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ABSTRACT: Understanding the dynamics of water in solid-state polymer electrolytes (e.g., Nafion) is
important for a variety of applications ranging from membrane-based water purification to hydrogen fuel
cells. In this study, the dynamics of water in Nafion was investigated at both low and high humidities with
time-resolved Fourier transform infrared-attenuated total reflectance (FTIR-ATR) spectroscopy; a
technique that provides a molecular fingerprint of both the diffusant and the polymer simultaneously in
real time. At low humidities (0-22% RH), an extended initial time lag resulted in non-Fickian behavior,
where dynamic infrared data provided evidence for a reaction between water and sulfonic acid. A
diffusion-reaction model was developed and predicted this anomalous behavior, where the time lag was a
function of water content. At high humidities (0-100%RH), a slow approach to steady state resulted in non-
Fickian behavior, where dynamic infrared data provided evidence of water-induced relaxation in the polymer
backbone. A diffusion-relaxation model was developed and regressed well to both the polymer relaxation
and water diffusion data, where only one fitting parameter was used for each data set to determine both a
relaxation time constant and diffusion coefficient. This approach differs significantly from previous work on
non-Fickian behavior in glassy polymers, which, consisted of regressing gravimetric data to models with a
minimumof six fitting parameters.Not only do the diffusion coefficients from these twomodels comparewell
with Fickian diffusion coefficients from experiments with small water concentration gradients, but also the
results in this study provide physical insight into the transport mechanisms of water and relaxation
phenomena in solid-state polymer electrolytes.

Introduction

Hydrogen polymer electrolyte membrane (PEM) fuel cells,
where chemical energy is directly converted to electrical energy,
provide a highly efficient alternative to standard internal com-
bustion engines. High power densities, clean emissions (water),
low-temperature operation, rapid start-up and shut-down times,
and the ability to use fuels from renewable sources are several
reasons why fuel cells have attracted attention for large market
applications, such as transportation.1 In the hydrogen fuel cell, a
solid polymer (PEM) serves as the electrolyte, conducting pro-
tons from the anode to the cathode, but is also the key component
that contributes to significant power losses at high temperatures
(>80 �C). Future fuel cells will use low-grade (inexpensive)
hydrogen gas, which contain impurities (e.g., carbon monoxide)
that poison precious metal anode catalysts (e.g., platinum) at low
temperatures (<120 �C) and reduce the overall fuel cell efficiency
and power output.2 In addition to mitigating catalyst poisoning,
there are a number of other advantages to operating the PEM
fuel cell at higher temperatures and lower humidities, such as
increasing catalytic activity, reducing cathode flooding, and
eliminating the need for external humidification equipment.
Optimal fuel cell conditions for current PEMs (e.g., Nafion)
are ∼80 �C and ∼100%RH. At higher temperatures, current
PEMs dehydrate, reducing proton conductivity and overall cell
performance.3 Several investigators have proposed that future
hydrogen PEM fuel cells will have to operate at conditions above

120 �C and below 40% relative humidity to truly be considered in
the commercial marketplace.1

Currently, themost frequently used PEM in fuel cells isNafion
(Figure 1), a perfluorosulfonic acid polymer developed by Du-
Pont in the 1960s.4 Similar to many other sulfonic acid-based
PEMs developed for fuel cells, Nafion exhibits sufficient proton
conductivity (∼10-1 S/cm) when fully saturated with water, but
significantly lower conductivity (by orders of magnitude) when
equilibrated at lower water vapor activities.5-7 Fuel cell perfor-
mance is directly related to water balance (production, diffusion,
and removal) in the system and, specifically to the water content
in Nafion, not only in equilibrium conditions but also during the
sorption and desorption processes as it applies to a dynamic
system. Therefore, a fundamental understanding of water trans-
port mechanisms in Nafion is desirable to aid in the development
of PEMs that are highly conductive at high temperature, low
humidity conditions.

Although similar water sorption isotherms inNafion have been
reproduced in many laboratories, reported diffusion coefficients

Figure 1. Chemical structure of Nafion.65,66
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of water in Nafion vary by 4 orders of magnitude.5,6,8-20 In a
recent study by Hallinan and Elabd,21 sorption and desorption
kinetics of water in Nafion were measured as a function of
water vapor activity and flow rate using time-resolved Fourier
transform infrared-attenuated total reflectance (FTIR-ATR)
spectroscopy. One key result was that sorption kinetics was
found to be a function of flow rate, wheremass transfer resistance
at the vapor/polymer interface was significant at low flow
rates but insignificant at high flow rates. At high flow rates
(no mass transfer resistance), accurate diffusion coefficients
were calculated in this study and were weak functions of water
vapor activity (∼10-7 cm2/s). Regressing low-flow rate data
(with mass transfer resistance) to Fick’s second law without
accounting for boundary layer resistance resulted in diffusion
coefficients an order of magnitude lower. This provides one
reason for the discrepancy reported in literature, where numerous
investigators have determined diffusivities from no-flow experi-
ments without the appropriate boundary conditions in their
model.

Additionally, in the study by Hallinan and Elabd,21 both
integral and differential experiments were performed, where
integral experiments consisted of increasing vapor activity from
a dry condition (0%RH) to one of several values (22, 43, 56, 80,
or 100% RH) and differential experiments consisted of smaller
activity changes increasing sequentially from0 to 22 to 43 to 56 to
80 to 100% RH. In both types of experiments, Fickian diffusion
behavior was observed at moderate humidity ranges (0-43,
0-56, 0-80, 22-43, 43-56, and 56-80% RH). Interestingly,
two types of non-Fickian behaviorwere observed in this study.At
low humidity (0-22% RH), the apparent non-Fickian behavior
observed was due to an extended initial time lag that could not be
predicted by Fickian sorption kinetics. It was proposed that this
time lag might be the result of the reaction between water and
sulfonic acid sites inNafionwhen the initial water molecules sorb
into dry Nafion.21,22 The second and distinctively different type
of non-Fickian behavior was observed for the high humidity
integral experiments (0-100% RH), where water sorption had a
slow approach to steady state. In comparison, the differential
experiment at high humidity (80-100%RH) resulted in Fickian
behavior. These results suggest that a rapid, large change in the
concentration gradient from pseudoglassy, dry Nafion to 100%
RH saturated induces stresses that are not present when a smaller
concentration gradient was imposed from an already swollen
state (80% RH saturated). This type of anomalous behavior
(slow approach to steady state in the 0-100% RH experiment)
has been observed by other investigators for the diffusion of
organic vapors in glassy polymers and is indicative of diffusion
and polymer relaxation occurring on similar time scales.23

In this study, the non-Fickian behavior observed at 0-22 and
0-100% RH was examined in more depth with more experi-
ments, analysis, and modeling. Specifically, diffusion-reaction
and diffusion-relaxation models were developed for the low
and high vapor activity experiments, respectively. The dyna-
mic FTIR-ATR data provides direct evidence for both the
hydrolyzation reaction between water and sulfonic acid and
also the water-induced relaxation in the polymer backbone.
Diffusion-relaxation models have been developed in the past
by other investigators,23 but have usually consisted of regressing
gravimetric data to models with a minimum of six fitting para-
meters. The results in this work are unique in that time-resolved
FTIR-ATR spectroscopy provided both the polymer relaxation
and water diffusion data and both were regressed to a newly
developed diffusion-relaxation model, where only one fitting
parameter was used for each data set. Additionally, the time-
resolved FTIR-ATR data and models in this work provide new
insights into the fundamental transport mechanisms of water in
Nafion.

