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ABSTRACT

Stable hydration in perfluorinated polyelectrolyte membranes such as Nafion is essential to
maintaining good ion conductivity and managing permeation, especially in vapor-fed devices
where water content depends on relative humidity in a gas stream. Extensive studies in the
literature have shown that Nafion hydration in water vapor is controlled by its interfacial
transport resistance. Nafion forms a fluorine-rich layer at the polymer-gas interface, and it has
been proposed that this layer blocks water transport due to its hydrophobicity. To develop a
molecular-level description of the physics underlying transport resistance in this system, we have
performed a computational reaction-diffusion kinetics study of water evaporation from Nafion.
Two distinct models are examined, one mimicking the blocking function proposed in the
literature, the other assuming there is no blocking, instead treating water evaporation as a
dynamic balance between uptake from the gas and desorption from the polymer surface.
Simulation results are compared to time-dependent infrared data over a range of 100%-0%
relative humidity from the literature. Only the dynamic model successfully reproduces
experimental observations. This indicates that the physical nature of interfacial transport
resistance is not slow diffusion across an interfacial layer, rather it is due to the competition

between dehydration and rehydration. The simulation data provide details on the accompanying
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water distributions throughout the membrane and on interfacial kinetics, showing that they are

characterized by strong fluctuations.

Keywords: Nafion, dehydration, simulations, hydrophobic, diffusion, water, vapor

L INTRODUCTION

Perfluorosulfonic polyelectrolyte membranes (PFSA) such as Nafion are key components
in artificial photosynthesis systems, where transport of ions and blocking of product crossover
are central to function.! When used as membrane separators in vapor-fed systems such as gas
diffusion electrodes (GDE) and membrane electrode assemblies (MEA) for solar fuels systems,?
they are often installed with one side in contact with vapor and the other with liquid electrolyte
to stabilize the extent of hydration of the membrane in use. They are also used as ionomer layers
in GDE and MEA architectures that support an active electrocatalyst for CO, reduction, in
configurations where they are fed with water. Stable hydration is important because ion
conductivity is sensitively dependent on water content in the membrane, and drying reduces
catalytic efficiency by increasing the resistance of the system.* The availability of water at the
catalytic center also influences the catalytic reactions themselves.* Predictive models that
incorporate detailed, time-dependent catalytic chemistry as well as the molecular-level processes
influencing the local concentration of water at the membrane-catalyst interface are central to
understanding how vapor-fed artificial photosynthesis systems function during the diurnal
sunlight cycle.

Quantification of water in vapor-fed architectures requires knowledge of how water

moves into, out of and through the membrane under all conditions. Although the solution-
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diffusion model is very successful at explaining steady state behavior,’ there is no similar theory
for the time-dependent permeability of membranes, and there are few experimental data for
permeability far from steady state. To develop an understanding of non-steady-state processes in
general, we have performed experimental and reaction-diffusion modeling studies of gas
permeation through rubbery® and glassy polymers,’ as well as aqueous methanol permeation
through Nafion,*? to build basic simulation frameworks that are applicable to diverse systems.
We can use these frameworks together with a detailed molecular mechanism that has been
developed for pure water evaporation' as building blocks to model time-dependent water
permeation into and water evaporation from polyelectrolyte membranes used in GDEs and
MEAs. The missing mechanistic elements for a molecular-level model of the catalyst-membrane
environment in vapor-fed systems are gas-phase water uptake and dehydration. In this work, we
focus on the dehydration mechanism using data for Nafion, which is representative of PFSA
membranes and a relatively simple evaporation system to model because drying-induced
structural changes in the membrane over periods of many minutes do not influence diffusion
significantly.'"

To construct a model, we focus on what has been learned about the internal and
interfacial structures of hydrated PFSAs including Nafion. Their internal structure changes as
their extent of hydration changes," leading to development of an internally phase-segregated
structure.'* > Hydrophilic channels are formed that can accommodate large molar fractions of
water, typically expressed as the number of water molecules per sulfonic acid group, or A,
surrounded by fluorocarbon-rich hydrophobic regions. These channels are responsible for
transport of ions across the membrane, and their characteristics directly control its proton

conductivity.'® The values of A obtained using vapor as the source of water range up to about 15
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at 100% relative humidity (RH) and an ambient temperature of about 25 °C."*'" The structure of
water in these channels, and interactions between water and the hydrophilic sulfonic acid groups
within the channels have been examined in bulk films. Nuclear magnetic resonance spectra
obtained with a systematic variation of the degree of hydration have shown that diffusion
coefficients D increase with increasing hydration, with an activation energy for diffusion
decreasing from 42 kJ/mole to 20 kJ/mole as A increased from 2 to 15."® D increases from 0.1 to
0.5 x 10" m?%s for A = 2-8, then jumps to 2 x 10'° m%s for A = 9-16. The waters in the
sulfonated channels have been identified to be in several states. Water is tightly held by the
sulfonic acid site when A = 1-2, bound in a solvation shell for A = 3-6, and loosely held, or
mobile beyond A = 6. This is consistent with changes observed during thermogravimetric-

infrared analyses during desorption,'” "

and with computational studies showing that minimally
hydrated sulfonic acid groups inside the channels are very stable.” It has been shown that there is
heterogeneity to the local value of A for an average degree of hydration.?! A synchrotron infrared
(IR) study of hydration kinetics as a function of RH* showed that at 60 °C there is a residual
amount of water at 0% RH, with A = 1. A =3 is the threshold for proton mobility, with no
further changes in the water spectra as the water concentration increases in the membrane. At
room temperature, the residual water is about A = 2.

