backbones, as evidenced by their glass transition temperatures
of =20 °C (HEA-co-EA) and 80 °C (HEMA-co-MMA).”
Considering the similarity in energetic penalty of geometric
confinement between the two materials, it appears that the
local transport behavior of the membranes will match the
similarity in the overall water diffusivity observed in the two
solutions. The D, values measured for water in the membrane
materials, though affected by micrometer-scale heterogeneities
(morphology), show a slightly greater configurational freedom
in HEMA-co-MMA, following the observations of the overall D
of the analogous solution. If the local D, for water in the
membranes (that is, the D, that would be measured if no
micrometer-scale heterogeneities were present) is closer to the
values seen in solution, then the magnitudes of water diffusion
on the local molecular scale in the two materials should be
similar, even though the energetics of the diffusion process are
different.

HEMA versus HEA: Effects on Salt Selectivity.
Previously, we have reported on the water and salt sorption,
diffusivity, and permeability selectivity in these materials.”'®
The glassy HEMA-co-MMA exhibits greater diffusivity, water
E, and permeability selectivity (Figure S2) and shows
increasing selectivity as the size of the salt species is increased.
We attributed this to the rigid polymer backbone of the
HEMA-co-MMA material forming a more tightly confined,
hydrophilic (confinement) network, which presumably slows
transport of salt ions to a greater degree than water molecules
due to their (hydrated) size. However, the water E, values
presented here indicate a similar energetic penalty due to
nanoconfinement in both HEMA and HEA materials.
Furthermore, the pre-exponential factor D, determined for
these solutions reflects greater configurational degrees of
freedom in the diffusion process for the HEMA solution (vs

HEA), as we also observe for water in the HEMA-co-MMA
membrane (vs HEA-co-EA), leading to similar overall water
diffusivity for both HEMA and HEA materials.

Figure S depicts a proposed model to resolve this apparent
paradox. In the membrane environment, the HEMA
monomers are more fixed in their arrangement and orientation
due to the glassy polymer backbone anchoring them, which
could disrupt the configurational freedom for hydrated salt ion
motions and thus cause a lower D, for salt ions. In HEMA,
decreased configurational freedom combined with the larger
energetic penalty for diffusion should hinder the transport of
water-solvated salt ions to a greater degree than in HEA-co-EA.
In the HEA material, the more dynamic polymer backbone
should allow for chain movement and reorientation such that
more configurational freedom is available to water molecules
and salt ions. Interestingly, these issues of diffusion energetics
and configurational freedom may be sensitive to the specific
chemistry of the polymer and the diffusing molecules. For
example, local water diffusion coefficients studied by quasi-
elastic neutron scattering were observed to be much faster and
nearly bulk-like in a highly cross-linked and rigid polyamide,
whereas water diffusion in a structurally more open anion
exchange membrane was slower.”” This study along with our
results presented here highlights the need to consider both
dynamics and molecular interactions when studying small
molecule transport in polymers. Future studies will focus on
unraveling these diffusion effects directly for dissolved salt ions
with varying size.

Material Tortuosity on Local-Micrometer Length
Scales. Previously we described two regimes of material
tortuosity: one for local-to-bulk (>1 ym) length scales (77_j)
and one for micrometer-to-bulk length scales (73_5).” The
local diffusion coeficient, Dy, in the local—bulk tortuosity was
represented by that of pure water at 25 °C. This made the
(admittedly simplified) assumption that as the average
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Figure 6. Material tortuosities for the HEA-co-EA and HEMA-co-MMA membranes across three different length regimes: local-micrometer,
micrometer—bulk, and local—bulk, which encompass all scales of the structural effects on the observed diffusion of water through the whole
membrane. The local-micrometer tortuosity of the HEMA-co-MMA material is a factor of 3 larger than that for the HEA-co-EA material, indicating
that the hydrophilic pathway network of HEA-co-EA exhibits a greater degree of connectivity. The uncertainty in the tortuosity values is ca. 6%.
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Figure 7. 1D spectra of the HEA (&, red) and HEMA solution (b, blue) analogues at 25 °C. We note the presence of an exchange-broadened peak
in both spectra (peak f), with more pronounced broadening (~ 100 Hz line width) and additional tailing of the signal downfield from the main
peak in the HEA solution compared to the HEMA solution (~ 45 Hz line width), indicating a faster exchange of proton magnetization between the
monomer hydroxyl group and water in the HEMA solution at this temperature.

displacement of a water molecule during the prediffusion
(inertial) time scale becomes small relative to spacing between
polymer chains in the hydrated material, the local diffusion
coeflicient will approach that of pure water. Thus, our previous
local—bulk tortuosity values also included the effects on
diffusion from interactions between water and the hydrophilic
groups along with the impacts of polymer morphology. In
other words, our previous local-bulk tortuosity values
therefore represented the total change to the diffusion
coefficient of water as a result not only of polymer morphology
and nanoconfinement but also of the interactions of water with
the hydrophilic moieties of the membrane material. Here we
revise this Dj,. by using the D value measured using the
analogue solutions (Figure 6) to more closely reflect the local
molecular environment of the membrane materials in the
absence of material structural/tortuosity effects. The tortuosity
values reported here more accurately represent only the effects
of the membrane water transport pathway structure on water
transport across the different length-scale regimes. The relative
factor difference in 7] _j between the two materials is similar

11193

to those previously reported, owing to the similar diffusivity of
water in the two analogue solutions at 25 °C. In addition to
local—bulk and micrometer—bulk tortuosity terms, we can
define the local-to-micrometer tortuosity, 77 _y (eq S).

