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Abstract

Polymeric membranes are ubiquitous in transport applications including gas separa-
tion, water desalination, solid state batteries and fuel cells. The transport mechanism
in certain classes of membranes is well understood. It is generally believed that poly-
meric membranes used in gas separation follow the solution-diffusion model.! However,
the transport mechanism in other membranes such as ones used in water desalination
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is less clear as both the solution-diffusion??3 and the hydrodynamic
proposed. In this contribution, we study the structure as well as the water and polymer
dynamics of several polymeric membranes using small-angle and quasi-elastic neutron
scattering. We demonstrate that on the scale of a few nanometers, water appears to dif-
fuse through a water desalination membrane at a rate comparable to bulk water, while
water diffuses at a rate that is a factor of two slower in an anion exchange membrane.
These results illustrate the importance of studying both the structure and dynamics of

membrane materials but also have important implications in understanding the under-

lying transport mechanisms that differentiate different types of polymeric membranes.

Introduction

Transport in polymeric membrane materials is generally described by two primary models
with distinct relationships with the polymer structure.®” The first describes transport in
polymers as a solution-diffusion process where the permeant first solubilizes into the mem-
brane and then diffuses across it due to a concentration gradient. The second is the hydro-
dynamic model, which describes the transport of a permeant as a pressure-driven process
though physical pores with a characteristic pore size, £. Since this model follows a convective
mechanism, the number density, dimensionality and connectivity of the pores determine the
rate of transport.

Previous studies on water desalination membranes have proposed both the solution-
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diffusion?®? and the hydrodynamic*® model to describe water transport in these materials.



Much of this debate is attributed to the challenges associated with measuring the transport
properties of these materials at the nanoscale. It is very difficult to directly measure their
intrinsic transport properties as they are engineered to be as thin as possible, thus the
mechanism of transport for most membranes are inferred based on extrinsic permeation
measurements. 8

One particular measurement platform that can measure the transport dynamics at such
small length- and time-scales is quasi-elastic neutron scattering, a technique that measures
the scattering intensity of dynamic processes as a function of both scattering vector (@) and
energy transfer (E£). The technique is ideally suited for studying water and polymer chain
dynamics related to the functional layer of the membrane because it can resolve motions
of hydrogenous species on length-scales of several nanometers and time-scales on the order
of nano- to picosecond; these are the appropriate length and time-scales for discerning the
different molecular transport models relevant to membrane materials.

In this study, we apply small-angle neutron scattering (SANS) and quasi-elastic neutron
scattering (QENS) to investigate two representative polymeric membranes. The first is a tri-
block copolymer-based anion exchange membrane of poly(vinylbenzyltrimethylammonium
chloride-b-cyclooctene-b-vinylbenzyltrimethylammonium chloride) (P(VBTMA-b-COE-b-VBTMA))
that is typically used in alkaline fuel cells, which we will simply refer to as an anion exchange
membrane (AEM) (Fig. 1a). The second material is a crosslinked aromatic polyamide of
poly(m-phenylenediamine trisamide) (PMPDTA) that is traditionally used in water desali-
nation applications, which we will refer to as a desalination membrane (DM) (Fig. 1b). We
show that on the nanometer length-scale, water diffuses through the AEM at a rate that is
a factor of two slower than bulk water. On the other hand, water diffuses through the DM
at a rate similar to bulk water. We reconcile these results in the context of the different

dynamics related to water transport, as studied by QENS, of the two membrane materials.



DM

Figure 1: Chemical structures of the polymer membranes investigated in this work. a) The
AEM is a triblock copolymer anion exchange membrane used in alkaline fuel cells. b) The
DM is a crosslinked aromatic polyamide used in water desalination.

Experimental

Certain instruments and materials are identified in this paper to adequately specify the
experimental details. Such identification does not imply recommendation by the National
Institute of Standards and Technology; nor does it imply that the materials are necessarily

the best available for the purpose.