The structure of the PFSA-gas interface very different from that of the bulk, and varies
with RH. The membranes develop a hydrophobic, fluorine-rich skin layer in contact with
humidified air."** Grazing incidence small angle x-ray scattering and atomic force microscopy
measurements on Nafion®* show the layer thickness to be in the range of a few nm. Contact angle

measurements showed that the membrane surface is hydrophobic in contact with vapor to 97%

RH, and its surface energy does not change during drying in ambient atmosphere. The
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membrane’s surface morphology has been studied as a function of hydration, identifying ion-
conducting regions as well as hydrophobic domains and showing a connection between ion
conductivity and water content.”® ?” That there are more hydrophilic regions than ion conducting
channels at the surface suggests that water channel connectivity to it is low.? Although the
surface of the membrane is hydrophobic, water is not absent. Sum-frequency generation
spectroscopy of surface water on Nafion as a function of RH revealed that water is adsorbed on
both the hydrophilic sulfonate groups and on the hydrophobic surface regions in both free and
ice-like forms.” Molecular dynamics calculations on interfacial structure and transport show that
while there is no change in mass transport (treated as vehicular diffusion) at the interface, there is
a decrease in fully hydrated hydronium ions, which is due to a reduced probability of forming
Eigen ions, and that the hydronium ions have a preferred orientation at the surface.*

The interfacial skin layer has been proposed to be the origin of interfacial water transport
resistance. The dominant hypothesis is that the hydrophobic layer controls interfacial water
activity relative to water activity in the vapor phase, and thereby acts as a barrier to mass
transport of water in and out of the membrane. This barrier property establishes the degree of
hydration of the membrane at a particular RH and confers a relatively flat water distribution
throughout the membrane.'>*"** A molecular dynamics study® points to a physical mechanism:
the hydrophobic layer’s mass transfer resistance is attributable to inhibition of diffusion by the
semi-crystalline nature of the surface layer.

To summarize, the literature shows that the water content of PFSA membranes at any
particular RH is governed by the external and interior water activities intrinsic to that humidity,
and the characteristic time to reach that water content is controlled by the hydrophobic

membrane-vapor interface’s mass transport resistance. What is missing is a molecular-level
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description of how the internal and external activities are connected, i.e. how the membrane’s
degree of hydration as RH changes is connected to the fluxes of water across the interface, and
how these fluxes are coupled to the internal gradient-driven diffusion of water diffusion given
that the gradient is small. Such an understanding is essential to be able to model the details of the
interfacial catalytic chemistry when it is coupled to membrane drying and hydration of a solar
fuels system.

To make progress toward a useful description of interfacial hydration and transport, we
have made a computational study of the simple case of dehydration of Nafion from 100% RH to
0% RH that compares the predictions to real-time experimental attenuated total reflection -
Fourier transform infrared (ATR-FTIR) differential desorption data from the literature.* We start
with a model that represents the interfacial transport resistance using the accepted blocking
characteristics of the Nafion-vapor interface, and show that it cannot reproduce real-time
experimental observations. An alternative model that represents the interfacial transport
resistance as a kinetic process involving a rapidly maintained dynamic balance between water
vapor absorption and desorption successfully describes the experimental measurements. Under
this model, dehydration and rehydration are in competition at any given RH, resulting in a
specific water content at the membrane interface and in its bulk that depends sensitively on both
internal and external conditions. While specific data for Nafion have been used to construct both
models for comparison to experiment, the dynamic model framework is likely to be applicable to

similar PFSAs, and hydrophobic-hydrophilic phase-segregated membranes in general.

II. MODEL CONSTRUCTION



I1.a. Representation of the evaporation process. The experimental study examined in this work
is of real-time ATR-FTIR data measuring water content within 0.5-1 um of a Nafion - ZnSe
ATR crystal interface during drying at specified RH.* To model this experiment, the simulation
framework uses a 1-dimensional array of diffusion-coupled polymer compartments with two
opposing interfaces: one side of the membrane in contact with the crystal, and the other in
contact with water vapor. The framework’s description of the water vapor-membrane
interactions is of central importance in this work, and two very different descriptions are
considered as illustrated in Figure 1. While the descriptions differ in their treatment of
interfacial processes, they are identical in their treatment of bulk processes which involve both

immobile water attached to sulfonate groups, and mobile water that can diffuse freely.
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Figure 1. Schematic of the interfacial processes involved in the blocking and dynamic models for interfacial
transport resistance during water evaporation from Nafion. Black represents water-filled regions, whereas blue
represents hydrophobic regions. The blocking model assumes that water can evaporate only from a small
(sulfonated) fraction of the membrane surface. The dynamic model assumes that water evaporation can occur
from anywhere on the membrane surface, whether fluorine-rich or sulfonated.

Nafion

Blocking model. This model was considered first because it is a direct representation of findings
in the literature in a reaction-diffusion form. Because the rate of water desorption is controlled by
the interfacial mass transport resistance rather than bulk mass transport resistance,'? drying is

determined by the net diffusive outflux of water across the perfluorinated hydrophobic skin layer



as proposed in the literature.?* %3¢ As illustrated in Figure 1, water movement into and out of the
membrane can take place only from the sulfonated channel openings at the interface. This
restriction on the available active surface area necessarily slows the drying rate. Therefore, the
blocking model represents the effect of the perfluorinated interfacial layer as a reduction in
surface area available for evaporation relative to the geometric area. It also considers that there
may be a reduced diffusion coefficient for water into the interfacial region relative to water
diffusion in the bulk, as suggested by theory.* The net diffusive outflux from the active area is
described as a reversible adsorption-desorption process where desorption is always at a higher
rate due to the higher water activity in the polymer phase.’” Because we are working at the
molecular level, we use concentrations instead of activities, and the evaporation rate is
proportional to the gradient between the water concentration inside the membrane (moles/L

range) and the outside (10~ moles/L range).