Experimental Section

Materials. Nafion 117, hydrogen peroxide (30-32 wt %),
sulfuric acid (99.999% purity, ACS reagent), and potassium
acetate (KC2H3O2 1.5H2O; 99%)were purchased fromAldrich.
Additionally, ultrapure reverse osmosis (RO) water (resist-
ivity ∼16 MΩ cm) and breathing quality compressed air
(Airgas) was used. A glass moisture trap (Restek) packed with
indicatingDrierite andMolecular Sieve 5Awas used to generate
dry nitrogen.

Sample Preparation. Nafion 117 samples were cut into 6 � 1
cm pieces and subsequently purified similar to the procedure
reported elsewhere.21 This included successive steps of refluxing
the samples in 3 wt % hydrogen peroxide, RO water, 1 M
sulfuric acid, and ROwater, where the samples were extensively
rinsed with ROwater after every reflux step and finally stored in
separated RO water-filled vials.

VaporDilation.Thedilation apparatus and setup are the same
as described elsewhere.24 A charge coupled device (CCD) cam-
era was used to track the movement of two perpendicular sets of
marks on a Nafion membrane, such that the change of length
and width could be measured. The water activity was controlled
by first evacuating all air from the system and then introducing
pure water vapor from a pure water reservoir. The total pressure
(due only to water vapor) was monitored with a pressure
transducer, where the activity was the total pressure divided
by the vapor pressure of water at 30 �C. The entire apparatus
was maintained at 30 �C by a circulating water bath. Dilation
measurementswere used to calculate equilibriumNafion density
at each relative humidity of interest. Although dilation in the
thickness direction could not bemeasured in vapor experiments,
it was assumed to be the same as that in the width direction,
supported by results from liquid dilation experiments, in which
it was possible to measure dilation in all three directions. In
liquid experiments, the width and thickness swelling were the
same.7

Time-Resolved FTIR-ATR Spectroscopy. For diffusion ex-
periments, time-resolved infrared spectra were collected using
an FTIR spectrometer (Nicolet 6700 Series; Thermo Electron)
equipped with a horizontal, temperature-controlled ATR cell
(Specac, Inc.). A multiple reflection, trapezoidal (72 � 10 �
6mm), zinc selenide (ZnSe) ATR crystal (Specac, Inc.) with 45�
beveled faces (infrared angle of incidence, θ) was used. Infrared
spectra were collected using a liquid nitrogen-cooledmercury-
cadmium-telluride detector that collected 32 scans per spec-
trum at a resolution of 4 cm-1 (a spectrum was collected every
12.4 s). All spectra were corrected by a background subtraction
of the ATR crystal spectrum. A schematic diagram of the
ATR crystal and polymer is illustrated in Figure 2. At each
reflection at the polymer/crystal interface, total internal reflec-
tion occurs, where an evanescent (exponentially decaying)
electromagnetic wave exists within the polymer. The depth of
penetration, dp, or sampling depth into the polymer is the
region in which the evanescent wave has decayed to 1/e the
maximum intensity and is a function of the angle of incident

Figure 2. Schematic of ATR crystal and polymer. Evanescent wave
highlighted in the magnified region.
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light, wavelength of light, and refractive indices of the crystal
and polymer.

dp ¼ λ
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In this study, the refractive indices of the ATR element (ZnSe)
and polymer are 2.4 (nZnSe) and 1.364 (nNafion), respectively,
and the sampling depth is ∼0.5-1 μm. The measured infrared
absorbance is an integration of the electromagnetic field
strength of this region in the polymer close to the polymer/
crystal interface.25

Each diffusion experiment consisted of recording and saving
a background spectrum of the ATR crystal for background
subtraction. Then a prehydrated Nafion film was trimmed to
the exact lateral dimensions of the ATR crystal (side-view of
polymer/crystal interface is shown in Figure 2). The film was
then physisorbed onto the crystal and secured in the flow-
through ATR cell. AKalrez gasket was used to ensure adequate
adhesion between film and crystal and provide free space
(550 uL) on the topside of the film for dry air to flow. Prior
to each experiment, filmswere dried for 4 h at 30 �Cwith flowing
dry air to ensure a dry steady state, adequate adhesion between
film and crystal, and repeatable starting points for each diffu-
sion experiment.

In this study, two different integral diffusion experiments
were conducted: 0-22% RH and 0-100% RH. More specifi-
cally, to begin each integral experiment, at a carefully recorded
time the dry air (0% RH) was removed and flowing air at a
specific relative humidity (22 or 100%RH) was imposed on the
vapor/polymer interface. Relative humidity was controlled by
bubbling compressed purified air, at a controlled flow rate,
through either a saturated aqueous salt solution of KC2H3O2

(22% RH) or pure RO water (100% RH) through a tank
(1000 mL, AceGlass), connector (30 cm long, AceGlass), and
ATR cell. The temperature of the tank, connector and ATR cell
were all carefully controlled at 30.0 ( 0.1 �C with a circulating
water bath (NESLab RTE10). The flow rate was optimized to
150 mL/min to eliminate any mass transfer resistance at the
interface without introducing any overpressure.21 At this flow
rate, the ATR cell was completely refreshed 58 times per data
point (spectrum).

