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ABSTRACT: To determine the effects of polymer backbone
dynamics on water and salt permeation in water purification
membranes, we investigate the fundamental transport and
sorption properties of two series of chemically similar
copolymers: methacrylate-based copolymers that are glassy
at room temperature and acrylate-based copolymers that are
rubbery at room temperature. Water diffusion measurements
made as a function of diffusion time using pulsed-field-
gradient NMR diffusometry provide information about
hydrophilic network heterogeneity in the copolymers. These
time-dependent measurements enable us to parse tortuosity into two regimes, the nanometer-to-bulk and micrometer-to-bulk
ranges, enhancing insight into the influence of copolymer morphology on bulk transport. Combining NMR diffusometry and
water and salt sorption and transport measurements, we find that the glassy methacrylate copolymers exhibit greater water−salt
selectivity than the acrylate copolymers. These differences likely arise from sub-micrometer polymer morphological and
dynamical differences, and we propose multiscale models for heterogeneities of the hydrophilic networks in these copolymers.

1. INTRODUCTION

Polyamide-based reverse osmosis and nanofiltration mem-
branes are the current state-of-the-art1−4 in water purification
systems used to help address global water shortages.1−7

Polyamide materials, however, are susceptible to oxidative
degradation via chlorine-containing compounds present after
necessary pretreatment of feedwater, and therefore advanced
chlorine-tolerant membrane polymers are needed.1,3,6,8−10

While others have produced chlorine-tolerant polymers from
polysulfone and poly(phenylene oxide),9−11 a combination of
chlorine tolerance and favorable selectivity properties remains
elusive. Thus, structure−property relationships are needed to
guide engineering of advanced membrane polymers with the
necessary combination of properties to purify water efficiently
and effectively.6,12−15

Polyamide-based commercial desalination membranes sorb
only around 10% water by mass,16,17 in contrast to commercial
ion exchange materials, such as Nafion, that can sorb up to
about 30% water.18 In high water content materials such as
Nafion, water molecule dynamics play a key role in governing
water and salt transport properties.19−23 In lower water content
polymers, interactions between water molecules and the
polymer backbone are more significant compared to that in
highly hydrated materials, so backbone structure and dynamics
will tend to influence transport properties to a greater extent in
low water content polymers. We have previously reported
glassy polymers that show greater salt permeability and
diffusion selectivity than comparable rubbery polymers at

equivalent water content.24 Questions still remain about the
influence of water dynamics, backbone dynamics, and polymer
structure on water and salt transport properties, which are
critical for water purification applications, of glassy versus
rubbery low water content polymers at equivalent water
content.
To address these questions, two series of chemically similar

low water content copolymers were studied at room
temperature: a glassy methacrylate-based copolymer (HEMA-
co-MMA) and a rubbery acrylate-based copolymer (HEA-co-
EA).24 The glassy methacrylate polymer was expected to have
slower segmental dynamics compared to the acrylate polymer
that was rubbery at room temperature. Bulk transport
properties of these copolymers were compared at equivalent
water content since water and salt transport properties are
highly sensitive to water sorption.3,6,7,25

Pulsed-field-gradient NMR diffusometry offers detailed
insight into water transport dynamics inside polymer systems.
By varying the experimental diffusion time, we find that in both
series of copolymer membranes the diffusion coefficient of
water decreases as the diffusion time increases, signifying the
presence of structural heterogeneity on the micrometer length
scale probed by the NMR diffusometry experiment. This
phenomenon is also known as restricted diffusion,26 which has
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been previously used to understand heterogeneity and
transport in porous media27 including polymeric systems.28

Furthermore, we extract two separate tortuosity values, from
these measurements, that correspond to averaging over
different length scales (from the nanometer-to-bulk and
micrometer-to-bulk) of transport resistance. We use these
tortuosity parameters to better understand differences in water
diffusion due to multiscale polymer morphology. We find that
the micrometer-to-bulk tortuosity is similar between both
series of copolymers, while the nanometer-to-bulk tortuosity is
5 times larger in the glassy compared to the rubbery
copolymers, suggesting that the rigid backbone of the
methacrylate copolymer results in a more tortuous hydrophilic
network that slows the overall water transport through the
copolymer.
Upon combining NMR diffusometry results with bulk

sorption and transport measurements, we found that the
methacrylate-based polymers were more water/salt selective
than the acrylate-based polymers due to salt diffusivity
properties that are suppressed to a greater extent than the
water diffusivity properties in the methacrylate polymers.
Therefore, the formation of more rigid and tortuous transport
pathways in the glassy methacrylate polymers likely hinders
transport of larger hydrated ions to a greater extent than the
smaller water molecules and increases water/salt selectivity
compared to the rubbery acrylate polymers. In low water
content polymers, the use of rigid backbone segments to
generate selective nanoscale polymer features may be a viable
strategy for increasing the water/salt selectivity of polymers for
water purification applications.

2. EXPERIMENTAL SECTION
2.1. Materials. Two series of chemically similar copolymers were

prepared so that one series would have a flexible backbone and the
other series would have a rigid backbone at room temperature. An
acrylic copolymer composed of 2-hydroxyethyl acrylate (HEA, 96%,
Sigma-Aldrich) and ethyl acrylate (EA, 99%, Sigma-Aldrich)
comonomers was chosen as the flexible backbone polymer, and the
rigid backbone material was chosen to be a methacrylate-based
copolymer and was composed of 2-hydroxyethyl methacrylate
(HEMA, 97%, Sigma-Aldrich) and methyl methacrylate (MMA,
99%, Sigma-Aldrich) comonomers. Poly(ethylene glycol diacrylate)
(PEGDA, average Mn = 250 g mol−1, Sigma-Aldrich) was used as a
cross-linker. The methacrylate backbone copolymer was expected to

be more rigid than the acrylic copolymer because of the extra methyl
group on the methacrylate backbone that increases the energy barrier
for chain rotation.24

Copolymers were prepared by mixing the comonomers, cross-
linker, and a UV photoinitiator (1-hydroxycyclohexyl phenyl ketone,
HCPK, 99%, Sigma-Aldrich) to form a prepolymerization solution.
This solution was stirred for 10 min to form a homogeneous mixture
and then sonicated for 15 min in an ultrasonic water bath to degas the
solution. Then, the prepolymerization solution was confined between
a quartz plate and a glass plate and irradiated with 120 μJ/cm2 of 254
nm UV radiation to form clear and transparent films using free radical
polymerization. Film thickness was controlled by stainless steel
spacers that were used to separate the quartz and glass plates during
the curing process. Typical final film thicknesses were in the range
50−200 μm.