Dynamic model. The blocking model has important assumptions about how water moves
through the membrane-vapor interface. As will be shown below, it is not successful in
reproducing experiments, so an alternative dynamic model has been constructed that eliminates
the main assumptions in the blocking model. First, we treat water adsorption and desorption as
not necessarily being reversible, that is, that these steps do not have to both involve the same
kinds of molecular environments on the membrane surface. Specifically, we assume that water
adsorption and desorption can take place from both hydrophobic and hydrophilic surfaces, ie the
entire surface is active rather than a small fraction of it. The physical justification for removing

the requirement that water can only adsorb and desorb from sulfonated channels in the dynamic



model is found in the literature on interactions between vapor-phase water and perfluorinated
materials. Molecular beam scattering studies of water from perfluoropolyether liquid films show
that while most collisions are elastic, about 17% and 29% of the collisions at 66 and 31 kJ/mole
incident kinetic energy, respectively, result in trapping with subsequent desorption.* Since the
probability of trapping-desorption increases as incident kinetic energy decreases, and the kinetic
energy of a gas at 303K is 3k7/2 = 3.8 kJ/mole, trapping-desorption of vapor-phase water on the
perfluorinated regions of Nafion could become important at room temperature, leading to long
enough lifetimes for adsorbed water to diffuse across the vapor-polymer interface. Evidence that
this can occur readily is found in IR observations of reversible, rapid, and nearly complete H,O
exchange with D,0 inside 200 nm thick Nafion films when they are exposed to water vapor.*
Additionally, an estimate of the partitioning of water between the vapor and perfluoropolyether
(PFPE) films gives a value of 0.5 (mol of water/mL of air)/(mol of water/mL of PFPE).*
Efficient absorption of weakly interacting gases into polymers has been identified in other
systems using molecular dynamics: CO, into polydimethylsiloxane® and CO, and N, into
poly(dimethyl phenylene) oxide.” Second, we remove the assumption that the diffusion
coefficient for water through the hydrophobic interface is small, because large diffusion

coefficients have been measured for water moving through perfluorinated materials.***

I1.b. System Geometry. The framework used in this study for both models is adapted from the
one used for modeling permeation of methanol through Nafion.® Briefly, the membrane is
represented by a 1-D stack of 240 bulk compartments and 1 interface compartment, open at one

end to gas and in contact with an ATR-FTIR crystal at the other. The cross sectional area of the



membrane compartments is 0.06 m x 0.01 m, matching the experiments.** The total thickness of
the membrane depends on its degree of hydration and varies continuously throughout the
simulations, with a dry membrane thickness of 120 um estimated from the measured thickness of
the membrane as a function of RH.** Calculations of the initial thickness of each compartment
for each RH in the simulations is presented later in this section. The composition of the bulk
compartment adjacent to the ATR-FTIR crystal is used to calculate the infrared signals for
comparison to experiment because the compartment thickness corresponds to the depth probed
by the infrared evanescent wave (0.5-1 um). All compartments are assumed to have
homogeneous composition at all times. This means that the details of phase segregation and the
water channels are not included in the model, they are represented implicitly by specifying
separately the amounts of sulfonate groups, non-sulfonate polymer and instantaneous water
content in each compartment. The diffusion coefficient D contains information relevant to the
transport of water from one compartment to its neighbors, reflecting the water channel structure.
The flux of water vapor between the gas phase and the membrane does not involve an explicit

gas volume compartment for computational efficiency.

I1.c. Reaction-diffusion model construction. The blocking and dynamic models have the same
structure and composition for the bulk and interfacial polymer compartments, with the same

kinetics in the bulk compartments and differing kinetics in the interfacial compartments.

Concentrations and local volume changes. There are 3 chemical components in each

compartment, whether bulk or interface: sulfonate groups with 2 waters tightly bound to them
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and therefore immobile at the temperature of the experiments (303K),'* mobile water, and the
non-sulfonate parts of the fluoropolymer.

The water content as a function of RH is not independently quantified in the experimental
work, it is reported as an IR signal obtained from the interface between the membrane and the
ATR-FTIR crystal during a differential diffusion measurement.* To associate the IR signal
(reported in arbitrary units) with water concentrations, the absorbance data shown in Figure 5 of
Ref * have been digitized and scaled assuming that an IR signal of 125 equals A = 15 (Table S1
and Figure S1 in the Supporting Information). All other IR absorbances are assumed to be
linearly proportional to that value. The ATR-FTIR signal is compared to the simulation results
by assuming it represents the sum of signals from the two types of waters - those tightly held by
sulfonate groups and the mobile waters which are the waters in the solvation shells surrounding
the sulfonate groups. The simulations provide information on all water throughout the rest of the
membrane, rounding out the picture of dehydration for the full system corresponding to changes
at the membrane-crystal interface.

The initial membrane compartment thicknesses are calculated using the amount of dry
Nafion in the film at 0% RH, and the amount of water as determined by the value for A at a
specific RH from the IR data, and their densities, which are assumed to be additive. The density
of sulfonate groups plus the fluoropolymer are taken to be that of Nafion 117, 2.03 Kg/L,* with
an equivalent weight of 1.1Kg polymer/mole(sulfonate groups), Nafion 117,* and that of water
1s 55.4 mole/L. whether mobile or immobile. The thicknesses and the initial amounts of water and
polymer (Table S1) in turn determine the initial concentrations, as shown in Table 1. As waters

move through the membrane, the volume of each compartment is explicitly calculated during the
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simulations using the instantaneous amounts of polymer and water and their molar densities,
enabling local concentrations and local degree of swelling and deswelling to be tracked
accurately. In our previous ATR-FTIR modeling study the time-dependent permeation of Nafion
was found to be insensitive to the initial thickness assumed for the interfacial layer,® so the
assumption of 1 nm of dry polymer was not specifically evaluated in this work.