Materials

The DM was provided by Dow FilmTec. The DM functional layer was removed from the
mechanical support layers via a process previously described.? Hundreds of selective lay-
ers were recovered and stacked in an aluminum foil pouch to obtain a total sample mass
of ~ 100 mg. The AEM used in this study was prepared by the following procedure.
First, poly(chloromethylstyrene-b-cyclooctene-b-chloromethylstyrene) was synthesized by se-

quential Chain-Transfer Ring-Opening Metathesis Polymerization and Reversible Addition-



Fragmentation Chain Transfer Radical Polymerization.!® Then the copolymer was cast from
chloroform solution (10% by mass) onto a Teflon sheet and dried slowly at room temper-
ature. The film was peeled off and dipped in a trimethylamine solution (50% by mass in
H,0), before being annealed in pure water at 353 K for two days. The AEM films (100 pm
thick) were cast from solution and then transferred to aluminum foil. The AEM used in
this study is a lamellar forming block copolymer with a hydrophobic cyclooctene block and
a hydrophilic styrene-TMA block. When hydrated, the water molecules will preferentially
segregate in the ionic domains to generate unique conduction channels.

Both sample sets were first dried under vacuum overnight to remove excess water. The
samples were annealed at 393 K for two hours to fully remove any excess water. The samples
were then hydrated for two hours at room temperature in a Nitrogen filled environment with
a saturated salt solution to maintain the desired humidity: Magnesium chloride ~ 30% RH,
potassium chloride =~ 80% RH, and water ~ 100% RH. The approximate mass uptake of
water was monitored by measuring the hydrated mass relative to the dry sample mass. The
H50O hydrated samples were then loaded in air with a reservoir of same saturated salt solution
loaded at the bottom of the sample can. The reservoir was maintained so that it was not
in contact with the sample and was out of the direct neutron beam. The D5O hydrated
samples were loaded while in a nitrogen filled glove box, also with a saturated salt solution
at the bottom of the sample can. The samples were then equilibrated for 6 hours prior to

measurement.

Neutron Scattering Measurements

Neutron scattering experiments were conducted at the NIST Center for Neutron Research
(NCNR). The structure of the membranes was probed using small angle neutron scattering
(SANS) on the 10 m SANS beamline operated by Neutrons for Soft Matter (nSOFT). The

SANS spectra were generated using three instrument configurations by controlling the sample



detector distance (SSD) and neutron wavelength (A), which are 1. SDD=12 m, A =5
A, 2. SDD=5.2m XA =5 A, and SDD=5.2 m, A\ = 10 A. The samples were measured
within the aluminum sample holders used for the quasi-elastic neutron scattering (QENS)
measurements. The signal was corrected for detector sensitivity, background counts and
scattering from the aluminum can. The intensity was scaled using the empty beam flux.
The SANS data was reduced using Igor Macros provided by NCNR.!! The SANS data was
then analyzed using SasView.

We used QENS, a form of inelastic scattering, to probe the water and polymer membrane
dynamics. QENS measurements were made on multiple spectrometers to span orders of
magnitude in time scales from tens of picoseconds to nanoseconds. The QENS spectra
was collected at several different temperatures, at and above room temperature, that are
relevant to the operation conditions of the respective membranes. The polymer membrane
dynamics were probed using the high flux backscatter spectrometer (HFBS) with an energy
resolution of 1 peV and an energy window of +15 peV. The faster water dynamics were
probed using the disk chopper time-of-flight spectrometer (DCS) with an incident neutron
wavelength (\) of 9 A, which yields an energy resolution of 22 peV and the energy window
was limited to £0.5 meV. The instrument resolution on both spectrometers was measured
using a vanadium standard. The data reduction and analysis was performed using the DAVE

software package.