Three compositions of each copolymer were prepared. Sample
nomenclature is based on the hydrophilic comonomer (i.e., HEA or
HEMA) and hydrophobic comonomer (i.e., EA or MMA). Thus, the
flexible copolymer is designated HEA-co-EA X:Y, and the rigid
copolymer is designated HEMA-co-MMA X:Y. The prepared
compositions (X:Y = 30:70, 35:65, or 40:60) represent the mass
ratios of the hydrophilic comonomer to hydrophobic comonomer. All
copolymers were cross-linked using 3% (by mass relative to the total
mass of the hydrophilic and hydrophobic comonomers) PEGDA
(Figure 1), and the HCPK initiator concentration in the
prepolymerization solution was 0.5% and 1% (by mass) for HEA-
co-EA and HEMA-co-MMA, respectively. The curing times were 120
and 500 s for the HEA-co-EA and HEMA-co-MMA materials,
respectively. After curing, the clear and transparent films were soaked
promptly in deionized (DI) water (18.2 MΩ cm and 1.2 ppb total
organic carbon) to hydrate the copolymers. Films prepared for salt
transport and pulsed field gradient NMR measurements were
transferred to and allowed to equilibrate with 0.5 mol/L aqueous
sodium chloride (NaCl) solution prior to characterization.

2.2. Methods. Water Uptake. The equilibrium water content of
the copolymers was characterized as the gravimetric water uptake
(mass of water sorbed in the polymer per mass of dry polymer). First,
samples were equilibrated with either DI water or 0.5 mol/L aqueous
sodium chloride (NaCl, ≥99%, Sigma-Aldrich) solution for at least 24
h at room temperature. The hydrated sample mass, mwet, was
measured rapidly after removing the sample from the initial
equilibration solution and wiping the surface of the film with a
laboratory wipe to remove excess solution from the surface. Then, the
sample was placed in a vented Petri dish and dried under vacuum at
room temperature for 48 h.24 This drying time was found to be
sufficiently long to ensure that the mass of the polymer stabilized to
the dry polymer mass, mdry.To minimize the effects of atmospheric
moisture sorption on the dry polymer mass, the vacuum oven was

Figure 1. (A) HEA-co-EA and (B) HEMA-co-MMA random copolymers for investigation of water and salt transport properties. The ratios of
hydrophilic to hydrophobic comonomers are represented on each structure as mass percentages (e.g., the HEA-co-EA material contained an X:Y
(by mass) ratio of HEA:EA). Because of differences in the hydrophilicity of the monomer units, we expect some degree of nanophase separation of
the hydroxyl (and possibly ester) groups from the backbone and alkyl side chains. This nanophase separation may be more kinetically trapped or
sharper in the more rigid HEMA-co-MMA copolymers than in the HEA-co-EA copolymers, where more flexible backbone dynamics may smooth
out these nanoscale structural features.
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filled with dry air (using a Drierite column) prior to removing samples
from the oven for the dry mass measurement. This approach
blanketed samples in the Petri dishes with dry air prior to the dry
mass measurement. The water uptake, wu, was calculated as

w
m m

mu
wet dry

dry
=

−

(1)

Reported water uptake values are the average of four measurements,
and the uncertainty in wu was taken as one standard deviation from
the mean.
The volume fraction of water sorbed in the membrane, ϕw

m, was
calculated, using an assumption that volumetric mixing of water and
polymer is additive (see the Supporting Information), as

w
w /w

m u

u w P

ϕ
ρ ρ

=
+ (2)

where ρw and ρP are densities of water (taken as 1.0 g cm
−3)29 and dry

polymer, respectively.30,31 The dry polymer density was measured
using an Archimedes’ principle method (Mettler Toledo,
11106706).24,32,33 Cyclohexane was used as the auxiliary liquid for
the density measurement.24,34 Uncertainty in the volume fraction of
water sorbed by the polymer was determined using standard error
propagation techniques.35

The water sorption coefficient, Kw, is defined as the ratio of water
concentration in the polymer, Cw

m, to that in bulk external solution,
Cw,

36−38 and the units of Kw are [g(water)/cm
3(hydrated polymer)]/

[g(water)/cm3(solution)]. The water sorption coefficient was
calculated using the measured volume fraction of water in the
polymer, ϕw

m, as39

K
C
C

M
C Vw

w
m

w

w
m

w

w
s

w

ϕ
= =

̅ (3)

where Mw is the molar mass of water (18 g mol−1), Cw
s is the

concentration of water in the bulk solution, which was taken as 1.0 g
cm−3,39 and V̅w is the partial molar volume of water in the polymer
(taken as 18 cm3 mol−1).40,41 Evaluating eq 3 reveals that the water
sorption coefficient is effectively equivalent to the volume fraction of
water sorbed in the polymer.42

Thermal Characterization. The glass transition temperature, Tg, of
the hydrated copolymers was characterized using differential scanning
calorimetry (DSC) (TA Instruments Q1000). Polymer samples were
equilibrated with DI water, cut into small pieces, and sealed in
hermetic aluminum pans such that ∼5−10 mg of sample was placed
in each pan. Hermetic pans were used to keep the samples hydrated
throughout the DSC measurement.
Samples were initially heated to 150 °C to erase thermal history.43

Then, the samples were quenched to −80 °C and subsequently
heated to 150 °C at 10 °C/min. The sample chamber of the
calorimeter was continuously purged with dry nitrogen throughout

the experiment, and no evidence of water vaporization was observed
during the first heating ramp, suggesting that the hermetic pans were
well sealed. The glass transition temperature was determined to be the
midpoint of the step change in the heat flow versus temperature
curve.44