For this ATR system, unsteady-state Fickian diffusion of
water in Nafion can be simply described by a one-dimensional
continuity equation (Fick’s second law):

DC
Dt

¼ Deff
D2C
Dz2

ð2Þ

whereC is concentration of the water, t is time, z is distance, and
Deff is the “effective” concentration-averaged diffusion coeffi-
cient. The initial and boundary conditions for the ATR config-
uration with a Nafion membrane of thickness, l , exposed to an
infinite reservoir of water with negligible mass transfer resis-
tance (constant surface concentration) at the vapor/polymer
interface and a no flux boundary condition at the polymer/ATR
solid element interface are:

C ¼ C0@t ¼ 0; 0 < z < l ð3Þ

C ¼ Ceq@z ¼ l ; t g 0 ð4Þ

dC

dz
¼ 0@z ¼ 0; t g 0 ð5Þ

The coordinates were chosen such that, z = 0 at the polymer/
ATR element interface and z = l for the vapor/polymer inter-
face. For all diffusion experiments, C0 equals the concentration

of water in Nafion equilibrated at 0% RH and 30 �C. An
analytical solution to eq 2 with these initial and boundary
conditions is given:
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2l
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For weak IR absorption, concentration is related to absorbance
through the differential Beer-Lambert law and incorporates
the evanescent wave of the ATR infrared light:25
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0
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dp
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Substitution of eq 6 into eq 8 and integration yields:25
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where A(t) is the infrared absorbance at time t, and Aeq is the
absorbance value at equilibrium.

When l /dp>10, then eq 9 is equivalent to eq 6, where the
concentration profile is essentially constant in the sampling
region close to the polymer/crystal interface (z = 0) resulting
in a spatially independent solution:

AðtÞ-A0
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¼ C-C0
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This is referred to as the thick film approximation.26 In this
study, l /dp . 10, where dp ∼ 1 μm and l ∼180 μm. Diffusion
profiles (infrared absorbance as a function of time) can be
regressed to eq 10 with the binary diffusion coefficient of
water in Nafion (Deff) being the only adjustable parameter in
this model. Numerous diffusion experiments were conducted
at each relative humidity. Immediately following each experi-
ment, the Nafion membrane thickness was measured with a
digital micrometer (Mitutoyo) with 1 μmaccuracy (see Table 1).
These thicknesses were used in the calculation of each diffusion
coefficient to accurately account for the increase in thickness
with increasing humidity. Each thickness measurement was
the average of five readings at different positions on the mem-
brane. The average standard deviation was 4% of the average
thickness.

Results

Diffusion-Reaction. Figure 3a shows time-resolved infra-
red spectra for a low-humidity diffusion experiment: 22%
RH water vapor diffusion into dry Nafion 117 (referred to
as 0-22% RH). The inset in Figure 3a shows more clearly
the infrared bands that are associated with the diffusion of
water in the polymer (bands increasing with time) and the
dissociation of sulfonic acid groups covalently attached to
the polymer (bands decreasing with time) in the sampling
region close to the polymer-crystal interface (evanescent
wave). Water bands are represented by O-H stretching
at 3374 cm-1, H-O-H bending at 1630 cm-1,27-29 and
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(H-O-H)nH
þ bending at 1724-1684 cm-1; the latter re-

presents protonated water.30 Anhydrous sulfonic acid
(SO3H) bands are represented by O-H stretching at
2758-273130 and 2204-2199 cm-1.31

To examine water diffusion in Nafion, the water O-H
stretching band was integrated from 3751 to 2983 cm-1 at
each time point and the integrated absorbance plotted versus
time. Figure 3b shows the integrated absorbance, normalized
to the final value, versus time. The solid line in Figure 3b
represents a regression to the Fickian diffusion model
(eq 10), where the diffusion coefficient was the only adjus-
table fitting parameter. The poor regression suggests a form
of non-Fickian or anomalous diffusion of water in Nafion
for low-humidity vapor. Although upon visual inspection
the data appears to look Fickian, the extended initial time
lag seems to be the result of the observed non-Fickian
behavior. It should be noted that the time lag in the data is
an initial delay that is longer than that predicted by the
Fickian model with the initial and boundary conditions
specific to this ATR experiment (where the measurement
takes place in the region near the polymer-crystal interface
at the no flux boundary (eq 10)). This 0-22% RH experi-
ment was repeatedmany times and the extended time lag was
observed in all experiments and was not an artifact of any
experimental error.

The time-resolved infrared spectra in Figure 3a provides
evidence for the dissociation of anhydrous sulfonic acid
during diffusion. Therefore, the extended time lag for low
humidity experiments may be the result of this reaction
between water and sulfonic acid in the polymer when the
initial water molecules sorb into dry Nafion.

H2OþSO3H T H3O
þ þSO3

- ð11Þ
This reaction may prolong the time it takes for water to
reach the polymer-crystal interface (where the absorbance
of water is detected) resulting in this extended time lag.
Specifically, the reaction converts water into protonated
water. At low humidities, protonated water strongly inter-
acts with immobile SO3

- groups in the polymer. Therefore,
at initial stages of sorption, the water content of the poly-
mer is small, where a significant fraction of water will be
initially consumed and converted into protonated water
resulting in an observable time lag. For higher humidities,
the fraction of water in the polymer is much higher and
since the number of SO3

- groups are fixed, a smaller frac-
tion of water is consumed resulting in the apparent
Fickian behavior observed in previous work.21 Interest-
ingly, the time-resolved FTIR-ATR spectra provides ex-
perimental evidence for all four species in the dissocia-
tion reaction (eq 11), where in addition to the water,

anhydrous sulfonic acid, and protonated water bands ob-
served in Figure 3a, a band for the hydrolyzed sulfonated
anion, SO3

-, was observed at 1060 cm-1 (not shown in the
inset of Figure 3a). In addition, as predicted from the

Figure 3. (a) Infrared spectra of water vapor (22% RH) diffusing into
dry Nafion. Inset shows increase of the O-H stretching and
(H-O-H)nH

þ bending bands as a function of time as well as the
decrease of SO3H stretching bands with time. Arrows show direction of
spectral change with increasing hydration. (b) Normalized, integrated
absorbance of water O-H stretching (O). The line represents an
optimized regression to the Fickian model (eq 10).

