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Proton transfer in protonated Nafion fuel cell membranes is studied using several pyrene derivative photoacids.
Proton transfer in the center of the Nafion nanoscopic water channels is probed with the highly charged
photoacid 8-hydroxypyrene-1,3,6-trisulfonate (HPTS). At high hydration levels, both the time-integrated
fluorescence spectrum and the fluorescence kinetics of HPTS permit the determination of hydronium
concentration of the interior of the water pools in Nafion. The proton transfer kinetics of HPTS in protonated
Nafion at maximum hydration are identical to the kinetics displayed by HPTS in a 0.5 M HCl solution. The
hydronium concentration near the water interface in Nafion is estimated with rhodamine-6G to be 1.4 M.
Excited state proton transfer (ESPT) is followed in the nonpolar side chain regions of Nafion with the photoacid
8-hydroxy-N,N,N′,N′,N′′,N′′-hexamethylpyrene-1,3,6-trisulfonamide (HPTA). Excited state proton transfer of
HPTA is possible in protonated Nafion only at the highest hydration level due to a relatively high local pH.

I. Introduction

Nafion is a commercially available perfluorinated polymer
manufactured by DuPont that is widely used as a permselective
membrane in polymer electrolyte fuel cells (PEFCs).1 In a PEFC,
hydrogen is oxidized at the anode to generate a supply of
electrons and protons. The electrons travel through an external
circuit to the cathode. Protons simultaneously diffuse through
a polymer electrolyte membrane (PEM) to the cathode to
complete the electrochemical circuit. The ability of the PEM
to selectively allow protons to travel from the anode to the
cathode, while preventing the passage of the reactant gases, is
essential for the PEFC’s operation.

Nafion consists of a nonpolar fluorinated backbone and a polar
polyether side chain terminated by a sulfonic acid moiety. The
difference in polarity of these two groups results in the formation
of segregated hydrophobic and hydrophilic nanoscopic domains.
As the water content of the membrane is increased, the
hydrophilic domains swell in size and form an interconnected
network of transmembrane channels. Above the percolation
threshold, protons are able to pass completely through the PEM
via the hydrophilic regions. The acidic proton of the sulfonic
acid can be substituted for another general cation, M+, which
is denoted as M-Nafion.

The proton mobility of Nafion, as well as other permselective
membranes, has been shown to be highly selective to both
geometric and chemical composition of the hydrophilic net-
work.1 The rate of proton transport is very dependent upon the
water concentration.2,3 In normal operation, the Nafion mem-
brane is dehydrated due to electro-osmotic drag from hydronium
transport.3 The hydrogen gas input stream is saturated with water
to maintain satisfactory hydration necessary for proton diffusion.
The water content of Nafion can be defined by a parameter, λ,
which is equal to the number of water molecules per sulfonic
acid unit (λ ) [H2O]/[SO3H]). It has been found empirically
that the proton conductivity increases linearly with λ.3

Among the first descriptions for the microscopic structure of
Nafion was the cluster-network model by Gierke and Hsu.4,5 It
was speculated that the morphology of Nafion consists of ionic

sulfonate clusters that are roughly spherical in shape, resembling
reverse micelles, and are connected by narrow channels that
permit protons to travel from one cluster to another. A large
number of experimental1,6-13 and theoretical14-22 studies in the
last several decades have been undertaken to elucidate the
structure of Nafion. It does seem from the vast amount of data
available today that the earliest model of Gierke and Hsu is an
oversimplification for what appears to be a more complicated
phase separation. Although a number of models exist, the
common consensus is that the structure of Nafion depends
largely on the volume fraction of water present. At low
concentrations of water, there exists reverse micelle-like clusters,
which are generally found in nearly all ionomers.23 As the
volume fraction of water is significantly increased, it is believed
that the reverse micelle structures merge together to form a
torous network that is above the percolation threshold.1,24 At
high water concentrations, water and protons can pass through
the membrane.