NMR Sample Preparation and Diffusometry. HEA-co-EA samples
were prepared for NMR by first cutting 8−32 circular (3 mm in
diameter) pieces of polymer. The final number of pieces of polymer
used was chosen to ensure that the NMR signal was sufficiently strong
during the measurement. Similarly, the HEMA-co-MMA samples were
prepared by cutting approximately 3 mm × 4 mm pieces of polymer.
Rectangular pieces of HEMA-co-MMA were used in contrast to the
circular HEA-co-EA samples because the HEMA-co-MMA samples
were too brittle to cut using a circular die. These slices were stacked
and wrapped with thin strips of PTFE tape to hold them together and
were equilibrated in 0.5 mol/L NaCl solutions for at least 72 h prior
to NMR experiments. Then, stacked samples were removed from
solution, quickly blotted to remove surface water, wrapped completely
in PTFE tape, and placed into a sealed poly(methyl methacrylate),
PMMA, sample cell. The sample cell was designed to have a very
small amount of excess volume to minimize water loss during NMR
data collection.45

The 1H2O self-diffusion measurements were made using a pulsed-
gradient stimulated echo (PGSTE) sequence at 25 °C on a Bruker
Avance III 9.4T wide-bore spectrometer. A single axis diffusion probe
(Bruker Diff60) was used with a 5 mm 1H radio-frequency coil. The
Stejskal−Tanner equation describes the signal attenuation that results
from diffusion in the PGSTE experiment:

I I Ie eD g bD
0

( /3)
0

w
2 2 2

= =γ δ δ− Δ− − (4)

where I is the signal intensity at a given gradient strength, g
(maximum gradient strengths ranged from 100 to 800 G/cm), I0 is
the signal intensity at g = 0 G/cm, Dw is the water diffusion
coefficient, γ is the gyromagnetic ratio of the 1H nucleus (267.522 rad
s−1 T−1), δ is the effective rectangular gradient pulse length (2 ms), Δ
is the diffusion encoding time (values ranged from 8.2 to 750 ms),
and b is the Stejskal−Tanner parameter.

The water diffusion coefficient, Dw, was obtained by fitting the I/I0
data, obtained from a PGSTE experiment, as a function of g. An
example signal attenuation curve for HEA-co-EA 30:70 is shown in
Figure 2. In the PGSTE experiments, a 90° radio-frequency pulse of
4.8 μs was used with 16 gradient steps (8−128 scans per step with a
repetition time of 2−3 s). The 16 gradient step experiment was
needed to deconvolute a fast diffusion coefficient component, which
was attributed to the small amount of residual surface water on the
sample, and a slower diffusion coefficient component, which was
attributed to water sorbed in the polymer. Transverse relaxation
times, T2, for water signals in these polymers ranged from 1 to ∼50
ms, and the longitudinal relaxation times, T1, ranged from 700 to 750
ms.

Figure 2.Measuring water diffusion with NMR diffusometry. The linearized signal attenuation plot (A) for fully hydrated HEA-co-EA 30:70 at 298
K shows the attenuation of the normalized NMR signal intensity as a function of the Stejskal−Tanner parameter, b (eq 4). The slope of the data is
equal to the self-diffusion coefficient of water in the polymer, which is 5.6 × 10−8 cm2/s in this example. NMR diffusometry signal attenuation, from
the first to the last measurement, can be seen in the 1D spectra (slices) from the experiment (B), which are from the first and last (gmax = 300 G/
cm) point in (A).
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Salt Sorption. The salt sorption coefficient, Ks (defined as the ratio
of salt concentration in a hydrated polymer, Cs

m, at equilibrium to that
in the external solution, Cs

s), was measured using a desorption
procedure.24 First, a hydrated sample was immersed in 0.5 mol/L
aqueous sodium chloride solution and allowed to reach equilibrium.
The necessary time for this process was estimated as the characteristic
time of the diffusion process, L2/Ds, where Ds is the average diffusion
coefficient of salt in the hydrated polymer and L is the diffusion path
length (i.e., half of the sample thickness).46 As the values of Ds were
unknown prior to the measurement, they were estimated to be ∼10 h
using the Mackie and Mears model, which describes the diffusivity in
the polymer as a function of the volume fraction of water in the
hydrated polymer.47 Therefore, samples were equilibrated in salt
solution for at least 3 days (more than 7 times the characteristic
diffusion time) prior to the desorption measurement.
After equilibration in salt solution, the sample volume, Vp, was

determined by measuring the surface area and thickness of the sample.
Then, the sample was transferred into DI water to allow sorbed salt to
desorb from the polymer. The volume of the desorption solution, Vd,
was chosen iteratively such that the final salt concentration in the
solution was ∼1 mg(salt)/L. This choice ensured that the salt
concentration was sufficiently low to facilitate complete desorption of
salt from the sample but was high enough to be measured
accurately.48 The concentration of salt in the desorption solution,
Cd, was measured using ion chromatography (ICS-2100, Thermo
Scientific). The salt sorption coefficient was calculated as

K
C
C

C V
C Vs

s
m

s
s

d d

s
s

p
= =

(5)

Salt Diffusion. The effective salt diffusion coefficient, Ds, was
determined by measuring the initial salt desorption from a salt
solution-equilibrated polymer as a function of time. Fickian diffusion
analysis provides a relationship between the mass of desorbed salt, Mt,
as a function of time, t, that can be simplified for the case where the
ratio of Mt to M∞, which is the mass of salt desorbed from the
polymer at infinite time, is less than 0.6:49

M
M

D
L

t
16t

M M/ 0.6

s
2

1/2
1/2

t

i
k
jjj

y
{
zzzπ

=
∞ <∞ (6)

where L is the sample thickness, which was determined using the
measured sample area and thickness.
Samples were initially equilibrated in 0.5 mol/L aqueous NaCl

solution (per the procedure described earlier for the salt sorption
measurement). The sample surface was carefully dried with a
laboratory wipe prior to the desorption to remove any residual salt
solution from the surface. The desorption solution (DI water) was
atmospherically equilibrated so that solution conductivity changes,
due to absorption of atmospheric carbon dioxide, would not influence
the measurement.39 The desorption solution was maintained at 25 °C
using a temperature-controlled water circulator and was kept well

mixed using a magnetic stir bar.39,50 The conductivity of the
desorption solution was measured as a function of time (using a
Cond 7310, WTW, Germany conductivity meter) and converted to
salt mass, Mt, using a calibration curve and the desorption solution
volume.