Table 1. Water Diffusion Coefficients in Nafion

this work previous work21

RH (%) av RH (%) λ* (MH2O
/MSO3

) l (μm) Dw � 107 (cm2/s) this work SSEc Dw � 107 (cm2/s) SSEc

0-22 11 2.27 132 ( 2 4.44 ( 0.73a 0.108 ( 0.050 2.37 ( 0.84 0.66 ( 0.22
0-43 21 3.11 138 ( 3 4.39 ( 0.20a 0.073 ( 0.028 3.19 ( 0.32 0.44 ( 0.37
0-56 28 3.58 137 ( 3 7.95 ( 1.46a 0.074 ( 0.023 5.23 ( 0.87 0.33 ( 0.36
0-80 40 5.63 142 ( 2 4.35 ( 0.17a 0.051 ( 0.028 3.28 ( 0.37 0.024 ( 0.012
0-100 50 180 ( 12 7.50 ( 1.41b 0.108 ( 0.023 4.73 ( 0.54 0.47 ( 0.11
0-22 11 2.92 ( 0.59 0.89 ( 0.31
22-43 32 8.57 ( 2.68 0.066 ( 0.041
43-56 49 5.64 ( 0.91 0.12 ( 0.07
56-80 68 5.25 ( 1.25 0.19 ( 0.21
80-100 90 3.95 ( 2.10 0.51 ( 0.91

aDiffusion-reaction results. bDiffusion-relaxation results. cSum of the squared error between model and data normalized by number of data
points.
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stoichiometric reaction, the rate of SO3H decrease matches
the rate of increase in (H2O)nH

þ and SO3
- and is on the

same time scale as the time lag in H2O sorption. This
experimental evidence of the reaction at low humidities
further supports the theory that the reaction consumes water
and causes the extended initial time lag at low humidities.

On the basis of these experimental observations, a mathe-
matical model was developed that incorporates both
diffusion and reaction.22 For this system, a reaction can be
written as

H2O
ðWÞ

þ SO3H
ðAÞ

f
kf

H3O
þ

ðHÞ
þ SO3

-

ðSÞ
ð12Þ

where W, A, H, and S are H2O, SO3H, H3O
þ, and SO3

-,
respectively, and kf represents the forward reaction rate
constant. An irreversible reaction was assumed because the
equilibrium constant of an acid of similar strength, trifluor-
omethanesulfonic acid (triflic acid), in an equimolar water
mixture is ∼1045, which was calculated from a Hammett
acidity function value of -13.7.32 In addition, the absor-
bances of anhydrous sulfonic acid in Figure 3a decrease to
the baseline in approximately half the time it takes the water
absorbance to reach equilibrium, suggesting the forward
reaction is strongly favored. The one-dimensional continuity
equations for these species are

DCW

Dt
¼ DW

D2CW

Dz2
- rW ð13Þ

DCA

Dt
¼ - rA ð14Þ

where water (W) is a mobile diffusing species and anhydrous
sulfonic acid (A) is treated as an immobile species since it is
covalently attached to the polymer. Also, in eqs 13 and 14,
DW is the diffusion coefficient of water in Nafion and rW and
rA are the reaction rates for water and sulfonic acid, respec-
tively. If the irreversible dissociation reaction can be treated
as elementary then

- rW ¼ - rA ¼ kCWCA ð15Þ
This model can now be applied to the data to predict the

time lag and accurately determine the diffusion coefficient of
water in Nafion. In order to do this, the coupled species
continuity equations (eqs 13 and 14) were solved numeri-
cally. The following equations represent dimensionless con-
centrations, time, and space and were used to convert eqs 13
and 14 into dimensionless form.

θW ¼ CW

C
f
W

ð16Þ

θA ¼ CA

Co
A

ð17Þ

τ ¼ DWt

l 2
ð18Þ

ζ ¼ z

l
ð19Þ

where CW
f and CA

0 are the equilibrium concentration of
water in Nafion and the initial concentration of anhy-
drous sulfonic acid in dry Nafion (determined from the
ion exchange capacity of Nafion), respectively. Recasting

eqs 13 and 14 with the use of these dimensionless variables
results in

DθW
Dτ

¼ D2θw
Dζ2

-RθwθA ð20Þ

DθA
Dτ

¼ - λ�RθWθA ð21Þ

where

R ¼ Co
Akf l

2

DW
ð22Þ

λ� ¼ C
f
W

Co
A

ð23Þ

In eqs 22 and 23, R is the Damk€ohler number (ratio of the rate
of reaction to diffusion) and λ* is a measure of equilibrium
water concentration in the polymer normalized to the initial
concentration of sulfonic acid in the polymer. Because Nafion
swells in water, the volume basis for initial and final concen-
trations are different, yielding units of mol (H2O) L (dry
Nafion)/mol (SO3H) L (wet Nafion) for λ*. The initial condi-
tions recast into dimensionless form (at τ=0 for all ζ) become

θWð0, ζÞ ¼ 0 ð24Þ

θAð0, ζÞ ¼ 1 ð25Þ
The dimensionless boundary conditions for water at τ>0 are

θWðτ, 1Þ ¼ 1 ð26Þ

DθWðτ, 0Þ
Dζ

¼ 0 ð27Þ

An explicit forward time, centered space (FTCS) algorithm
was used to solve this system of equations, where the space
domain was divided into 100 node points and each experi-
mental time step was divided into 1000 node points.

A parametric study was first conducted on the numerical
solution to probe the effect of R and λ* on sorption kinetics.
Figure 4a shows the effect of changing R for a fixed value of
λ* = 2.27. When R , 1, the reaction kinetics are much
slower than diffusion (reaction limiting), which results in
Fickian behavior, which was expected since no reaction
occurs on the time scale of diffusion. For R ∼ 1, the rate of
reaction and diffusion are on similar time scales resulting in a
type of anomalous behavior. For R. 1, the reaction is much
faster than diffusion (diffusion limiting), which interestingly
results in an extended initial time lag followed by the
appearance of Fickian-like sorption kinetics similar to what
was observed experimentally in Figure 3b. Also, experimen-
tally, the assumption of a high Damk€ohler number seems
reasonable when accounting for the high dissociation con-
stant of triflic acid. Therefore, the diffusion-reaction model
with irreversible reaction, immobile sulfonic acid, and high
Damk€ohler number (diffusion limiting) produces similar
behavior with extended time lag as was observed experimen-
tally. These results suggest that this could have an impact on
fuel cell start up dynamics, where start up from dry to low
humidities could result in a lag in performance on the order
of minutes.

Figure 4b shows the effect of λ* under the diffusion limiting
case (R. 1). Interestingly, the extended time lag is a function
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of λ*, where the time lag increases with decreasing λ*.Also, as
λ* increases, the model approaches Fickian behavior under
the diffusion limiting case. Physically, this seems reasonable
since at lower water contents, a larger fraction of water
molecules entering the polymer are consumed by a constant
number of sulfonic acid sites. At higher water contents, a
much smaller fraction of water is consumed, resulting in
apparent Fickian behavior (no noticeable extended time lag).
The results in Figure 4b were also observed experimentally,
where the 0-22% RH experiment was non-Fickian with an
extended time lag, but for other integral experiments (0-43,
0-56, 0-80%RH), apparent Fickianbehaviorwas observed.