As primitive as the cluster-network model may be, the key
to its longevity is that it has a remarkable ability to describe a
number of properties of Nafion.1 In a previous publication,25

we compared the excited-state proton transfer dynamics of a
photoacid chromophore located in the water channels of sodium-
substituted Nafion, Na-Nafion, to a model reverse micelle system
of a similar chemical composition, aersol-OT (AOT). The AOT
emulsions form well-defined water nanopools that are lined with
sulfonate groups at the water-reverse micelle interface. The AOT
reverse micelle interface is similar to what is thought to be the
water interface in Nafion. Characterization studies26-28 have
related the size of AOT reverse micelles to the hydration level,
or the number of waters per surfactant molecule, which is
typically referred to as wo. However, in this paper the hydration
will be referred to as λ to be consistent with the standard notation
for quantifying the water content in Nafion.3 It was found that
the proton transfer equilibria, proton transfer kinetics, as well
as the anisotropy decay dynamics of the probe molecule were
very similar when comparing measurements made in Nafion
and AOT reverse micelles at the same value of λ.25 Although
AOT cannot form stable reverse micelles when the sulfonic acid
groups are protonated, it will be useful throughout this work to* Corresponding author. E-mail: fayer@stanford.edu.
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make comparisons to similar excited state proton transfer (ESPT)
experiments performed in sodium-substituted AOT reverse
micelles when drawing conclusions from the data collected from
protonated Nafion.

Aside from its technological importance, Nafion is also
interesting from a purely scientific perspective. It has long been
known that the confinement of water on a nanometer length
scale changes its physical properties through perturbation of the
hydrogen bonding network.29,30 Aqueous chemistry occurs in
nanoscopic pores in a wide range of biological and catalytic
systems. The traditional model systems used to study nanocon-
fined water, reverse micelles, have a pH-dependent phase
diagram and typically cannot form stable structures with an
extremely acidic water core. Therefore, Nafion provides the
opportunity to study proton transfer dynamics in nanoconfined
water with a high proton concentration.

Infrared spectroscopy has been an invaluable tool in recent
years for studying the perturbed nature of water in nanoconfined
systems. Steady-state IR has shown that separate water suben-
sembles exist in Nafion, and the relative populations are dictated
by the overall water content of the membrane.31,32 Recent
ultrafast IR experiments in sodium-substituted Nafion have
shown that the orientational relaxation time of water increases
dramatically as the hydration is reduced.32,33 Unfortunately, IR
studies of protonated Nafion are not feasible due to the
polarizability of hydronium, which swamps the entire mid-IR
spectral window, and a molecular probe must be used to extract
dynamics on a microscopic level.

In this paper, the nature of proton transfer in three separate
regions of Nafion is studied. Three molecular probes are used
that are sensitive to the local proton concentration. As will be
demonstrated below using fluorescence anisotropy measure-
ments, each probe is located in a different region of the
hydrophilic domain. The three probes are shown in Figure 1.
The molecule 8-hydroxypyrene-1,3,6-trisulfonate (HPTS) carries
three negative charges in its ground electronic state, which
makes it highly hydrophilic. The high negative charge density
of HPTS results in Columbic repulsion with the sulfonic acid
terminated side chains of Nafion and forces HPTS to reside in
the aqueous water regions of the channels. Consequently, when
Nafion is at sufficiently high hydration, HPTS experiences a
water environment that is similar to bulklike water. The
preference of HPTS to reside in the aqueous regions results in
the molecule undergoing free orientational diffusion in Nafion
with large water content, as observed in a previous study.25

Rhodamine 6G (R6G) is also water-soluble like HPTS, but it
carries a positive charge. Rhodamine’s cationic charge produces
an electrostatic attraction with the sulfonic acid side chains and
results in R6G residing in close contact with the water-polymer
interface. R6G’s close proximity to the negatively charged
interfacial region was first suggested by Hatrick et al. from
observing dramatically slowed orientational diffusion of the
molecule in Nafion relative to bulk water.34 The experiments

presented here show the anisotropy decay is biexponential and
much slower than R6G’s anisotropy decay in bulk water even
at the highest water content in Nafion. The biexponential
anisotropy decay at high water concentration is discussed in
terms of the wobbling-in-a-cone model,35 in which orientational
relaxation is inhibited by R6G’s interactions with the interface.
The amide derivative of HPTS, 8-hydroxy-N,N,N′,N′,N′′,N′′-
hexamethylpyrene-1,3,6-trisulfonamide or HPTA, is nonpolar
and only sparingly soluble in water. The low solubility of HPTA
causes the probe molecule to be embedded in the hydrophilic-
hydrophobic boundary of the sulfonic acid and pendant side
chain region that separates the water channels from the
hydrophobic fluorocarbon region. HPTA’s location inside the
interfacial region of Nafion is supported by a complete lack of
orientational diffusion of the probe molecule at all hydration
levels, as shown experimentally later in this paper.