3. RESULTS AND DISCUSSION

3.1. Material Selection. A critical component of this study
was the preparation of low water content polymers with
different segmental dynamics and similar chemistry. To
accomplish this task, copolymers were prepared using
chemically similar HEA, HEMA, EA, and MMA comono-
mers.24 In order for the membranes to have comparable water
uptake to commercial desalination membranes (10% by mass),
we used hydrophobic comonomers (EA and MMA) to balance
the highly hydrophilic HEA and HEMA monomers.16

3.2. Water Content. We controlled copolymer water
content using the ratio of hydrophilic comonomer (i.e., HEA
316 or HEMA) to hydrophobic (i.e., EA or MMA)
comonomer. The water uptake (wu) and water sorption
coefficient (Kw) values for both copolymers increased as the
hydrophilic comonomer composition increased from 30% to
40% (by mass) (Table 1). To enable accurate comparison of
transport properties between the copolymers, we controlled
the copolymer hydrophilicity such that the water uptake of the
two copolymer series overlapped. Comparing materials at
equivalent water content is critical, as water and salt transport
in polymers is strongly influenced by water content.25

Additionally, the water content of samples initially equilibrated
in 0.5 mol/L sodium chloride was lower than that of materials
equilibrated in deionized (DI) water (Table 1) because of
osmotic deswelling due to the lower thermodynamic activity of
water in the salt solution.6,51

The polymer water content was analyzed in terms of the
amount of water available to hydrate the hydrophilic moieties
within the polymer to provide insight into the hydrogen
bonding environment within the polymer. We combined
measured water uptake data with polymer composition
information to calculate the molar ratio (equivalents) of
water sorbed in the polymer to both −OH and −O−
functional groups in the copolymers. These calculations
(results in the Supporting Information) indicate that the
polymer with the highest water uptake, HEMA-co-MMA
40:60, sorbs 2 equiv of water per total equivalents of −OH
and −O−, and the polymer with the lowest water uptake,
HEA-co-EA 30:70, sorbs 1.5 equiv of water per total
equivalents of −OH and −O−. These calculations suggest

Table 1. Dry Polymer Density and Water Content Data (Water Uptake, wu, and Water Sorption Coefficient, Kw; Compare Eqs
1 and 3), Determined Using Both Aqueous NaCl Solution (0.5 mol/L) and Pure (DI) Water, for the Three Compositions of
Each Copolymera

measured using 0.5 mol/L NaCl measured using DI water

copolymer compositionb dry polymer density [g/cm3] wu
c Kw wu

c Kw

HEA-co-EA 30:70 1.20 ± 0.01 0.074 ± 0.006 0.081 ± 0.006 0.081 ± 0.006 0.089 ± 0.007
35:65 1.20 ± 0.01 0.082 ± 0.004 0.090 ± 0.004 0.091 ± 0.005 0.098 ± 0.005
40:60 1.22 ± 0.01 0.102 ± 0.008 0.109 ± 0.009 0.171 ± 0.007 0.170 ± 0.007

HEMA-co-MMA 30:70 1.22 ± 0.01 0.086 ± 0.004 0.095 ± 0.004 0.091 ± 0.005 0.100 ± 0.006
35:65 1.23 ± 0.01 0.091 ± 0.005 0.100 ± 0.006 0.098 ± 0.003 0.107 ± 0.003
40:60 1.25 ± 0.02 0.115 ± 0.003 0.126 ± 0.003 0.192 ± 0.008 0.190 ± 0.008

aAll data were measured at room temperature, and the uncertainties are reported as one standard deviation from the mean value. bCopolymer
compositions are reported as hydrophilic (e.g., HEA or HEMA):hydrophobic (e.g., EA or MMA) comonomer content (by mass). cWater uptake
units: g(water)/g(dry polymer).
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that the majority of the sorbed water in these copolymers
interacts with the polymer backbone to some extent.
3.3. Salt Sorption Properties. The HEA-co-EA and

HEMA-co-MMA salt sorption coefficients appear to overlap as
a function of water uptake (Figure 3). Salt sorption in

uncharged polymers is expected to be primarily dependent on
water uptake and the chemical structure of the polymer,52 so it
is reasonable that copolymers with similar chemistry and water
content exhibit similar salt sorption properties. The results
shown in Figure 3 suggest that the chemical environment of
both copolymers is similar to the point where salt sorption
properties appear to be unaffected by subtle differences in
chemical structure. The practical implication of this result is
that differences in transport properties between the two
copolymers, compared at equivalent water content, can be
attributed to kinetic or diffusion-related phenomena as
opposed to thermodynamic or sorption phenomena.
3.4. Polymer and Water Dynamics. The hydrated

HEMA-co-MMA copolymers had glass transition temperature,
Tg, values that were above room temperature, and the hydrated
HEA-co-EA copolymers had Tg values that were below room
temperature (Figure 4). This result suggests that the segmental
dynamics in the HEMA-co-MMA copolymers were slower
compared to the HEA-co-EA copolymers, as the glass
transition temperature can be interpreted as the temperature
at which sufficient thermal energy has been provided to the
polymer to facilitate segmental motion. Below Tg, polymer
chains are kinetically trapped, but above Tg, the polymer chains
can relax.53