Equilibriumwater sorption isotherms inNafion have been
measured with gravimetry by many investigators33-43 with
good agreement and are usually reported as a function of
λ (mol (H2O)/mol (SO3H)). λ is calculated by normalizing
the water gain by IEC (0.91 mmol (SO3H)/g (dry Nafion)).
However, diffusion and reaction rates are calculated on a
concentration basis (λ*), which is related to λ

CW ¼ λFNafion

ðIEC=1000Þ ð28Þ

where FNafion is density (g (dry Nafion)/total volume). In
other words, concentration is normalized by volume, which
changes with humidity, while λ is normalized by the acid
loading, which is constant. Volume was measured in this
study (to determine FNafion) as a function of water vapor
activity. Results are shown in Figure 5 as a function of the
water content, λ. The solid line in Figure 5 is a calculated
density using volume additivity (between water (1.0 mL/g)
and Nafion (0.5 mL/g)) assuming no volume change upon
mixing. The agreement is surprising because volume addi-
tivity between hydrated Nafion and methanol (with the
assumption of no volume change upon mixing) did not
match dilation data.44 It should be noted that the Nafion
density calculated at 100% RH has a large error, 70%
of which comes from the error in the measurement of λ. This
is because there is a steep upturn in the water sorption
isotherm near activity of 1 (100% RH). The error in FNafion

at lower activity is much smaller, as shown in Figure 5. λ* for
the diffusion-reaction model is calculated as water concen-
tration, Cw

f , divided by sulfonic acid concentration, C0
A =

1.8 mol/L. Figure 5 shows λ* as a function of λ. While the
difference between the λ* and λ is not significant, it does vary
by the factor (volume of wet Nafion)/(volume of dry
Nafion). It is interesting to note that the change in dilation
(Figure 5) and thickness (Table 1) are in good agreement.

With known values of λ* (2.27), l (0.0131 cm), R (. 1), the
data in Figure 3b was regressed to the numerical diffu-
sion-reaction model, where DW was the only adjustable
fitting parameter. The results are shown in Figure 6. Unlike
the poor regression to the Fickianmodel shown in Figure 3b,
the diffusion-reaction model provides an adequate regres-
sion to the data with only one fitting parameter. The
diffusion-reaction model was regressed to other integral
diffusion experiments (0-43, 0-56, and 0-80% RH). The
results of all these regressions are listed in Table 1. When
comparing regressions from the diffusion-reactionmodel to
regressions from the Fickian model (shown in Table 1), the
errors between model and data all appear to be an order of
magnitude lower for the diffusion-reaction model with a
slight increase in regressed diffusion coefficients. Interest-
ingly, although the error is lower for all of these experiments
for the diffusion-reaction model, only the 0-22% RH
visibly appears non-Fickian (see Figure 3b). In other words,
the other integral diffusion experiments (0-43, 0-56, and

Figure 4. Parametric study of the diffusion-reaction model, where the
parameter being varied is (a) the Damk€ohler Number, R, (λ* = 2.27)
and (b) final water content, λ* (R . 1).

Figure 5. Dilation results showing Nafion density (0; left axis) and λ*
(O; right axis) as a function of gravimetric water content from literature
(λ). The solid line is calculated density that assumes volume additivity
between Nafion and water, while dotted line represents a trend line.
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0-80%RH) visually appear to regress to the Fickian model
quite well.21 It is also interesting to compare the diffusion-
reaction model results to the differential experiments re-
gressed to the Fickian model (also listed in Table 1). The
errors between data and the Fickian model for smaller
activity steps are comparable to the errors from the diffu-
sion-reaction model. For example, the 0-56%RH integral
experiments have an average RH of 28% and a diffusion
coefficient of (7.95 ( 1.46) � 10-7 cm2/s when regressed to
the diffusion-reaction model, while the 22-43%RHdiffer-
ential experiments have an average RH of 32% (similar to
the 0-56% RH experiment) and a diffusion coefficient of
(8.57 ( 2.68) � 10-7 cm2/s when regressed to the Fickian
model. Therefore, even though the Fickianmodel provides a
visibly good regression to integral diffusion experiments at
0-43, 0-56, and 0-80%RH, the diffusion-reaction model
appears to providemore accurate diffusion coefficients when
compared to the more accurate differential diffusion experi-
ments (where smaller activity steps provide not only more
accurate concentration-averaged Fickian diffusion coeffi-
cients but also initially hydrated conditions that reduce the
effect of reaction).

Diffusion-Relaxation. Figure 7a shows time-resolved in-
frared spectra for an integral high-humidity diffusion experi-
ment: 100% RH water vapor diffusion into dry Nafion 117
(referred to as 0-100% RH). At high wavenumber, the
stretching and bending vibrations associated with water and
anhydrous sulfonic acid are shown. Similar to Figure 3a, the
bands associated with water and protonated water increase,
while the bands associated with anhydrous sulfonic acid
decrease with time. At lower wavenumber, the fingerprint
region of the mid-infrared spectrum shows a number of
stretching vibrations associated with functional groups in the
backbone and side chain of the polymer: C-F2 stretching
(backbone) at 1250-1198 cm-1,45-47 symmetric sulfonate
anion, S-O3

-, stretching (side chain) at 1060 cm-1,45,48-51

and asymmetric and symmetric ether, C-O-C, stretching
(side chain) at 982 and 967 cm-1, respectively.45,46,48,51 All of
the absorbance bands associated with the polymer decrease
with time as the water diffuses into the polymer. Figure 7b
shows the normalized, integrated areas of the O-H stretching
(water), backboneC-F2 stretching, side-chain sulfonate anion
(S-O3

-) stretching, and side-chain ether (C-O-C) stretching

bands as a function of time. All of the integrated absorbance
values shown in Figure 7b were initialized by their minimum
value andnormalized to theirmaximumvalue.The solid line in
Figure 7b represents a regression of the water O-H stretching
to the Fickian diffusion model (eq 10), where the diffusion
coefficient was the only adjustable fitting parameter. The
Fickian model does not regress well to this data, but appears
to be a much different form of non-Fickian behavior than
what was observed with the low-humidity differential experi-
ment (Figure 3b). Other investigators have observed similar
water sorption kinetics in Nafion for 0-100%RH from
dynamic gravimetric experiments.52,53 Others have also ob-
served this type of non-Fickian behavior for the diffusion of
organic vapors in glassy polymers.23 These results are indica-
tive of diffusion and polymer relaxation occurring at similar
time scales. Nafion relaxation from the swelling stress induced
by water has been measured by others and has been shown to
be significant.53 Also, sinceNafion experiences a 37% increase
in thickness from 0 to 100% RH,21 this appears to be a
reasonable explanation for the diffusion-relaxation pheno-
mena that is observed. Additionally, the decrease in absor-
bance or concentration of polymer functional groups
(Figure 7) also provides further experimental evidence of
water-induced relaxation.