Results and discussion

Prior studies on the macroscopic water uptake of these membrane materials reveal very dis-
tinct swelling behavior. The water uptake for a hydrated AEM is ~ (10 — 20)% by mass
with the swelling behavior suggested to proceed via volumetric expansion of the PVBTMA
block;!® water does not solubilize in the hydrophobic PCOE block. The maximum water

uptake for DM is < 5% by mass at maximum water vapor activity (~ 96% RH), '3 which



is lower than the maximum swelling of the AEM. Compared with conventional glassy poly-
mers with minimal swelling (< 1%), the AEM swells significantly whereas the DM swells
moderately. Since the network structure of these DM materials is fairly rigid with significant
amount of network heterogeneities consisting of unreacted functional groups,!® it has been
suggested that they swell primarily via topological rearrangement related to these cross-
linking heterogeneities. '3 In the fully crosslinked regions, the swelling is minimal and is
comparable with that of a polymer glass. On the other hand, there is significant expansion
near the less crosslinked parts of the material upon exposure to water.

SANS studies of these materials in dry and D,O hydrated conditions, which significantly
enhances the neutron scattering contrast between the polymer and water, confirm their
unique swelling mechanism. The scattering intensity (I(Q)) vs. scattering vector (Q)) curves
for the AEM are shown in Fig. 2. We fit all of the SANS curves with the following model*¢

consisting of correlation lengths &; and &,

A C D

@)= o TTr Qe T 1T (Qa)

- +B. (1)

where p is the Porod exponent, [; and [y are the Lorentz exponents. Eq. 1 was used to
describe the SANS results in order to identify the unique length-scales present in these
swollen polymer films. Similar forms of Eq. 1 have been used by others to describe the
SANS results for polymer gels with spatial heterogeneities.!”™ 1% Detailed fits to extrapolate
the correlation lengths for both AEM and DM are shown in the Supporting Information

section. The values for the fitting coefficients are summarized in Table 1.
Table 1: Extrapolated parameters for fits to the SANS measurements for AEM and DM.

D ll 12 fl (A) 52 (A)
AEM dry 236 £0.18 344 +£1.33 3.78 £238 57.1+34 257+£0.2
AEM D50 hyd. 4.02 +0.29 422 +0.13 3.75+0.11 63.8 £ 0.6 28.0+ 2.8

DM dry 3.66 £0.06 4.20 £0.01 4.19+0.03 875+04 26.0=+0.9
DM D,0O hyd.  3.69 £ 0.02 4.18 £ 0.01 3.93 £0.01 89.6 £ 1.1 26.8 £0.1
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Figure 2: SANS results, along with fits, of the dry and D,O hydrated AEM.

The SANS results for AEM indicate the presence of two correlation lengths (£;—57.1 A,
£9=25.7 A) in the dry state. & is consistent with the block copolymer microdomain spacing*°
and we attribute & to be associated with the higher order scattering of the primary peak.
Upon swelling with D,O, this correlation length increases to &—63.8 A, which is approxi-
mately a 10% increase, which translates to ~ 23% water content within the ionic PVBTMA
microdomain at maximum swelling. Additionally, the increase in scattering intensity of both
the primary and secondary peak is consistent with an enhancement in the scattering contrast
of the swollen block copolymer.

The SANS results for DM were also adequately fit with the two correlation length
(£1=87.5 A, £-26.0 A) model in the dry state. Interestingly, these correlation lengths
only increase slightly upon swelling with D,O. Assuming that & and & are related to the
length-scales of the network heterogeneities within the DM, it would suggest these nanoscale
heterogeneities in the dry state do not change significantly, with ~ 2 % increase, in size with
hydration.

SANS supports the notion of selective hydration and swelling of one of the domains in

the AEM whereas the swelling of the DM appears to be more uniform; a new length scale in



the structure does not appear upon hydration. Therefore, the SANS results reveal a static
picture of the structure of these materials but does not enable us to elucidate the specific
transport mechanism. To study the transport dynamics, we measure these materials using
QENS at several temperatures at and above room temperature. QENS is an incoherent
scattering technique that is ideally suited for studying water and polymer dynamics since
the measured signal is dominated by the inelastic scattering of the hydrogen atoms as the
incoherent neutron scattering cross section of hydrogen is at least 40 times larger than
deuterium, oxygen, nitrogen and carbon. Two spectrometers were used to probe the polymer
and water dynamics for this study. The slow dynamics were probed using the high flux
backscatter spectrometer (HFBS) with an energy resolution of 1 ueV and an energy window
of 15 peV.? The faster water dynamics were probed using the disk chopper time-of-flight
spectrometer (DCS) with an energy resolution of 22 eV and the energy window was limited
to 0.5 meV. 2