This result is likely due to steric hindrance of the methyl
groups on the methacrylate backbone that increase the energy
barrier for segmental motion compared to acrylate back-
bones.54 This connection between Tg and segmental dynamics
is significant because, at room temperature, segmental
dynamics in the glassy HEMA-co-MMA copolymer are
expected to be slower compared to the rubbery HEA-co-EA
copolymers.8 In other words, at room temperature, the

HEMA-co-MMA backbone is expected to be rigid compared
to the more flexible HEA-co-EA backbone.
We prepared both series of copolymers using PEGDA as the

cross-linker, and due to the differing reactivity of the
methacrylate comonomers and the PEGDA acrylate groups
compared to the situation for the acrylate comonomers,
copolymers may not be statistically random. Thermal analysis,
however, does suggest a high degree of molecular mixing
because a single Tg is observed for all of the copolymers, and
this result contrasts other copolymer compositions that were
closer to 50:50 and exhibited two distinct glass transitions
(data not reported here). Furthermore, we compared Tg values
calculated from the Fox equation (based on Tg’s of the
copolymer components) to the measured Tg values (Table
2).24,55,56 We report details of this calculation elsewhere24

where we observed relatively good agreement between
measured and calculated Tg values. These results suggest the
absence of significant phase separation and good incorporation
of the cross-linker, but differences in reactivity and the
hydrophilicity of the comonomers may still lead to
heterogeneity over sufficiently small length scales.
The DSC thermograms (Figure 4) do not show strong

evidence of free or bulk water (i.e., melting transitions at 0
°C). This point on the HEA-co-EA thermograms is obscured
by the glass transition, but the absence of a strong melting

Figure 3. Salt sorption coefficient, Ks, data for HEA-co-EA and
HEMA-co-MMA copolymers as a function of water uptake in 0.5
mol/L NaCl solution. Sorption data were measured after equilibrating
samples in 0.5 mol/L NaCl at room temperature. The uncertainty in
the data was taken as one standard deviation from the mean of four
measurements.

Figure 4. Second scan DSC thermograms for hydrated poly(HEMA-
co-MMA) and poly(HEA-co-EA) samples. Sealed hermetic aluminum
pans were used to maintain sample hydration, and the heating rate
was 10 °C/min. The thermograms are displaced vertically for clarity,
and the compositions of the copolymers are listed as the ratio of
hydrophilic to hydrophobic comonomer (by mass).

Table 2. Glass Transition Temperatures Calculated Using
the Fox Equation24 and the Measured Glass Transition
Temperatures (Figure 4) for the Copolymers

Tg [°C]

copolymer composition Fox equation measured

HEA-co-EA 30:70 −22 −20
35:65 −21 −19
40:60 −22 −22

HEMA-co-MMA 30:70 100 90
35:65 97 88
40:60 105 80
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transition at 0 °C for the HEMA-co-MMA copolymers suggests
that these materials do not contain appreciable amounts of free
or bulk water. This observation is also consistent with the
calculations discussed in section 3.2, indicating that these
polymers sorb ≤2 equiv of water per total equivalents of −OH
and −O−.
We further used NMR diffusometry to investigate water

molecule dynamics in the copolymers. In general, a one-
dimensional (1D) 1H NMR spectrum shows narrow spectral
lines for species that experience fast molecular tumbling
(dynamics), e.g., small molecules in liquid or solution. Broad
spectral lines, however, correspond to species that experience
slower molecular tumbling, e.g., proteins, polymer chains,
solids, or small molecules confined inside another medium.
Broad spectral lines correspond to much shorter NMR T2

relaxation times, which represent the NMR signal decay

lifetimes for these slow tumbling species. In NMR diffusometry
experiments, these broad signals are partly or fully “weighted
out” of the spectrum, as the signal decay lifetimes approach the
length of certain delay times used in the diffusion pulse
sequences.
Figure 5 shows a set of 1D NMR spectra for 0.5 mol/L NaCl

hydrated HEA-co-EA 30:70 and HEMA-co-MMA 30:70.
Figures 5A and 5B show data from pulse-acquire NMR
experiments. Each spectrum shows two distinct 1H NMR
signals arising from polymer chains (broader signal = less
mobile) and water molecules (narrow signal = more mobile).
The 1D pulse-acquire spectrum of HEMA-co-MMA 30:70
(Figure 5B) was broader than that of HEA-co-EA 30:70
(Figure 5A) due to the slower segmental dynamics of the
glassy HEMA-co-MMA copolymer compared to the rubbery
HEA-co-EA copolymer.

Figure 5. 1H NMR spectra that illustrate water and polymer spectral components in 1D and in diffusometry experiments for HEA-co-EA 30:70 and
HEMA-co-MMA 30:70 equilibrated in 0.5 mol/L NaCl solution. Plots A and B are 1D pulse-acquire NMR spectra (32 scans each), and spectra C
and D were obtained from the first gradient step (smallest g) of the NMR diffusometry experiment (16 scans each). The signal from the HEMA-co-
MMA measurements was weak compared to that from HEA-co-EA, so the vertical scales of the B and D spectra have been multiplied by scaling
factors to illustrate peak shapes more clearly.

Figure 6. Water diffusion coefficients, Dw, decrease as diffusion time, Δ (and diffusion length, ld), increase in both the (A) HEA-co-EA and (B)
HEMA-co-MMA copolymers. We define D0 as the water diffusion coefficient at the shortest diffusion time measured and D∞ as the water diffusion
coefficient at the longest diffusion time measured.
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Figures 5C and 5D are 1D slices from the NMR
diffusometry experiment. The broad signals from the polymers
are completely attenuated (signal intensity greatly decreased)
by the NMR pulse sequence due to their slow molecular
motions and correspondingly short NMR relaxation time T2.
Furthermore, sorbed water motions in HEMA-co-MMA
(Figure 5D) are substantially restricted (i.e., the T2 relaxation
time is shorter) relative to HEA-co-EA. This restriction of
water molecule dynamics causes substantially stronger signal
attenuation (and lower signal-to-noise ratio) in the diffusom-
etry experiment compared that for HEA-co-EA.
3.5. Restricted Diffusion. We used NMR diffusometry to