The concentration of water in the vapor phase is calculated from the reported RH
assuming the experimental temperature of 303K.

Table 1. Initial conditions for evaporation simulations, blocking and dynamic models, calculated
from ATR-FTIR data and densities for H,O and Nafion.

RH mobile H,O  polymer sulfonate +  bulk compartment interface
(%) (mole/L) (mole/L) 2 H,O thickness (uwm) compartment
(mole/L) thickness (nm)

100 16.081 1.237 1.237 0.752 1.50

80 14.227 1.328 1.328 0.700 1.40

56 8.999 1.419 1.419 0.655 1.31

43 6.648 1.510 1.510 0.616 1.23

22 2.737 1.635 1.635 0.569 1.14

The amounts of water and polymer are assumed to have the same initial value in all
compartments, including the interface compartment, at the beginning of each differential RH
change. (Their concentrations will depend on their starting volumes which are determined by
water and polymer densities.) Since all compartments are assumed to be uniform in composition
this assumption builds in a further assumption that the hydrophobic character of the interfacial
layer does not involve an actual increase in the amount of fluoropolymer and decrease in the
amount of sulfonate groups in that compartment, just a compositional inhomogeneity. If there is
net segregation, it is possible that this could lead to differences in water distributions within the

interfacial compartment, however this is neglected because of a lack of experimental data on
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near-surface water concentrations to refine the models. There is evidence that the distribution of
water within the interfacial compartment could be independent of the specific location of
sulfonate regions (beneath the surface) and fluoropolymer rich regions (closer to the surface).
Although its overall solubility is low, water dissolved in Teflon tends to form clusters of about
14 waters that are both strongly and weakly H-bonded to each other,* providing evidence that
the water molecules can find a stable state within the fluoropolymer-rich portion of the interface

compartment.

Time-dependence. The experimental evaporation data (Table S1 and Figure S1) were acquired
over 5 separate RH steps: 100%-80%, 80%-56%, 56%-43%, 43%-22% and 22%-0%. The Nafion
film mounted on the ATR-FTIR crystal was exposed to a gas flow at the specified upper RH in
each range for an extended period, allowing the ATR-FTIR signal to stabilize for typically a few
1000’s of seconds, then abruptly dropping the RH to a new value. In the simulations this is
treated as an instantaneous decrease although in reality the RH will take some time to reach its
new value due to water-surface interactions in the apparatus. The impact of assuming an abrupt
drop on the simulation results is challenging to assess because the data measure changes far from
the vapor-exposed region of the membrane. The exact time of each RH change was not reported.
To be able to compare experimental and calculated signals, the experimental data set was divided
into segments, with one point defined to be at time = O for each segment. The experimental zero
is selected so that the time at which the measured signal begins to decrease matches that in the

calculations. This shifts, but does not distort the absolute experimental time base.
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Bulk and interfacial diffusion. The diffusion coefficient D of water between two adjacent bulk
compartments is taken to be a value in the middle of the range of those determined
experimentally by the ATR-FTIR measurements,'"* 5 x 10! m?¥/s. The sensitivity to this value
was not assessed in this work; the experimental value consistent with the IR data was assumed to
be the most relevant in view of the wide range that has been reported and the variability of
diffusivity with experiment design and sample history."* The dynamic model assumes that this
value of D is also valid for diffusion between the bulk and interface compartments, as suggested
by measurements of rapid water diffusion through fluorinated matrices.**?. Several variations on
the blocking model are examined to evaluate sensitivity to model assumptions, listed in Table 2.
In blocking model cases A and B, the value for D between the bulk and interface compartments
is reduced to 1 x 10> m?*/s to mimic its proposed barrier properties. Blocking model cases C and
D incorporate the same value for D as used in the dynamic model to evaluate independently the
influence of water channel connectivity to the membrane surface, represented as an effective
surface area for water desorption that is much reduced relative to the geometric area. Case [
Fickian diffusion is assumed for both blocking and dynamic models: the diffusion rate is
controlled by concentration gradients between adjacent compartments, and their 0.06 m x 0.01 m
contact area. Although there is evidence for polymer structural changes during hydration,
relaxation of these changes is found to be slow relative to the rate of evaporation,* and

contributions from Case II or anomalous diffusion are neglected.

Table 2. Blocking model cases considered in this study

Case D, bulk-interface, m*/s % of surface active for
H,O desorption

14



A 1x10" 1
B 1x10" 15
C 5x 10" 1
D 5x 10" 15

Rate coefficients for adsorption and desorption. The primary difference between the blocking
and the dynamic models is in the way that water adsorption and desorption are described. The
blocking model considers only net water desorption under the assumption that adsorption and
desorption are reversible and take place from ion-conducting water channel openings.* The
literature suggests that interfacial water confined to the sulfonate channels is liquid-like in
character.* Therefore, in this model we use the mechanism and kinetics determined previously
for evaporation of water from a water surface at the molecular level," treating the water
aggregates at the water channel openings as very small droplets.” *® Briefly, in the previous study
kinetics simulations of evaporation from pure water droplets as a function of RH and temperature
have shown that water desorption from water is a combination of first order (Hertz-Knudsen*’)
and third order net desorption processes.'”* The Hertz-Knudsen model assumes that adsorption
and desorption are microscopically reversible processes, and therefore involve simple first order
liquid-gas phase transitions, and the third order step involves a sequence of water-water
collisions close together in time to break hydrogen bonds. The Hertz-Knudsen expression is for a
net flux, i.e. the difference between water adsorption and desorption rates at a particular
temperature and RH, thereby incorporating adsorption indirectly. The rate coefficients for pure

water evaporation determined in the previous study'® have been validated using experimental
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data and shown to be predictive, and we assume they are applicable to the Nafion drying model
at the experimental temperature of 303K.