Interestingly, all of the polymer functional groups do not
decrease at a similar rate. In Figure 7b, the side-chain
sulfonate anion and ether groups appear to decrease at the

Figure 6. Regression of the diffusion-reaction model (λ*=2.27;
R. 1) to the normalized, integratedwaterO-Hstretching absorbance,
where the diffusion coefficient was the only fitting parameter.

Figure 7. (a) Infrared spectra of water vapor (100%RH) diffusing into
dry Nafion. The left and right sections of spectra are on different
absorbance scales for clarity. Arrows show direction of spectral change
with increasing hydration. (b) Normalized, integrated absorbance of
water O-H stretching (O), polymer backbone C-F2 stretching (0),
sulfonate anion S-O3

- symmetric stretching (4), and polymer side-
chain C-O-C stretching (]) versus time..
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same rate, while the backboneCF2 decreases at a slower rate.
Also, the side-chain groups decrease at a similar rate to the
increase in thewater-stretching band.At first glance, theCF2

dynamics appears erroneous and there does not seem to be a
logical explanation for its difference compared to the other
infrared bands.However, this data has been analyzed using a
variety of methods and for numerous repeated experiments.
These results are repeatable and are not a result of experi-
mental error.

We postulate that these results are related to the morpho-
logy of Nafion. Although numerous research groups have
developed differing morphological models for Nafion
based on X-ray scattering data,54-61 there is a consensus
that Nafion possesses a cocontinuous phase-segregated
morphology. The two phases are referred to as ion-rich
(hydrophilic) and ion-poor (hydrophobic) regions, where
electrostatic interactions between ion pairs results in inter-
connected ionic domains phase segregated from the sur-
rounding ion poor regions. In relation to the experimental
infrared data in Figure 7, the side chain sulfonate anion and
ether groups reside in the hydrophilic ion rich domains,
while the backbone CF2 resides in the hydrophobic ion
poor regions. Therefore, when water initially diffuses into
the hydrophilic regions of the polymer, these domains are
swollen, diluting the concentration of the hydrophilic re-
gions of the polymer in the evanescent wave region close
to the polymer/crystal interface. Experimentally, this results
in a decrease in concentration or absorbance of the side
chain sulfonate anion and ether groups and this decrease
matches the rate of increase in water sorption. After
the initial diffusion of water and swelling of hydrophilic
regions, the swollen regions then impose stress on the
surrounding hydrophobic matrix. This stress is dissipated
via relaxation of the matrix and experimentally a dilution of
CF2 groups in the hydrophobic regions is observed with a
decrease in absorbance in the evanescent wave. The mor-
phology, therefore, explains the differences in the rate of
swelling or relaxation and also suggest that the backbone
CF2 absorbance is a different measure of polymer relaxation
and not a convolution of diffusion and relaxation as is
observed with the absorbance of water and polymer groups
in the hydrophilic ionic domain. This result is significant as it
provides an independent measure of polymer relaxation in
conjunction with diffusion-relaxation, which cannot be
obtained with standard experimental techniques, such as
dynamic gravimetry.

Therefore, with both a measure of diffusion-relaxation
and relaxation within the same experiment, a mathematical
model was developed that incorporates both diffusion and
relaxation. For the relaxation portion of this model, a simple
three-element viscoelastic model was used, shown schemati-
cally in Figure 8a. Here, a dashpot is in series with a dashpot
and spring in parallel. The dashpot, which represents non-
recoverable viscous loss can be represented mathematically
by Newton’s law of viscosity:

σ ¼ η
Dε
Dt

ð29Þ

where σ, ε, and η are the stress, strain, and dynamic viscosity,
respectively. The spring represents the purely elastic recover-
able element that stores all energy used to perturb it from
equilibrium and can be written mathematically as Hooke’s
law:

σ ¼ Eε ð30Þ
where E is Young’s modulus. The spring and dashpot in

parallel represents a retarded elastic or viscoelastic response
and this two-element portion is commonly known as the
Kelvin (or Voigt) model. In relation to a creep experiment, in
which a constant stress, σo, is applied and the strain (or
elongation) is measured versus time, the Voigt model can be
solved for strain:

ε ¼ σo

E
ð1- expð-βtÞÞ ð31Þ

where β is the relaxation time constant (s-1). The strain
response with time for the two-element Voigtmodel is shown
in Figure 8b. The strain of a simple dashpot is a linear
function of time for a creep experiment:

ε ¼ σot

η
ð32Þ

also shown in Figure 8b as the one-element setup. The
three-element viscoelastic model is merely a sum of the

Figure 8. (a) Illustration of a three-element relaxationmodel consisting
of a purely viscous dashpot in series with a dashpot and spring in
parallel, where the spring is purely elastic. (b) Graphical representation
of the strain response versus time for one-, two-, and three-element
relaxation models based on a creep experiment, in which the stress is
constant. The one-elementmodel is a dashpot, the two-elementmodel is
a spring and dashpot in parallel, and the three-element model is that
depicted in part a.
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one-element dashpot and the two-element Voigt model:

ε ¼ σot

η
þσo

E
ð1- expð-βtÞÞ ð33Þ

This three-element model is also shown in Figure 8b along
with the one- and two-element components. In this model,
we assume that stress, viscosity, and modulus are all con-
stant. The polymer strain can be related to infrared absor-
bance data with the use of the Beer-Lambert law:

ε ¼ ΔV

Vo
� 1=C- 1=Co

1=Co
� 1=A- 1=Ao

1=Ao
¼ Ao

A
- 1 ð34Þ

where Vo, Co, and Ao are the initial volume, concentration,
and absorbance, respectively. Therefore, we propose that
infrared absorbance of the polymer backbone groups are
inversely proportional to strain orwater-induced swelling. In
other words, the inverse of the decrease in polymer absor-
bance or concentration due to relaxation is proportional to
the strain in eq 34, and eq 33 can be rewritten in terms of
experimental infrared absorbance of the CF2 relaxation.