directly probe the restricted water molecule motions in the
copolymers identified in the previous section. The water
diffusion coefficient in the copolymers is length scale
dependent, and NMR measurements of the water diffusion
coefficient, Dw, as a function of diffusion time, Δ, show that
water diffusivity decreases as the diffusion time increases
(Figure 6). At longer length scales, the water diffusion
coefficient appears to plateau to a value, D∞, that we will
consider to be equivalent to the water diffusion coefficient that
could be measured via bulk transport property measurements.
The diffusion time, Δ, is related to the diffusion length, ld,

via the diffusion coefficient:

l r D2d
2 1/2

w= ⟨ ⟩ = Δ (7)

where ⟨r2⟩1/2 is the root-mean-square distance that molecules
travel during the NMR diffusometry experiment. Dw measure-
ments for HEA-co-EA show that over short length scales (ld ≈
1 μm) diffusion behaviors are essentially equivalent for all of
the HEA-co-EA copolymers (5 × 10−8 cm2/s). As ld increases
to ≈2.7 μm, Dw values for all of the HEA-co-EA copolymers
decrease by an order of magnitude (to 5 × 10−9 cm2/s). A
similar order of magnitude decrease in Dw is observed for
HEMA-co-MMA copolymers when ld increases from ≈0.5 to
1.2 μm.
These results show that the polymer environment imposes

increased restrictions on water molecule diffusion as the
diffusion length scale increases and that micrometer scale
features within the polymer are at least partially driving this
length-scale-dependent diffusion behavior.28 Given that the
water content of these polymers is relatively low (as discussed
previously), it is reasonable to assume that diffusing water
molecules must navigate a local nanometer-scale path, which is

highly tortuous, among the hydrophilic segments of the
polymer and other sorbed water molecules. Some of these
pathways may lead to dead ends formed by clusters of
hydrophobic polymer segments. The relevant length scales are
illustrated in Figure 7. The subsequent discussion presents an
interpretation and simple model of the experimental data
framed in the context of molecular tortuosity.

3.6. Tortuosity. The tortuosity, , can be defined as the
ratio of the water diffusion coefficient (at a specific diffusion
length scale) to the long diffusion time (effectively bulk) water
diffusion coefficient:

l
D l
Dd
w d[ ] =
[ ]

∞ (8)

where Dw[ld] is the water diffusion coefficient at a specific
length scale, ld, which is based on the experimental diffusion
time. D∞ is the water diffusion coefficient at infinite diffusion
time (or length) and can be considered equivalent to what can
be measured by bulk measurements across the membrane. In
the context of the copolymers considered here, a value of
[ld] = 1 corresponds to a physical situation where the
diffusivity at the specific length scale is equivalent to free
diffusion with no restrictions (e.g., a free liquid). Because the
water diffusion coefficient of the materials considered in this
study tends to decrease as diffusion length increases (until
reaching the plateau at long diffusion time), values of [ld] >
1 are expected at relatively short diffusion lengths.
For the purpose of analyzing the diffusivity data for the

copolymers, it is useful to define a “local-to-bulk” tortuosity,
L−B, and a “micrometer-to-bulk” tortuosity, μ−B:

D
DL B
loc=−
∞ (9)

D
DB

0=μ−
∞ (10)

Both tortuosity values are defined relative to the measured
water diffusion coefficient at long diffusion time/length, D∞
(Δ = 750 ms or ld = 2.5−3.0 μm). The measured water
diffusion coefficient plateaued at ld ≈ 2.7 μm in HEA-co-EA
and ld ≈ 1.1 μm in HEMA-co-MMA (Figure S1).
Comparing these two definitions of the tortuosity provides

insight into the length scale that most influences the

Figure 7. Diffusion through a heterogeneous polymer matrix over diffusion length scales ld ranging from less than 1 nm to greater than 1 μm. Water
molecules that diffuse within nanometer-scale hydrophilic pathways (A) over a mean-square displacement less than the radius R of the cavity or
pathway (ld

2 = DΔ < R2) will not show restricted diffusion behavior as the pathways are not tortuous on this length scale. This nanometer-scale
“local” diffusion coefficient we define as Dloc. At larger length scale (B), we expect the pathways to be tortuous (indirect) paths. Average water
diffusion on this length scale, Dw[ld], will be slower than what is observed in (A). At lengths ∼1 μm and above (C), structural heterogeneities may
reduce the observed water diffusivity relative to that observed at smaller length scales. As the diffusion length scale increases (ld

2 = DΔ≫ R2), water
diffusivity measured by NMR will approach the bulk diffusivity.
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differences in diffusion coefficients between the two copoly-
mers. The local-to-bulk tortuosity L−B (eq 9) is the ratio of
the water self-diffusion coefficient in bulk pure water, Dloc, and
the water diffusion coefficient in the membrane at infinite
diffusion time (or length), D∞. Therefore, this definition of the
tortuosity provides information about how polymer structure
affects diffusivity over nanoscale to bulk length scales. The
above L−B definition is analogous to the Mackie and Meares
model for hindered diffusion where the local-to-bulk tortuosity
can be related to the volume fraction of water in the polymer,
i.e., Kw, as

47

D
D

K
K

2
L B

loc w

w
2= =

−
−

∞ (11)

Furthermore, the μ−B (eq 10) is defined to describe the
influence of micrometer-scale features of the polymer up to the
bulk length scale. The definition of D0 is established by a fixed
time (for all samples) near the minimum measurable time (Δ
= 20 ms). The diffusion length scale at this diffusion time is
between 0.5 and 1 μm for the materials considered in this
study. Therefore, the values of the water diffusion coefficient
measured by NMR diffusometry and reported in Figure 6,
represent micrometer-scale average water diffusion coefficients
that are effectively averaged over a large path length relative to
the molecular length scale. Note that the polymer chains will
be separated by ≤1 nm given the ratio of water molecules to
hydrophilic oxygen moieties in the material.
The value of Dloc, taken to be the water self-diffusion

coefficient in bulk pure water, represents a limiting case of the
largest water diffusion coefficient that could be observed in the
copolymers. While the nanophase separation of the copoly-
mers forms connected pathways for water to travel along, these
pathways are also occupied by hydroxyl groups from the
polymer chains. Given that the water content of the
copolymers is low (∼2 equiv of water per total equivalents
of −OH and −O−, as discussed previously), the local diffusion
behavior may be affected by local molecular and nanoconfine-
ment effects.57−59 This means that although the pathways are
large enough for water to percolate through the entire
thickness of the membrane, the local intermolecular inter-
actions with the dipoles of the hydroxyls and esters of the

polymer chains will affect the local diffusion behavior of water
in these pathways. Future studies will consider more
specifically the molecular interactions and nanoconfinement
effects on water diffusion by measuring the activation energies
of water diffusion in the copolymers.57