In the present study, the blocking model is only evaluated for one RH range, 100%-80%.
This is because it quickly became clear through the simulations that it does not successfully
describe membrane drying and further calculations would not be informative. Base values for the
1** and 3" order water desorption steps at 80% RH used for blocking models A-D are presented in
Table 3. The added assumption in the blocking model is that only a fraction of the geometric
surface area is active, and this fraction is used to scale the base desorption coefficients by 0.01
(cases A and C) and 0.15 (cases B and D), Table 2.

The dynamic model does not consider adsorption and desorption to be reversible steps,
and therefore includes them as separate processes. This relaxes the constraint inherent in the
Hertz-Knudsen description that adsorption and desorption must take place from the same kinds
of surface sites, for example from water at sulfonate channel openings. The most general
assumption is that adsorption rate is proportional to the water vapor flux to the entire 6 x 10* m?
Nafion surface at 303K. To avoid explicitly modeling gaseous water, which is computationally
prohibitively expensive using stochastic methods, the adsorption step is represented as a reaction
having zeroth order kinetics. The value for the adsorption rates at each RH (shown in Table 3) is
obtained from the gas kinetic flux. Gas-solid collisions do not generally result in 100% efficiency
for sticking, i.e. residence times on the surface long enough for absorption to occur in the case of
polymers. Sticking with 100% efficiency is represented as a sticking coefficient of 1. Here, we
assume a sticking coefficient of 0.5 at each flux, i.e. 50% of the collisions at the polymer-vapor

interface result in water permeation into the membrane. This value is a rough order-of-magnitude
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estimate, but is reasonable given the very weak interactions between water and perfluorinated
materials. Large sticking coefficients have been calculated using molecular dynamics for other
weakly interacting gas-polymer systems CO, into polydimethylsiloxane (0.3)® and poly(dimethyl
phenylene oxide) (minimum of 0.13).” Further, water is observed to partition into the
perfluoroether-on-sulfuric acid system with an efficiency of 50%.* Because desorption and
adsorption are not assumed to be reversible, the desorption rate coefficient is treated as an
unknown. To estimate its value, it is incorporated in the model as a fitting parameter to reproduce
the 100% RH to 80% RH decrease data as will be described in the next section. This is the only
fitting parameter used in this study. The fitting process can be considered to be a measurement of

the rate coefficient. Its value is held constant to simulate the other RH conditions.

Table 3. Interfacial rate coefficients

Final RH (RH Blocking model, base H,O desorption rate Dynamic model, H,O
decrease range) coefficients (scaled by 0.01 or 0.15) adsorption flux
1*t order (s™) 39order (L*mole*-s) (mole/L-s)
80% (100%-80%) 662 1.42 x 107 7.34 x 107
56% (80%-56%) -- -- 5.14x 107
43% (56%-43%) -- -- 3.95x 107
22% (43%-22%) -- -- 2.02x 107
0% (22%-0%) -- -- 0

I1.d. Simulation methods
The simulations provide complete spatially-resolved concentration vs time data in the membrane
for comparison to experiment. Calculations of both the blocking and the dynamic models are

performed using the open access software package Kinetiscope,* which uses a stochastic
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algorithm originally developed for homogeneous systems®”?! that has been extended to full
reaction-diffusion schemes to calculate the complete time history of the system.’* The models are
constructed using the system geometries, reaction-diffusion steps, initial conditions such as
thickness of the swollen membrane, and densities and concentrations as inputs. Use of
physically-based elementary rate coefficients and materials properties ensures that the physics
and chemistry of the system are fully represented. Because the stochastic method provides a
rigorous solution to Markov systems and generates an absolute time base, the calculations are
predictive and can be compared directly to experimental data. The computational method is
particularly useful for inductive mechanism discovery,> when parts of the reaction mechanism
are not well-understood and are identified through construction of scenarios and increasingly
complex schemes. It is also well-suited to multiscale modeling, where broad ranges of time and
length scales are simulated in a single calculation.’* A particular advantage of stochastic methods
over the continuum methods that are more commonly used to model membrane transport is the
ability to capture instantaneous volume (and local concentration) changes as well as fluctuations
in the local environment in both the membrane bulk and at the interfaces.

The stochastic kinetics simulation is a type of kinetic Monte Carlo, and has the
characteristic that simulations of fast, coupled reversible processes are inefficient. Some of the
calculations reported here were affected by this and were not carried longer than about 500 -
600s in simulation time, which took over a week in physical time on a fast microprocessor. The
criterion for ending a simulation was if the water content in the Nafion film at the ATR-FTIR
crystal interface was no longer decreasing significantly, as was observed experimentally.*

Because no differential equation integration is involved in these calculations, it is

possible to structure the reaction scheme to include marker species that are not reactants or
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products, but serve as counters for the number of times a particular reaction step occurs in a
specified location. This is a powerful tool to extract additional insights from the simulation
results. In the present study, markers are used in the interface compartment to track water
adsorption and desorption events. The first order desorption step for mobile water at the interface
for both models is

water — gas (D
The third order desorption step in the blocking model is

3 water > 2 water + gas (2)
and adsorption in the dynamic model is written

polymer = water + polymer + adsorbed 3)
where gas and adsorbed are marker species that have zero partial volume and therefore do not

contribute to instantaneous thickness calculations.