Ao

A
- 1 ¼ σo

η
tþσo

E
ð1- expð-βtÞÞ ð35Þ

It is interesting to note that the strain or volumetric change
(Ao/Af - 1) from the infrared absorbance of the CF2 relaxa-
tion in 0-100%RH experiments (0.20( 0.02) is on the same
order of magnitude as the dilation experiments (data shown
in Figure 5). For time-resolved data, a late-time solution to
eq 35 only has a viscous contribution as the exponential term
in the elastic portion goes to zero resulting in a linear
equation, where the slope (σo/η) and intercept (σo/E) repre-
sent the mechanical constants of the dashpot and Voigt
model, respectively. Figure 9a shows a linear regression of
the late-time solution of eq 35 to the late-time CF2 infrared
absorbance, where σo/η = 6 � 10-6 Pa/Pa 3 s and σo/E =
0.119 Pa/Pa.According toKawano et al.62Young’smodulus
of Nafion (E) is approximately 1 MPa. Therefore, using our
regressed constants, the stress induced by Nafion swelling
from dry to 100% RH is approximately 100 kPa. Then the
average viscosity of the dashpot (the viscosity of the hydro-
phobic CF2 polymer backbone) is approximately 20 GPa 3 s,
which is reasonable for a solid polymer. With known con-
stants from the late-time solution, the entire data set can be
regressed to the full solution, eq 35, with only one adjustable
parameter, the relaxation time constant, β. This regression is
shown in Figure 9b with a regressed relaxation time constant
of 8.0 � 10-4 s-1. This value agrees well with literature,
where a relaxation time on the order of 104 s was measured
from creep experiments on humidifiedNafion.63 β is equal to
the modulus divided by the viscosity of the Voigt dashpot
(the viscosity of the hydrophilic, ionic domain). The viscosity
of the hydrophilic domain of Nafion 117, 1 GPa 3 s, is an
order of magnitude less than the hydrophobic domain.

The independent measurement of relaxation can be applied
to the diffusion-relaxation data. A diffusion-relaxation
model was developed and its solution can be described as a
weighted sumof the diffusion solution (eq 10) and normalized
relaxation (eq 35 normalized by final strain); similar in
appearance to the Berens and Hopfenberg model.23

AðtÞ-Ao

Af -Ao
¼ FA 1-

4

π
�
X¥
n¼0

ð- 1Þn
2nþ 1

expð-DWf 2tÞ
" #

þFB½w2tþw1ð1- expð-βtÞÞ� ð36Þ

w1 ¼
η

E

tf þ η

E

ð37Þ

w2 ¼ tf

tf þ η

E

ð38Þ

Equation 35 was normalized with respect to the strain at long
times to incorporate into eq 36, where w1 and w2 are the
dimensionless weighting fractions that result from this nor-
malization. A comparison was performed between polymer
absorbance strain data (Ao/A - 1) (eq 35) and normalized
polymer absorbance data ((A - Ao)/(Af - Ao)) (eq 36). The
absorbance values differ by the factorAf/A, which results in a
maximum difference of less than 3%. The difference in
mechanical constants obtained from regressing the two to
the relaxation data was negligible. This exercise was carried
out so as to incorporate the relaxation model (eq 35) into the
diffusion-relaxation model (eq 36), where physically, water
diffusion and polymer relaxation are coupled.

A more complex model was developed and regressed to
this data. Using additional fitting parameters, the more
complex model showed that a nonconstant stress (a function

Figure 9. (a) Late-time, linear regression to polymer backbone C-F2

stretching infrared absorbance in order to extract the weighting frac-
tions of the relaxation model. (b) Regression of the relaxation model to
the polymer backbone C-F2 stretching infrared absorbance, where the
relaxation time constant, β, was the only fitting parameter.
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of water concentration) changes rapidly at early time quickly
reaching a constant value. In other words, the assumption of
constant stress in this simple model was reasonable. The
more complex model contained two additional springs so
that polymer swelling could eventually come to equilibrium;
i.e., the compressive stress of the polymer chains balance the
swelling stress induced by water. The simple three-element
model was recovered when this more complex model, with
additional adjustable parameters, was regressed to the data,
because the contribution of the additional springs were
negligible on the time scale of the data.

Equation 36 then approximates water diffusion in Nafion
as two contributions: one fraction caused by the concentra-
tion gradient of water and another from additional water
sorption due to water-induced relaxation of the polymer or
increased polymer free volume. Similar to the relaxation
model, the late-time solution of the diffusion-relaxation
model (eq 36) only represents the viscous loss portion of
relaxation as the exponential terms in the diffusion and
elastic portions approach zero at late times. Figure 10a
shows a linear regression of the time-resolved water O-H
stretching absorbance to the late-time solution of eq 36,
where the slope (FBw2) and intercept (FA þ FBw1) are 0.155

and 0.855, respectively. Using normalized values of the
mechanical constants from the late-time regression of the
relaxation data in Figure 9a, the weighting fractions (FA and
FB) for diffusion and relaxation can be determined and are
both ∼0.5. Now with known mechanical constants, the
entire data set for water can be regressed to the full solution,
eq 36, with only one adjustable parameter, the water diffu-
sion coefficient, DW. Figure 10b shows this with a diffusion
coefficient of 8.50 � 10-7 cm2/s.

For this experiment, a diffusion time (τD ∼ l2/D) of 433 s
can be calculated using a membrane thickness of 192 μm.
This is slightly smaller (i.e., faster) than the relaxation time
(β-1) of 1210 s, but on the same order of magnitude. A
diffusion Deborah number can be defined as polymer re-
laxation time divided by diffusion time.64When the diffusion
Deborah number is large, indicative of glassy polymers, then
polymer relaxation is much slower than diffusion, which
follows Fick’s law. When the diffusion Deborah number
is on the order of 1 then both diffusion and relaxation
contribute to the observed anomalous dynamics. Finally,
Fickian diffusion should be recovered again when the diffu-
sion Deborah number is much less than one. In this case,
polymer relaxation is much faster than diffusion, as is the
case for rubbery polymers. However for any experiment
(such as FTIR-ATR) in which diffusion and relaxation
are being measured simultaneously, the diffusion Deborah
number cannot be less than one because stress relaxation is
driven by diffusion. In other words, measured relaxation time
cannot be faster than diffusion in such an experiment. For the
integral experiment from 0 to 100% RH, a diffusion Deborah
number of 2.8 was calculated (on the order of 1), which one
would expect since the dynamics exhibit anomalous or non-
Fickianbehavior.Results fromthediffusion-relaxationmodel
analysis are listed in Tables 1 and 2, where all of the regressed
values reported for the 0-100% RH experiment represent an
average from repeated experiments.

The results from this diffusion-relaxation model for the
integral experiment (large activity step) compare well with
the analogous Fickian results for the differential experiment
(small activity step). This comparison can be seen clearly in
Table 1, where the 0-100%RH integral experiments have an
average RH of 50% and a diffusion coefficient of (7.50 (
1.41) � 10-7 cm2/s when regressed to the diffusion-relaxa-
tion model, while the 43-56% RH differential experiments
have an average RH of 49% (similar to the 0-100% RH
experiment) and a diffusion coefficient of (5.64 ( 0.91) �
10-7 cm2/s when regressed to the Fickianmodel. This is to be
contrasted with a poor Fickian regression to the 0-100%
RH integral experiments, which results in a diffusion coeffi-
cient of (4.73 ( 0.54) � 10-7 cm2/s.