_ Tis
D, Tv-s (3)

T —_m is simply the ratio of the other two tortuosity values and
describes the relation of the local diffusion coefficient, Dy, to
the micrometer-scale diffusion coefficient, D,.The micrometer-
scale diffusion coefficient, D, (represented as D, in our
previous work),” is the diffusion coefficient of water measured
at the shortest diffusion time (A) experimentally accessible by
the NMR diffusometry instrumentation. As a result, the exact
root-mean-squared diffusion length over which D, reports is
somewhat variable with respect to the scale of the observed
material heterogeneities. However, we feel it is useful here to
delineate between the effects on water diffusion of the larger
scale heterogeneities (that we believe originate from the
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Figure 8. 1D spectra of the HEA—water (a, red) and HEMA—water (b, blue) analogue solutions; from —40 to 38 °C in 10 °C increments. The
spectral intensities are normalized for peak d of each set of spectra individually and scaled to provide visibility of the exchange broadened peaks. In
the HEA solution spectra we see at the lowest temperatures two relatively sharp peaks for the hydroxyl proton of the HEA molecule and water,
whereas in the HEMA solution the corresponding peaks are more strongly broadened, indicating a faster rate of exchange between these two

signals.

polymerization and membrane casting process) from the
effects resulting from nanoconfinement. 7 _,; encompasses
both the effects of nanoconfinement and the material structure
over the range 1—500 nm, whereas 7,_g reflects only larger
scale structural heterogeneities. 7 _p now summarizes the
entirety of the contributions to diffusion behavior that result
from nanoconfinement and from all morphological impedi-
ments to water diffusion through the entire membrane
material.

71—y measured for the HEMA-co-MMA material is a factor
of 3 larger than that for the HEA-co-EA membrane (66.9 and
20, respectively), indicating a significantly less confined and
more interconnected hydrophilic network in the HEA-co-EA
material. Note that on length scales longer than E, measure-
ments can report (a few nanometers up to ~0.5 ,um), there is
likely a significant difference in the polymer morphology
heterogeneity, shown in the 7 _y, values we have measured for
these materials. While this difference in interconnectivity will
affect the overall permeability of the materials, the water—salt
selectivity should not be significantly affected by structures on
length scales greater than the local (~1 nm) scale. These
analyses should serve to assist membrane synthesis experts in
quantitatively informed design of next-generation molecular
separation materials.

Chemical Exchange in Monomer—Water Solutions. In
the membranes, water and polymer NMR signals are
substantially broadened and overlapping due to the internal
heterogeneities of the polymer structure.’” This broadening
obscures any useful molecular-level dynamics encoded into the
NMR line shapes or positions. The initial goal in designing
these two complementary membranes was that HEA and
HEMA should interact with water similarly, based on the very
similar chemical structures of both HEA and HEMA (Figure
1). However, in the room temperature 1D spectra of the
HEMA and HEA analogue solutions (Figure 7), we observe
the presence of heavily broadened (and in the case of the
HEA—water solution, somewhat irregularly shaped) singlets at
4.66 and 4.48 ppm. These signals correspond to the protons of

water combined (partially averaged) with the proton of the
hydroxyl group of the two monomers. In particular, the
markedly different appearance of the water/hydroxyl singlet
between the two monomer—water solutions indicates a
difference in the rate of water—monomer proton exchange
between these solutions, and therefore a difference in the
strength of the intermolecular interactions between water and
the two monomers. The much broader singlet observed in the
HEA—water solution spectra (Figure 7a; peak fH,0) along
with the relatively large amount of signal intensity downfield of
the peak in comparison to the HEMA—water spectra (Figure
7b) at the same temperature indicates that water and the
hydroxyl group of the HEMA molecule are undergoing faster
exchange than water and the HEA hydroxyl group. A key
assumption is that the only two sites that protons are
exchanging between are the water and the HEMA/HEA
hydroxyl group. Aside from the carbonyl and ester oxygens,
which could act as hydrogen bond acceptors and thereby exist
as exchange sites, J-coupling and other nuclear spin
interactions can additionally complicate the exchange from
the assumed simple two-site model. As a confirmation of two-
site exchange, we compare the spectra of the neat monomers,
our analogue solutions, and dilute solutions of the monomers
in DMSO-dg in Figure S4 and see that none of the other
aliphatic protons appear to change significantly in their width,
chemical shift, or multiplicity.