III. RESULTS AND DISCUSSION

I11.a. Comparison of the blocking and dynamic models at 100%-80% RH
The mobile and sulfonate water concentrations calculated in these simulations are

converted to an IR signal for comparison to experimental measurements,** as shown in Figure 2.
Five sets of simulations have been performed: the blocking model, cases A-D, and the dynamic
model. As noted above, the rate coefficient for desorption in the dynamic model is unknown, and
had to be treated as a fitting parameter for the 100%-80% RH data set. It is the only unknown.
The best value for the desorption rate coefficient is estimated to be 5.4 + 0.2 x 10° sec™'. The error

in this case reflects only the sensitivity of the fit. Other sources of error include the exact
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correspondence of the IR signal to water concentration, the actual time profile for the decrease in
RH during the measurements, and the assumption of a sticking probability of 0.5. It is not
possible to assess the magnitudes of these sources of error without further experimental work. A
test of the validity of this value is whether it can successfully predict IR data for the other RH

ranges, which will be discussed in the next section.
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Figure 2. Experimental (red squares) infrared signal detected at the ZnSe-Nafion interface for an RH decrease
from 100 to 80%, compared to predictions from the dynamic model (red line) and the blocking model Case A

(black open squares), Case C (black closed squares), which have 1% of the surface area active for desorption,

and Case B (black open circles), Case D (black closed circles), which have 1% of the surface area active for

desorption.

Although the experimental data show a minimal reduction in the IR signal, and therefore
minimal drying under these conditions, all 4 blocking cases predict nearly complete evaporation
of mobile waters at 80% RH, with the 2 remaining waters being strongly bound to the sulfonate
groups. Blocking model cases A-B and C-D predict very similar IR signals for the 1% and 15%

effective surface areas, indicating that reduction of D by a factor of 50 has a minimal impact on
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the kinetics. This is counterintuitive, and at odds with the proposal that drying rate of Nafion is
controlled by the presence of a hydrophobic layer that inhibits interactions with water. In order to
understand this result, we can examine additional details about the desorption process for both
models. Figure 3a shows that the concentration of water in the interface compartment for
blocking model Case A is extremely low, while the dynamic model predicts it to be high. This is
a consequence of the kinetics of water evaporation from very small droplets (blocking) rather
than the full membrane surface (dynamic)."’ Figure 3b shows the corresponding evaporation rate
for the two models, calculated from the derivative of the time-dependent count of gas markers
for both models. The data show that despite the large differences in interfacial concentrations, the
evaporation rates have a similar order of magnitude. The blocking model predicts a finite
evaporation rate, as is expected from its representation of water evaporation as always faster than
water absorption, while the dynamic model fluctuates between positive and negative values for
the evaporation rate once the rate is near zero after the first 50-100s. This means that under the
dynamic model, net evaporation and net absorption both occur, leading to a relatively low overall
extent of drying. The corresponding maps of mobile water concentration as a function of time
through the full thickness of the Nafion film are shown in Figures 3¢ and 3d. The water
distribution decreases smoothly as a function of time under the blocking model, and has a steep
gradient. The prediction that drying is fast although the water concentration at the interface is
low points to this gradient as being kinetically controlling, i.e. under the blocking model
evaporation is controlled by bulk water transport. The dynamic model shows very different
behavior, with slow fluctuations in water concentration especially near the Nafion-water vapor

interface. The relatively small water gradients and large water concentration at the interface
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indicate that the near-zero net evaporation rate is due to interfacial processes being rate

controlling. The spatial distribution of water is in agreement with previous proposals in the

literature, however the physical origin of this distribution and how it is connected to the

interfacial transport resistance is significantly different.'* 3"
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Figure 3. Comparison of simulation results for the case of RH decreasing from 100% to 80%. The blocking
model is Case A. The maps in the figure are oriented so that compartment 1 is the Nafion-water vapor interface
and compartment 241 is the Nafion-ATR-FTIR crystal interface. (a) concentration of mobile water at the
vapor-Nafion interface for both models. (b) Water evaporation rate from the vapor-Nafion interface for both
models. (c) Map of mobile water concentration as a function of position and time for blocking model Case A.
(d) Map of mobile water concentration as a function of position and time for the dynamic model.
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It is notable that the value for D in bulk Nafion used here, 5 x 10! m?%/s, is in the same
range as that measured for water diffusion through fluorinated materials. Water diffuses readily
through Teflon, with D estimated to be 2-7 x 10" m%s.*"-*> Measurements of diffusion of water
through perfluoropolyether liquid films on sulfuric acid gave a coefficient of about 6 x 10"°
m?%/s.* The measured diffusion coefficients suggest that once water crosses the perfluorinated
surface and moves into the membrane, it can move just as freely through a fluoropolymer as has
been measured for the water channels of Nafion, although its solubility is low so tends to
accumulate in the hydrophilic regions around the sulfonate groups.'

The simulations comparing these two models to experimental observations provide
evidence that the commonly invoked picture that a hydrophobic skin confers a significant
interfacial transport resistance due to being a barrier that controls the evaporation rate of water
from Nafion is not likely to be correct. Hydrophobicity is assessed by contact angle
measurements using liquid water, however liquid-polymer wetting is not the same as gas-solid
collisions. The hydrophobic layer facilitates dynamic exchange of water molecules with the
surrounding vapor because it interacts so weakly with them, and the continual interplay between
adsorption and desorption is the primary physics underlying interfacial transport resistance. This
finding is consistent with an analytical vaporization exchange model, proposed in conjunction
with a detailed experimental study, that considers water uptake and evaporation to be balanced at
steady state, analogous to the electrochemical exchange current density.” The present work
shows this picture to apply far from steady state as well.