It is interesting to note the change in membrane thickness
with humidity (water-induced strain): 132 ( 2 μm (22%
RH), 142 ( 2 μm (80% RH), and 184 ( 11 μm (100% RH).
The majority of thickness change occurs from 80 to
100% RH. This seems to corroborate with the diffusion-
relaxation results, where∼50% of the contribution is due to

Figure 10. (a) Late-time, linear regression to water O-H stretching in
order to extract the weighting fractions of the diffusion-relaxation
model. (b) Regression of the diffusion-relaxationmodel to the normal-
ized, integrated water O-H stretching absorbance, where the diffusion
coefficient was the only fitting parameter.

Table 2. Diffusion-Relaxation Model Results (0-100% RH
Experiment)

σo/η � 106(Pa/Pa 3 s) σo/E (Pa/Pa) β � 104 (s-1) relaxation SSEa

5.0( 1.4 0.15 ( 0.04 8.27( 0.38 0.034( 0.031

FA FB D � 107 (cm2/s) SSEa,b

0.52( 0.05 0.48( 0.05 7.5( 1.4 0.11( 0.02
a Sum of the squared error between model and data normalized by

number of data points. bOn the basis of 867 data points opposed to 145
data points in other regressions.
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water-induced relaxation. It is also interesting to note that
because polymer relaxation is significant and slower in the
0-100%RH experiment, this results in experiments that are
∼3 h opposed to ∼30 min experiments for lower relative
humidity experiments.

Although anomalous diffusion-relaxation phenomena
was only observed for the 0-100% RH experiments, could
it also be occurring at other relative humidities? In order to
answer this question, the time-resolved absolute absorbance
of the CF2 stretching absorbance was plotted for the various
experiments (shown in Figure 11). In comparison to the
0-100% RH experiment, the change in CF2 absorbance
(polymer relaxation) in other integral experiments (0-22,
0-43, 0-56, 0-80% RH) seem fairly insignificant. This
corroborates with the apparent Fickian behavior observed
in most of these experiments when examining the time-
resolved water absorbance. Among these experiments, the
0-80%RHappears to show themost relaxation or swelling,
which is still just a small fraction of the relaxation observed
for the 0-100%RH. In addition, in the 0-80% RH experi-
ment, there is no late time slope in relaxation data, suggesting
that only viscoelastic (Voigt model) relaxation is occurring
without any additional viscous loss. Therefore, the 0-80%
RH backbone CF2 stretching data was regressed to the two-
element Voigtmodel, where the relaxation time constant was
the only fitting parameter. The best fit resulted in a time
constant, β, of 2.24 � 10-3 s-1 or a polymer relaxation time
of 446 s, which was nearly identical to the diffusion time for
this experiment, 452 s. The diffusion time was calculated
from a diffusion coefficient of 4.44 � 10-7 cm2/s and a
thickness of 142 μm. This results in a diffusion Deborah
number of ∼1. Similar to the 0-100% RH experiments, a
Deborah number of this order would suggest anomalous
dynamics or that diffusion and relaxation are competing
phenomena. However, this type of non-Fickian diffusion
was not observed in the 0-80% RH experiments. In reality,
since the relaxation time of the polymer is expected to
decrease with increasing relative humidity, the polymer
relaxation time in the 0-80%RHexperiment is much longer
than in the 0-100% RH experiment, so that the diffusion
Deborah number for the 0-80% RH case is much larger
than unity, and one observes only Fickian diffusion in the
unrelaxed polymer matrix. This would suggest that at all
humidities (measured in this study) less than 100%RH, any
detectable polymer relaxation is actually elastic polymer

swelling that has been induced by water diffusion. Only in
the 0-100% RH experiment is there significant polymer
relaxation that limits the kinetics and is therefore detectable
in the FTIR-ATR experiment.

All of the results in Table 1 are shown in Figure 12, where
diffusion coefficients, determined from Fickian regressions to
all integral anddifferential experiments anddiffusion-reaction
and diffusion-relaxation regressions to integral experiments,
are plotted as a function of average water vapor activity. The
figure clearly shows that diffusion coefficients determined
from the diffusion-reaction and diffusion-relaxation models
appear more accurate with their match to Fickian diffusion
coefficients determined from the differential experiments (with
smaller activity steps; more accurate diffusion coefficients
compared to integral experiments). However, the diffusion
coefficients determined using the Fickian model on integral
experiments does not grossly under predict water diffusivity
and overall results still show that the water diffusivities in
Nafion appear to be a weak function of water vapor activity.

Conclusions

Non-Fickian behavior was observed for both low humidity
and high humidity experiments for water transport in Nafion.
Time-resolved FTIR-ATR spectroscopy demonstrates that
not only can water diffusion be measured, but also real-time
molecular information for the acid dissociation reaction and
polymer relaxation can be ascertained; the factors that cause
the non-Fickian response. In this study, models that capture
the diffusion-reaction and diffusion-relaxation phenomena
with minimal fitting parameters were demonstrated. At low
humidities (small concentration gradient), the diffusion-
reaction model accurately accounts for the extended early time
delay in water sorption kinetics, which was a result of the
water-acid reaction and was a function of water concentration.
At high humidity (high concentration gradient), the diffusion-
relaxation model provides both a relaxation time constant
and diffusion coefficient from separate data sets (polymer back-
bone relaxation and water sorption kinetics) from the same
experiment (just different regions of the mid-IR spectra) with
only one fitting parameter for each data set. This is a significant
finding compared to previous work where a minimum of six
fitting parameters were used to regress gravimetric data. This
work demonstrates some of the capabilities of time-resolved
FTIR-ATR spectroscopy for the investigation of polymer

Figure 11. Time-resolved polymer backbone CF2 stretching absor-
bance for 0-22% RH (O), 0-43% RH (0), 0-56% RH (]),
0-80% RH (4), and 0-100% RH (þ) water diffusion in Nafion.

Figure 12. Water diffusion coefficients in Nafion from the diffu-
sion-reaction model (b), the diffusion-relaxation model (9), the
Fickian model for integral experiments ([) and the Fickian model for
differential experiments (2) versus average water vapor activity.
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dynamics. In particular, for the case of water-Nafion dynamics,
new physical insights into themechanisms regarding non-Fickian
behavior were elucidated.
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