Fig. 3 shows the dynamic structure factor (S(Q,w)) vs. @ curves for AEM from the

HFBS and DCS spectrometers. We use the following equation to fit the curves,

8(Q.w) = (@) (2R(w) + 21 R(w) & Ly(w) o
Y (1—2—2)RW) & Lw(w)> + B,

Here, I(Q) is the scaled intensity at a given (), R(w) is the resolution function of the instru-
ment, L,(w) is the Lorentzian distribution associated with the polymer motions, and L,,(w)
is the Lorenzian distribution associated with the water motions and B is a flat background.
The value z corresponds to the elastic incoherent structure factor (EFISF') and z; is the frac-
tion of the dynamics corresponding to motions in the polymer. The motions of the polymer
and water, both described as Lorentzian distributions, are convoluted with the instrumental
resolution.

Since there are hydrogen atoms in the HyO as well as along the polymer backbone, the

motions from both of these moieties will be observed in a QENS spectra for a H,O hydrated
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Figure 3: Dynamic structure factor (S(Q,w)), along with fits, of the hydrated AEM from

QENS at Q@ = 1 A~ a) S(Q, w) from HFBS for AEM that is hydrated with D,0. b) S(Q, w)
from DCS for AEM hydrated with H,O.
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sample. To deconvolute the hydrogen motions of the polymer backbone from that of the
water molecules, we also conducted HFBS measurements of the same samples hydrated with
D50 under identical conditions. The HFBS spectra for AEM hydrated with D,O at 80% RH
shows a broad fast process and a slower narrow process associated with the energy resolution
of the instrument (Fig. 3a). The motions are adequately described by a single Lorentzian

associated with the dynamics of just the hydrated polymer, and Eq. 2 simplifies to,
S(Q,w) = I(Q) (:)sR(w) 4 (1-2)R(w) ® L(w)) +B. (3)

The slower motions associated with the polymer dynamics were determined by fitting
the DO hydrated sample to Eq. 3. From the fit in this sample we obtain L(w) and =z,
the Lorentzian describing polymer motions and fraction of immobile hydrogen atoms. It is
assumed that the polymer dynamics will not be significantly influenced by switching from
D,0O to HyO. When fitting the HoO hydrated sample, L,(Q) was held fixed at the values
from the DoO sample, L(Q). Therefore, the only free variables for this sample was L, (w)
and the relative fraction of immobile hydrogen atoms, x, and relative fraction of hydrogen
atoms associated with polymer motions, x;. The Lorentzian function associated with water

dynamics,

)
o) = Qe + oy W

can be described by the half width half maximum, I",,(Q), centered around 0 energy transfer.
Comparing the spectra for the HyO hydrated with the DO hydrated AEM (see Supporting
Information), it is evident that the broad fast process of the water motions is almost beyond
the range of the HFBS spectrometer. Therefore, to fully understand the water diffusion
process, similar experiments and fitting routines were also conducted using DCS to capture
motions on a faster time-scale.

For DM, we didn’t observe any appreciable motions associated with polymer or HyO
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dynamics within the time-scale of the HFBS measurement and the spectra are included
in the Supporting Information section. This observation indicates that the DM network
structure is relatively static on the nanosecond time-scale of the HFBS measurement and
supports the interpretation from the SANS results that the network structure does not change
significantly even when saturated with water. It also suggests that water inside the DM is
moving faster than the time-scale of the HFBS spectrometer.