3.7. Morphology Models Related to Tortuosity
Measurements. Comparing the μ−B values for the
copolymers shows that the HEA-co-EA and HEMA-co-MMA
materials exhibit very similar diffusion coefficient behavior
when considering micrometer-to-bulk scale structural effects
(Figure 8). Over length scales ranging from the local (or nano)
scale to the bulk scale, however, HEMA-co-MMA exhibits a
factor of 5 greater tortuosity. This analysis suggests that
transport property differences between the two copolymers
arise due to differences in the materials that are present at the
sub-micrometer scale. This result is reasonable given that the
chemistry of the two copolymers is very similar, and no
substantial evidence of phase separation was observed in the
DSC thermograms. The critical sub-micrometer features that
have a strong influence on water diffusivity are likely the result
of nanometer-scale structures that differ between the two
copolymers as a result of the different segmental dynamics of
the backbones.
The Mackie and Meares model can be used to calculate the
L−B value based solely on the water content of the polymer

(eq 11). The Mackie and Meares model describes diffusion of
molecules through obstacles, such as a network of polymer
chains. In the context of the copolymers considered here,
decreased water content (increased volume fraction of polymer
in the hydrated material) causes a reduction in the diffusion
coefficient relative to the value in bulk solution.47 Equation 11
and the 0.5 mol/L Kw data from Table 1 can be used to
calculate values for the local-to-bulk tortuosity. The Mackie
and Meares model yields L−B tortuosity values (reported in
the Supporting Information) ranging from 118 to 292. These
values are roughly a factor of 2 or 3 less than the measured
local-to-bulk tortuosity for HEA-co-EA, but they are an order
of magnitude lower than that for HEMA-co-MMA. The Mackie
and Meares model is a lattice-based model that describes how
transport is hindered when polymer chains take up space.47

The observation that the measured local-to-bulk tortuosity is
greater than that calculated by the Mackie and Meares model

Figure 8. Local-to-bulk (eq 9, patterned bars) and micrometer-to-bulk (eq 10, solid bars) tortuosity values for HEA-co-EA and HEMA-co-MMA.
All of the copolymers exhibit similar micrometer-to-bulk tortuosity, but the local-to-bulk tortuosity value for HEMA-co-MMA is larger than that for
HEA-co-EA likely due to local nanoscale differences between the two copolymers.
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could suggest structural features, more significant in HEMA-co-
MMA compared to HEA-co-EA, that preferentially restrict
diffusion. For example, water transport in HEMA-co-MMA
may be more restricted compared to HEA-co-EA if the
structure of the tortuous transport pathways is more
heterogeneous in the glassy copolymer.
Figure 9 illustrates a proposed model for the nanometer

scale features that drive the water diffusivity differences

between HEA-co-EA and HEMA-co-MMA. This model is
similar to a model proposed by Kreuer for charged polymer
systems used in fuel cell membranes.21 The length scale
between polymer chains may be smaller in the copolymers
considered in this study compared to the charged polymers

considered by Kreuer due to the low water content of the
copolymers and the absence of charged groups.
In the copolymers, the hydrophilic side chains and ether

groups (of the cross-linker) may self-organize into hydrophilic
aggregates that define the critical nanoscale features discussed
above. Faster HEA-co-EA backbone dynamics may allow
polymer chains (and thus hydrophilic aggregates) to establish
smoother and better connected transport pathways compared
to the more rigid HEMA-co-MMA material. This physical
picture agrees with the local-to-bulk tortuosity data in Figure 8
as more confined (and possibly more disconnected) pathways
would be expected to exhibit smaller local diffusion coefficients
and larger local-to-bulk tortuosity.
The hydrophobic polymer chain segments may form

aggregates as well. These aggregates, which would tend to
exclude water, could form “dead ends” and restrict transport
pathways at larger length scales than the local effects described
above. These restrictions would have the net effect of
decreasing the average water diffusion coefficient at longer
length scales (relative to the micrometer length scales) and
explain the micrometer-to-bulk tortuosity values that are
greater than unity. If these “dead ends” cluster together,
micrometer-scale boundaries of limited transport pathway
connectivity could form and separate regions of highly
interconnected nanometer-scale hydrophilic pathways. These
features are depicted in Figure 10. This larger length scale of
transport pathway connectivity appears to be similar between
the two copolymers, as the micrometer-to-bulk tortuosity is
similar across all of the copolymers. This similarity likely
results from the similar chemical structure and polymerization
process used to prepare the copolymers.

3.8. Water/Salt Diffusion Properties. Salt diffusion is
faster in the HEA-co-EA materials compared to the HEMA-co-
MMA materials at comparable water content (Figure 11A).
Slower diffusion in the more rigid HEMA-co-MMA material
compared to the more flexible HEA-co-EA material is
consistent with the idea that more rigid backbone polymers
transport small molecules at a slower rate compared to more
flexible backbone polymers,8 as a result of the more tortuous
pathways in HEMA-co-MMA (Figure 9).

Figure 9. Illustration of the arrangement of hydrophilic and
hydrophobic regions of the (A) HEA-co-EA and (B) HEMA-co-
MMA membranes. Self-organization of hydrophilic functional groups
present within the copolymers may create different geometries or
dynamics of nanometer-scale transport pathways for the rubbery and
glassy systems due to the differing arrangements and mobilities of the
hydroxyl side chains from the HEA and HEMA moieties. We expect
the hydroxyl side chains to extend into the pathways to interact with
sorbed water, leading to wider pathways than one might expect for the
observed ratio of sorbed water to hydrophilic moieties (roughly 2
equiv of sorbed water per equivalent of −OH and −O−).