The value for the desorption rate coefficient estimated using the dynamic model, 5.4 £ 0.2
x 10° sec’', can be used to calculate an apparent activation energy for water desorption from the

Nafion surface, assuming that the only waters that have appreciable concentrations are bound to
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sulfonate groups at the interface. Assuming a transition state theory Arrhenius A factor of k7/h,
6.31 x 10" ¢! and dividing the desorption rate coefficient by this value, we predict an activation
energy for desorption of a water molecule from the Nafion surface of 35.1 kJ/mole. The
activation energy for vaporization of water from water has been measured to be 43.8 kJ/mole,*
while that for fluoropolymer has not been measured, but is likely to be very low, of the order of a
van der Waals binding energy.”’ If the estimated activation energy reflects only the
endothermicity of removing a water, with no extra barriers, it can also compared to theoretical
binding energies for waters to triflic acid, about 50.2 kJ/mole,*® and to the sulfonic acid group in
lithiated Nafion, about 80 kJ/mole.” These comparisons raise the possibility that the fitted water
desorption rate coefficient in the present simulations reflects desorption from a range of strongly
and weakly bound sites (ie sulfonated groups, water droplets and fluoropolymer, as has been
observed spectroscopically?). Experimental studies would be valuable to evaluate whether this

possibility is correct.

II1.b. Comparison of the dynamic model to experimental data from 100% RH to 0% RH
The dynamic model is used to predict the IR measurements for the other RH ranges with

no further changes to the kinetic parameters except the incident water vapor flux and initial
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Figure 4. Experimental (symbols) and predicted (solid lines) infrared signals measured at the membrane-ATR-
FTIR crystal interface as a function of RH.

amount of water appropriate to the starting RH as determined experimentally. As shown in
Figure 4, the simulations are in excellent agreement with the data for the 43-22% RH and 22-0%
RH measurements. The agreement is less good at 80-56% and 56-43% RH, where the calculated
signals are about 10% higher than observed. That there is a deviation only for these two data sets
raises the possibility that the experimental RH was a bit lower than the stated value of 56%.
Overall, agreement with experiment supports that the dynamic model is a valid description of the
evaporation process.

The simulations provide detailed time-resolved information about all parts of the water
Nafion system, including spatial distributions for mobile water and instantaneous local partial
volume changes (Figure S2) as the membrane deswells. Water concentration maps are shown in
Figure 3d for the 100%-80% RH simulations, and Figure 5 for the 80%-0% RH series. They are
remarkable in that they show water concentration fluctuations over long time scales. This was a
most unexpected finding. Additional simulations with different random number sequences and
sets of initial conditions have been performed to evaluate whether the fluctuations are an artifact
of the stochastic simulation itself,*~' and have ruled out this possibility. Concentration and local
partial volume fluctuations are always observed but their exact timing and magnitude vary with
the initial random number used to seed the event selection cycles in the code, consistent with
their being sporadic in nature. The fluctuations are most pronounced near the vapor-membrane
interface, but can at times penetrate to about half way through the membrane. They become less

pronounced as RH is reduced.
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The amounts of water in each compartment in Figures 3d and S are used to calculate the
total mobile plus sulfonate-bound water in the film as a function of time and RH conditions, as
presented in Figure 6 with additional detail for the 100%-80% RH range shown in Figure S3. It
can be seen that the fluctuations are present in the total water amounts as well, especially down
to 43% RH. Previous studies of water distributions within a Nafion membrane have not reported
time-dependent data that could potentially be compared to these predictions over the entire RH
range. There is one report of noisy oscillations of total water in Nafion during hydration at 95-
100% RH using a highly sensitive balance.'? The authors proposed that these could be due to
evaporation and condensation of droplets on the sample or sample support, although the water
vapor is not supersaturated. Experimental and computational studies of pure water aerosol held at
constant RH show that mass changes in water droplets are monotonic in nature, however,
without evidence for alternating evaporation and condensation.'*® The simulations reported here
suggest that the fluctuations could also have originated at least in part from changes in the
amount of water inside the Nafion membrane. New experimental studies to test the model

predictions would be very valuable.
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Water concentration fluctuations are also observed in the membrane interfacial
compartment, as illustrated in Figure 3a, and shown for all RH in Figure 7a, together with the
interfacial evaporation rates calculated from the difference between the derivative of gas vs time
(desorption) and adsorbed vs time (adsorption) in Figures 7b and S4. Over the range of 100%-
22% initial RH, the rate of water evaporation is high at first, rapidly decaying to a low value with
strongly fluctuating levels of adsorption (negative rate) and desorption (positive rate). The 22%-
0% RH case shows only desorption because the RH at the vapor-Nafion interfaces is assumed to
be maintained at 0% and adsorption of water does not occur. The net evaporation rates show a
very similar time dependence despite the wide range in water vapor pressure. The RH-
dependence of the interfacial water concentration of water is strong as shown in Figure 7a,
reflecting the balance between the rate of water evaporation and of its resupply from adsorption
and possibly internal diffusion driven by the local concentration fluctuations (Figures 3d and 5).