Fig. 3b shows the DCS spectra for the HyO hydrated AEM membrane at Q = 1.0 A~
at room temperature. Within the energy window of 0.5 meV, we fit the data with a
single Lorentzian distribution that is associated with the motions of the water molecules.
Comparing the DCS spectra of the two membranes (see Supporting Information), the relative
broadness of the Lorentzian distribution indicates that the water dynamics is significantly
faster for DM compared to AEM.

We quantify the water dynamics within the membranes by characterizing the () depen-
dence of I',, as shown in Fig. 4. If the water molecules observe simple Fickian diffusion, I,
would scale linearly with Q?, i.e. T, ox D,,Q?, where D, is the self-diffusion coefficient of
water. This could be the case at low @) but I',, clearly turns over into a plateau at higher
Q? values. This high Q turnover is indicative of a jump diffusion process, where the water
molecules are confined at short time- and length-scales but experience diffusive jumps at
longer time- and length-scales.

We fit our materials using the Hall and Ross model that assumes the motions as uncon-
strained random jump diffusion processes with a Gaussian distribution of jump lengths.?2

This model predicts the quasi-elastic broadening as,

rQ) =+ (1 _ 6—Q2(12>/6)‘ (5)

T

with a residence time between jumps of 7 and a mean squared jump length of (I?). At

sufficiently large length-scales, this model predicts linear Fickian-like diffusion in the low @
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Figure 4: a) I',(@Q)) for AEM hydrated with HyO. b) I',,(Q) for DM and AEM hydrated with

H50O. Error bars represent one standard deviation.

regime, and asymptotes to 2/7 in the high @ regime. It is evident that Eq. 5 appropriately
captures the data (Fig. 4). The fitting parameters (Table 2) indicate that (I?) was indepen-
dent of temperature (7)) within the temperature range investigated. The jump length for
DM was found to be (I) ~ 3 A, which is consistent with similar measurements in bulk water.
This is striking because it suggests that the jump behavior of diffusing water is bulk-like
despite the fact that it is within a nanoporous membrane. Similar observations have been
made in other systems such as water confined in mesoporous silicon (mp-Si).?* However, we
also note that (1) is larger in the AEM, on the order of 5 A, which is an observation we
discuss later in the manuscript.

In addition to determining (I) and 7, QENS provides information about the fraction of
non-diffusing species (fyp) as well as an estimate for the volume of the confinement in which
a hydrogen atom moves within the time-scale of the QENS measurement. By assuming
the water is freely diffusing within a volume represented as a sphere, the characteristic
confinement radius (a) can be estimated using the following relationship between FISF and

a, which is determined by the ratio of the elastically scattered intensity to the sum of the
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total elastic and quasi-elastic scattering intensities (z defined in Eq. 3),

r=FISF
(O (6)
= fap+ (11— fND)(%) )
71(Qa) = sin(Qa) B cos(Qa)‘ (7)

Qa Qa

The EISF and corresponding fits for AEM and DM at room temperature measured by
DCS are shown in Fig. 5. The fit parameters at multiple temperatures are summarized in
Table 2. The water content within the two materials is significantly different, so it is difficult

to draw any conclusions from the comparison of the absolute fyp values.
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Figure 5: Elastic incoherent structure factor (EISF) vs. (Q) for AEM and DM at room
temperature. Error bars represent one standard deviation.

We can comment on the temperature dependence of fyp between the two materials as
they display different behavior. Specifically, fxyp for AEM decreases significantly with in-
creasing temperature whereas there is little change in fyp for DM over a similar temperature
window. This is consistent with a thermally activated process in the AEM where water is
more strongly coupled to the polymer matrix, despite the overall larger water content. We

also see that a is significantly smaller for AEM compared with DM (~ 4 A vs. ~ 9 A). This
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Table 2: Extrapolated parameters from the QENS measurements for the AEM and DM.