Figure 10. Proposed model of the heterogeneous hydrophilic network inside the HEA-co-EA and HEMA-co-MMA copolymers. Polymer domains
are separated by clusters of “dead ends” where the hydrophilic network is interrupted by higher concentrations of hydrophobic chain segments.
Continuous paths (green) allow water to transport through the membrane; however, dead ends along this path will restrict diffusion.
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3.9. Water/Salt Permeation Properties. Measured salt
diffusivity and sorption coefficients were used to calculate salt
permeability using the solution-diffusion model:3,6,36,60

P K Ds s s= (12)

where Ps is the salt permeability, Ks is the salt sorption
coefficient, and Ds is the effective salt diffusion coefficient.
While the salt sorption properties of the two copolymers

were similar as a function of water content, the permeability
properties were not similar as a function of water content. The
more flexible HEA-co-EA materials have greater water and salt
permeability values compared to the more rigid HEMA-co-
MMA materials at equivalent water content (Figure 11B), and
this observation is likely linked to the increased ability of water
and salt to move through hydrophilic transport pathways in
flexible, rubbery materials compared to rigid, glassy materials.
These results are consistent with the idea that more flexible
polymers have higher permeability properties compared to
polymers with more rigid backbones,8 and they are also
consistent with the diffusivity data for the copolymers (Figure
11A).
Additionally, the water and salt permeability values, for both

sets of copolymers, increase as copolymer water content
increases. This observation is expected for hydrated polymers
and underscores the need, in this study, to compare materials
at comparable water content. Theoretical models including the
Yasuda free volume model and the Mackie and Meares model
predict this general behavior.25,61

3.10. Water/Salt Permeability and Diffusion Selectiv-
ity. The water permeability values can be divided by the salt
permeability values (Figure 11) to calculate the ideal water/salt
permeability selectivity. This ideal selectivity represents the
rate of water permeation relative to salt permeation in
situations where the permeability values are measured
separately, and high selectivity values are desirable for
desalination applications.12,13 The more rigid HEMA-co-
MMA materials exhibit greater permeability selectivity, Pw/Ps,
compared to the more flexible HEA-co-EA materials at

equivalent water content (Figure 12). Water/salt sorption
selectivity does not depend significantly on backbone rigidity

in these copolymers (Figure 5), so the water/salt diffusion
selectivity (Dw/Ds) of the rigid HEMA-co-MMA is greater than
that of the flexible HEA-co-EA (Figure 12) in a manner similar
to the permeability selectivity properties. Consistent with a free
volume description of the transport process, the water/salt
diffusion and permeability selectivity values decrease as
polymer water content increases.15,52 The results are consistent
with established gas separation membrane structure−property
relationships where rigid backbone polymers are generally
more diffusion (or size) selective than flexible backbone
polymers.8,62

Figure 11. Water diffusivity, Dw (A), and permeability, Pw (B), data for poly(HEA-co-EA) (blue ▲) and poly(HEMA-co-MMA) (yellow ▲)
copolymers and sodium chloride diffusivity, Ds (A), and permeability, Ps (B), data for poly(HEA-co-EA) (blue □) and poly(HEMA-co-MMA)
(yellow □) copolymers as a function of water uptake. Water diffusivity data were measured via NMR. Salt diffusivity data were measured via kinetic
desorption, where samples were characterized at 25 °C following equilibration in 0.5 mol/L aqueous NaCl. The water permeability was calculated
as Pw = Dw × Kw using the measured diffusion and sorption (Table 1) coefficients. Salt permeability was calculated as Ps = Ds × Ks using the
measured diffusion and sorption (Figures 3 and 12) coefficients. The uncertainty was taken as the standard deviation from the mean of three
measurements.

Figure 12. Water/salt permeability selectivity (Pw/Ps) for poly(HEA-
co-EA) (blue ▲) and poly(HEMA-co-MMA) (yellow ▲) copolymers
and water/salt diffusion selectivity (Dw/Ds) for poly(HEA-co-EA)
(blue □) and poly(HEMA-co-MMA) (yellow □) copolymers as a
function of water uptake.
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Increased water/salt diffusivity and permeability selectivity
in the glassy compared to rubbery copolymers may be due to
greater tortuosity in HEMA-co-MMA compared to HEA-co-
EA. Additionally, similar results (i.e., glassy polymers having
greater selectivity and lower diffusivity compared to rubbery
polymers) in gas separation membranes have been ascribed to
the kinetics of the opening and closing of transient free volume
elements, which facilitate transport, within the polymer.8,63

While the relative contributions of these two factors are
currently unknown for these materials, the data in Figure 12
suggest that glassy materials can offer greater water/salt
diffusion selectivity (and, thus, water/salt permeability
selectivity) compared to chemically similar rubbery materials.

4. CONCLUSIONS
We have investigated the influence of polymer backbone
structure and dynamics on water and salt transport properties
in two series of chemically similar, low water content, acrylate
and methacrylate random copolymers. Micrometer-scale
heterogeneities in both series of materials lead to water
diffusivity, measured by NMR diffusometry, which decreases as
the average diffusion length increases. We propose a model
wherein nanometer-scale “dead ends” form micrometer-scale
arrangements leading to this length-scale-dependent diffusion
behavior in these materials. Additional morphological differ-
ences between the two copolymers on sub-micrometer length
scales lead to increased water/salt selectivity properties,
important for desalination applications, in the glassy versus
rubbery materials (at equivalent water content). The results
suggest that segmental dynamics influence water and salt
transport properties at the nanoscale in low water content
polymers where the majority of the water molecules are likely
interacting with the polymer backbone. As such, glassy low
water content polymers are expected to be more water/salt
selective compared to rubbery materials at equivalent water
content.
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