The data in Figures 5 and 7 show that the local hydration of the membrane is extremely
responsive to RH and will fluctuate around average values especially if RH is closer to 100%.
The water content undergoes both rapid fluctuations at the interface, and slow fluctuations in the
bulk. These findings indicate that the interfacial transport resistance in Nafion is due to the
competition between desorption and rehydration, and that the weak interactions between water
and the fluorine-rich regions at its vapor interface facilitate this process. According to the
dynamic model, if active catalysts are supported on the membrane, the catalytic environment
may also fluctuate, potentially influencing selectivity and efficiency for reaction steps involving

water or species dissolved in it. For example, it is known from in situ studies that water
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influences the reactivity of CO, on Cu and Ag, the most widely studied catalysts for CO,
reduction.®" % Although the present work addresses only evaporation, the mechanism can be used

for hydration if suitable polymer relaxation kinetics are also included.
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I11.c. Dynamic interactions between membranes and gases
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The simulation results presented here show that the interaction between a polymer
membrane and its surrounding gas is not always describable as a one-way process dependent
only on the solute’s activity in the gas and condensed phases, as embodied in the solution-
diffusion model. This is consistent with a previous report of exposure of thin Nafion films to
alternating atmospheres of D,O and H,O up to RH of about 70% that showed rapid and complete
replacement of one for the other inside the membrane, as observed by infrared spectroscopy.®
The authors did not remark on this observation; however, this could only occur if water vapor is
continually moving in and out of the polymer at steady state. Strong fluctuations in permeant
concentrations have also been observed in our previous studies of the aqueous methanol -
Nafion system when simulations are carried through to full system equilibration and involve both
in- and out-diffusion of the permeant at the interfaces.’

The present results also help explain a finding that puzzled us in our previous studies of
permeation of rubbery and glassy polymers by inert gases.®” In those investigations, we found
that time-dependent permeabilities over a large pressure range could only be accurately modeled
if the membrane’s internal concentration of the permeant as determined by Henry’s Law tracked
the external pressure rise in the apparatus exactly, leading to net uptake. This response is
instantaneous for several rubbery polymers, and dependent on the pressure-rise rate for glassy
PPO. In the gas-membrane reaction-diffusion modeling we explicitly connected the internal and
external concentrations because this was required to agree with experiments and the mechanism
for how the internal concentration of permeant could be so well synchronized with external
pressure was not clear to us at the time. The present study suggests a possible explanation,
however. Gas permeation in our previous work could also be controlled by a dynamic exchange

between the gas and polymer phases, with permeants continuously entering and leaving the
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membrane at both interfaces. This would provide a means for the internal permeant
concentrations to adjust rapidly to external conditions.

This study provides nuance to an underlying assumption in the very successful solution-
diffusion model for membrane permeation.’ Under this model, permeability is governed by the
permeant’s solubility and diffusivity in the bulk membrane, and interfacial properties are not
considered to be kinetically controlling. While this model works well at steady state, it does not
describe time-dependent processes: the role of the interface can be important and must be
directly captured by a model to have a full picture of how the permeation process works. We
have shown here and in previous studies that direct reaction-diffusion simulations can be
successful in reproducing experimental observations quantitatively, and that they reveal key
mechanistic elements involved in time-dependent permeation. Building them into a fundamental
theory for time-dependent processes that ties the polymer physics involved in the interfacial

processes to that underlying the solution-diffusion model would be very valuable.

IV.  CONCLUSIONS

Multiscale reaction-diffusion simulations are used to model the process of water
evaporation from Nafion in the presence of humidified gas, as monitored by ATR-FTIR. The
question under study concerns how to describe the interfacial transport resistance in this system
at a molecular level in order to be able to merge the evaporation model with time-dependent
catalytic models relevant to artificial photosynthesis. The literature indicates that the physical
mechanism underlying the interfacial resistance involves the characteristics of a highly
fluorinated hydrophobic skin layer at the membrane-vapor interface that inhibits water diffusion

from the Nafion bulk to the gas phase. When embodied in a reaction-diffusion blocking model,
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this mechanism does not reproduce the real-time experimental measurements. An alternative
model is proposed that removes the two inhibiting pathways in the blocking description: a small
diffusion coefficient in the interfacial region, and adsorption-desorption confined to the openings
of the sulfonated channels in the membrane. The alternative model assumes that the hydrophobic
interfacial layer functions as an element that facilitates water vapor absorption and desorption
over the entire membrane surface, based on literature that shows that interactions between water
molecules and fluorinated materials are weak. Under this mechanism, water uptake and loss are
in dynamic balance at a given RH. Comparison of model predictions to the experimental data
show clearly that only the dynamic model captures the underlying physical processes involved in
water evaporation from Nafion. This finding indicates that the role played by the hydrophobic
layer is not attributable to its low wettability, as measured using liquid water. Rather, its weak
interactions with water molecules make it functionally porous to water vapor, with transient
adsorbed populations and rapid exchange between the vapor and the membrane bulk. The
dynamic model should also apply to the hydration process, as long as a description of polymer
relaxations, which influence diffusion, are also included.

The experimental data only provide information on water content as a function of time at
the interface with the ATR-FTIR crystal. The agreement between the model predictions and the
measurements allows the simulations to be used to provide a full picture of water concentration
vs time and position in the membrane as it dries and deswells. Notably, the calculations predict
that the balance between adsorption and desorption is dynamic, giving rise to strong fluctuations
in local water content. This is especially pronounced in the part of the membrane located within
10’s of um of the Nafion-vapor interface at RH between 50%-100%. The continual interchange

of permeants between the membrane and its environment may not be unique to Nafion-like
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systems. Future experimental and theoretical work on how time-dependent interfacial structure
and interactions may influence a membrane’s permeability will help develop a fully predictive

understanding of membrane behavior in electrochemical devices.
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