T T () D a [fnp
(K) (ps) (&) (x107°m?/s) (A)
AEM 303 39 44 0.82 44 0.67
333 35 5.6 1.50 4.0 0.62
348 26 5.6 205 42 0.38
DM 278 10.1 3.2 1.40 8.5 0.80
298 9.8 3.5 206 9.3 081
318 6.4 3.3 280 9.0 0.78

suggests that despite the significantly lower water content within DM, the water molecules
within this membrane are less confined (larger confinement volumes ~ a3) compared with
AEM. This is also consistent with a stronger coupling of the water dynamics to the polymer
matrix in the case of the AEM. The temperature dependent fyp for AEM would indicate
that water dynamics are strongly coupled with that of the AEM polymer via strong ionic
interactions. Yet this behavior is not observed for DM. The fact that fyp is temperature
independent strongly supports the notion that the motions of water are not coupled with
motions of the DM within the time-scale of the QENS measurement thus the water dynamics
within DM is inconsistent with the solution-diffusion model.

Using the fitting parameters from Table 2, the water diffusion coefficients for AEM and

DM are calculated based on the jump diffusion model,**

(8)

The corresponding values are compared with other materials from the literature including
bulk water measured by QENS,? pulse field gradient nuclear magnetic resonance (NMR), 2
water confined in mp-Si membrane (pore size = 14 A) 2 and a proton exchange membrane
(Nafion®)?" (Fig. 6). The water diffusion coefficients measured from NMR and QENS are
in good agreement with each other and is consistent with that of bulk or free water diffusion.

When water is confined in nanoporous channels, such as the case for the mp-Si, the water
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diffusion coefficient becomes slightly depressed for temperatures above 280 K but is generally

of the same order of magnitude.
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Figure 6: Comparison of the self-diffusion coefficients (D) vs. temperature (T") of water for
AEM and DM measured in this study. Also included in this plot are self-diffusion coefficients
for other materials reported in literature.

Nafion® is a unique material as two distinct water diffusion coefficients have been mea-
sured from QENS and are confirmed by NMR.?"? The slower water diffusion coefficient
is a factor of 4 times lower than that of bulk water. It was suggested that this is related
to confined or restricted diffusion of the water molecules forming a close hydration shell in
proximity to the sulfonic acid functional groups of Nafion®. The faster water diffusion coef-
ficient has a value very similar to that for bulk water. Here, it was suggested to be associated
with fast water dynamics far away from the sulfonic acid groups, i.e. at or near the center
of the ionic domain, where water channels are formed (£ ~ 10 A) and the water molecules
experiences bulk-like motions.

The water dynamics in AEM share some similarities to the local confined water mo-
tions found in Nafion®. At maximum swelling, SANS reveals that the block copolymer
microdomains have a characteristic length-scale of & ~ 63.8 A. This length-scale is signifi-
cantly larger than a observed in QENS, which would imply that the ionic aggregates inside

the PVBTMA domains, and not the PVBTMA domains themselves, are constraining water
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diffusion. It is likely that there is a distribution of water mobility inside the PVBTMA do-
mains due to these ionic aggregates. We do not see two distinct water diffusion coefficients
as seen in Nafion®. Instead only one water diffusion coefficient is observed for the AEM
because the polymer content in the PVBTMA microdomain at maximum swelling is &~ 77%,
which is fairly high. However, we do not observe bulk water diffusion like in the case of
Nafion® that swells to an even larger extent (=~ 35% vs. ~ 10%)?° and forms bulk water
channels at maximum swelling.

Unlike the AEM, the DM exhibits a water diffusion coefficient similar to that of free
water over the measured temperature range. This is quite surprising as it is often argued
that the water transport mechanism for water desalination membranes occur via a solution-
diffusion process, which generally implies that the water motions are facilitated by segmental
relaxations of the polymer. Our results show that the water motions are not coupled with
the polymer dynamics, which is a key assumption for the solution-diffusion model. Thus the
mechanism of transport is inconsistent with the solution-diffusion model since the DM is still
well in the glassy state even when fully hydrated, and we observed that water diffuses as free
water within the time- and length-scales probed by QENS. An alternative explanation is the
water molecules are diffusing through the DM network heterogeneities,® which effectively
functions as water channels whose dimensions are larger than the characteristic length-scale
probed by QENS, which is &~ 10 A. Specifically, the correlation lengths measured by SANS
suggests that these water channels within the hydrated DM membrane & ~ 27.2 A, and
is comparable with the characteristic radius measured by QENS, & = 2a. The presence of
water channels was recently demonstrated by molecular dynamics simulation of a similar
DM membrane. 3