As we varied the temperature of the solutions through our
diffusion studies, we noticed not only a change in the chemical
shift of this signal (as is often seen with exchange-broadened
singlets of hydroxyl groups) but additionally a change in peak
shape. We obtained 1D spectra over a broader range for each
of the analogue solutions, from —40 to 65 °C (Figure 8, with
full temperature range presented in Figures SS and S6),
through which we see the progression of the hydroxyl and
water signals from slow to fast exchange. These spectra follow
the example shown in Figure S3b of an unequally populated
exchange system.” From —40 to —10 °C, clearly defined peaks
are observed for water and the hydroxyl groups in the spectra
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of both analogue solutions, separated by 540 and 550 Hz in the
HEMA and HEA—water solutions, respectively, with the
hydroxyl peak in the HEMA—water solution heavily over-
lapping with peak b at —10 °C. In unequally populated
exchange systems, an effect known as differential broadening is
observed,””*>*' where the minor signal is more strongly
broadened and shifted compared to the major peak, as the
exchange rate increases up to the point of coalescence. This
disparity in broadening and shift in peak positions increases
with increasing difference in population between the signals as
well as the separation of the two peaks in the absence of
exchange. In our samples, we have a moderate difference in
population (approximately 1:7 for both solutions) and a very
large separation between the peaks (many observations of
chemical exchange via NMR involve peak separations of ~10
Hz). As a result, while a clearly defined peak might not be
observed, there can be significant signal intensity in the region
between the two peaks (Figure S7) or an irregular asymmetric
shape of the observed peak. At coalescence, the two signals are
indistinguishable, and only a single NMR peak is observed.
The HEMA-—water spectra transitions from having this
significant intensity downfield of the single coalesced water/
hydroxyl peak between —10 and —5 °C, whereas this change in
the HEA—water spectra occurs between 40 and 45 °C.
However, in the HEA solution the observed peak is
significantly broader in the spectra below coalescence, and
above coalescence the peak does not significantly narrow,
resulting in greater uncertainty in the actual coalescence point
of the exchanging peaks in this solution.

There are various methods for determining rate information
from the exchange-broadened spectra. For simplicity, we
employ a common approximation based on the relation
between the difference in chemical shift frequency of the two
signals in the absence of exchange, dv, to the overall exchange
rate constant, k., at the point of coalescence (the point at
which the two si§nals become one indistinguishable peak)
shown in eq 6.°%*>*

_

ex — \/5

Using this relation and a measured peak separation of 550 Hz
(HEA—water) and 540 Hz (HEMA-—water) in the lowest
temperature exchange spectra (Figure 8), we determine the
exchange rate constant at the coalescence point for each
solution to be ~1100 s~ for both solutions. Assuming that
there are no fundamental changes in the exchange process over
the observed temperature range, the exchange rates should
increase with increasing temperature, and the observed
exchange rate is faster in the HEMA—H,O solution than the
HEA—H,O solution at all measured temperatures. A complete
line shape analysis can be performed to determine more
precise exchange rate constants for the entire temperature
range and determine energetic parameters related to the
exchange process,””*" but we will leave that to a future work
focused on such details. While the chemical exchange and
diffusive activation energies observed by NMR report on
processes and interactions occurring on vastly different time
scales (0.1—10 ms for the proton chemical exchange observed
here versus the picoseconds to nanoseconds range for diffusive
E,), we note the relatively large differences in the interactions
of water protons between these two apparently chemically
similar hydrophilic monomers.

(6)
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Bl CONCLUSION

In summary, we have made detailed transport and dynamics
measurements of two chemically similar acrylate-based and
methacrylate-based separation membranes at similar hydration
levels (210 wt %), in parallel with solutions mimicking each
membrane’s internal chemical environment. Through these
investigations, we have shed light on the molecular-scale
interactions and the various effects influencing water transla-
tional motion in these membranes. Measurements of the
diffusive activation energy of water in aqueous solutions of the
hydrophilic monomers HEMA and HEA model the local
intermolecular environment of the membranes in the absence
of any effects of polymer morphology or tortuosity.
Comparison of the activation energy of water diffusion
between membranes and their analogous solutions shows
that there is a negligible difference in the effects of
nanoconfinement on water transport between the HEA-co-
EA and HEMA-co-MMA materials. We observe that water
diffusion has a greater energetic cost (higher E,) in the
HEMA-—water environment, but a greater number of
configurations available for water diffusion to occur (through
higher D,) than in the HEA—water case. Additionally, with
these solutions as a model of the local diffusion behavior in the
membranes, we update our previous measurements of the
local-to-bulk membrane tortuosity, which now represent more
accurately the effects of the material transport pathway
structure alone on water transport. Furthermore, through the
observations of the exchange-broadened singlet corresponding
to the protons chemically exchanging between water and
monomer hydroxyl groups, we see that the HEMA—water
interactions again differ from those between HEA and water.
In terms of desalination performance, we believe that the
increased local energetic cost to water diffusion in the HEMA—
water environment is the dominant phenomenon by which the
glassy HEMA-co-MMA material can more effectively separate
salt from water. Finally, we believe that this approach to
investigating the local transport environment of polymer
separation materials, with and without the effects of geometric
confinement, may be applicable to a wide range of complex or
enigmatic polymer materials, including polyamide reverse
osmosis materials.
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