The next logical question is why do bulk measurements of water diffusion through the
same DM materials, via water permeation tests, exhibit a significantly lower water diffusion
coefficient®? It is clear that the presence of the DM adds impedance to the transport process

and slows down the diffusion through the membrane. We believe that this is a reflection
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of the relevant length-scales of the measurements. It is critical to recognize that QENS
measures diffusion over length-scales on the order of a nanometer or less. This length-scale
is commensurate with intermolecular interactions, and therefore appropriate for studying
the molecular mechanisms of transport. At these molecular length-scales, the structure of
the DM does not add molecular impedance to the transport process; the AEM does. Over
larger length-scales, the morphology and connectivity of the network heterogeneities that are
present in the DM increase the impedance to the transport process. This is consistent with

a hydrodynamic model of transport for DM and a molecular scale solution-diffusion model

in the AEM.

Conclusion

We can make several major points from our results. As expected, the operative mechanism
of transport for the AEM membrane studied here appears to be the solution-diffusion model
where the presence of the ionic groups solubilizes the water upon hydration. Despite the
fact that DM swells upon hydration, the operative transport mechanism appears to be pore
flow. Water moves freely in the network heterogeneities of the DM, in a manner that is
analogous in a rigid mesoporous silicate membrane that does not swell at all. This seminal
insight suggests the notion of the DM as the perm-selective active layer is inaccurate as the
pore flow mechanism seems more consistent with our results. One caveat to this conclusion
is that this study is focused on a specific water desalination membrane and future work will
address this by applying similar measurements to study the transport mechanism of water
desalination membranes containing other functional moieties.

Finally, our results have implications in the design of future water desalination mem-
branes. Currently, there is a drive towards designing nanoporous membranes for enhanced
water permeation by leveraging convective transport. Many materials platforms, such as car-

bon nanotubes, aquaporin derivatives or nanoporous block copolymers, are being proposed
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yet the implementation of most of these materials are challenged by scalability. The results
presented here suggest that the DM membranes already leverage this mechanism of trans-
port albeit not as idealized because of the convective pathways are most likely more tortuous
compared to the proposed replacement materials. Nevertheless, we should not overlook DM
membranes as they are already scalable. Perhaps the focus should be towards improving
current materials by reducing the tortuosity of their convective pathways, via better control

over the polymer network structure, to improve permeance.
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Figure S1: I(Q) vs. @, along with fits of the correlation lengths, for a) dry AEM, b) AEM
hydrated with D,O, ¢) dry DM, and d) DM hydrated with D,O. Error bars represent one
standard deviation.
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Figure S2: a) S(Q,w) vs. E from HFBS for AEM that is hydrated with HyO. S(Q,w) vs.
E from DCS for AEM that is hydrated with D;O. ¢) S(Q,w) vs. E from HFBS for DM that
is hydrated with HO. d) S(Q,w) vs. E from DCS for DM that is hydrated with D,O.
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Graphical TOC Entry

Small-angle and quasi-elastic neutron scattering methods are used to
study the structure as well as the water and polymer dynamics of several
polymeric membranes to show that water diffuses through a water
desalination membrane (DM) comparable to bulk water whereas water
diffuses by a factor of two slower in an anion exchange membrane (AEM).
These findings are reconciled in the context of the unique transport
mechanism for the two materials. Specifically, the DM possesses a
tortuous network of nanopores whereas the AEM is a swollen network
without such channels. This level of insight is critical for designing new
and improved transport membranes.

=
%
T

Diffusion coefficient (m2 s‘l)

10° -
< ° AV UNV VU =
AN
AEM m
--------- H O (NMR) . fme
o HO ™~
® D
100 @ ARM
270 290 310 330 350

Temperature (K)

26