The three probe molecules provide information on distinct
aspects of proton transfer in Nafion channels. The proton transfer
kinetics of HPTS in protonated Nafion at maximum hydration
are identical to the kinetics displayed by HPTS in a 0.5 M HCl
solution. The hydronium concentration near the water interface
of Nafion is estimated to be 1.4 M from the experiments with
rhodamine-6G. These results are in contrast to the supposition
that hydrated Nafion is a “superacid.” Excited state proton
transfer (ESPT) is followed in the nonpolar side chain regions
of Nafion with the photoacid HPTA. Excited state proton
transfer of HPTA is possible in protonated Nafion only at the
highest hydration level.

II. Experimental Procedures

Rhodamine (Eastman Kodak), 8-hydroxypyrene-1,3,6-trisul-
fonic acid trisodium salt (Fluka), and 8-hydroxy-N,N,N′,N′,N′′,N′′-
hexamethylpyrene-1,3,6-trisulfonamide (Fluka) were all used
as received. Nafion 117 membranes were purchased from
Fuelcellstore.com in the acid form.

The Nafion samples imbedded with HPTS or R6G were
prepared by first soaking the Nafion membrane for 1 h in a 1
M HCl solution, which is sufficient to fully protonate the
membrane,36 followed by a deionized water rinse. HPTS was
incorporated into Nafion by boiling the membrane in a ∼0.1 M
solution of HPTS for 24 h. R6G was incorporated by soaking
Nafion in a 10-5 M solution for 24 h at room temperature. After
the probe molecules were incorporated in the membrane, the
samples were again soaked in 1 M HCl for 1 h and rinsed with
deionized water to ensure the sulfonic acid groups were
protonated.

Due to the poor solubility of HPTA in water, HPTA was
dissolved in a 1:1 mixture of water and methanol. Nafion was
soaked in a ∼10-4 M HPTA solution overnight. The Nafion
membrane was then rinsed with water for 4 h. For the protonated
Nafion samples, the Nafion membrane with HPTA incorporated
was soaked in 1 M HCl for 24 h and rinsed with deionized

Figure 1. Structures and abbreviations for molecules referred to in this paper.
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water. For the sodium-substituted Nafion samples, the mem-
branes were instead soaked in 1 M NaCl for 24 h and rinsed
with deionized water.

A home-built humidity system was used to control the
hydration level of the Nafion samples. First the samples with
the chromophore already incorporated were dried. Then, air,
with relative humidity that can be adjusted from 0 to 100%,
was circulated through a sealed Plexiglas box. An internal
humidity meter was used measure the relative humidity level,
which was kept constant. The number of water molecules per
sulfonate, λ, was determined by measuring the mass uptake of
Nafion as a function of relative humidity.

Fluorescence spectra were taken on a Fluorolog-3 fluores-
cence spectrometer. UV-vis measurements were taken on a
Cary-3 spectrometer. Attenuated total reflectance spectra were
taken with a Vertex 70 FT-IR spectrometer with a diamond
internal reflection crystal.

The time-correlated single photon counting (TCSPC) spec-
trometer used has been described elsewhere.25 The TCSPC
measurements for excited-state proton transfer dynamics were
made by rotating the polarization of the excitation beam to the
magic angle (54.7°) with respect to the collecting polarizer. The
anisotropy measurements were carried out by setting the exci-
tation polarization to 0° and 90° to measure the parallel and
perpendicularly polarized fluorescence decays, denoted as I|(t)
and I⊥(t), respectively. The time-dependent polarized fluores-
cence intensities can be expressed as

where P(t) is the excited-state population decay and C(t) is the
second Legendre polynomial dipole orientational correlation
function. Orientational relaxation can be separated from the
population dynamics by defining the time-dependent anisotropy
as

since P(t) ) I|(t) + 2I⊥(t). The 0.4 prefactor occurs for perfectly
polarized absorption and emission spectra. In general the
prefactor is <0.4.

III. Results and Discussion

1. Water Core. The probe molecule HPTS is highly soluble
in water, and it carries a large -3 formal charge that repels the
sulfonic acid functional groups lining the wall of the hydrophilic
domains of Nafion. At high hydration levels, the sulfonic acid
groups are ionized to generate anions, which increase the
electrostatic repulsion between the HPTS probe and the bound-
ary of the hydrophilic domains.

Evidence of HPTS residing in the interior of the water pools
is given by the anisotropy decay curves shown in Figure 2. The
qualitative behavior demonstrated in Figure 2 is very similar to
a previous study of the methoxy derivative of HPTS, MPTS,
in Na-Nafion.25 At very low hydration (the λ ) 1 decay curve),
HPTS is virtually immobilized due to confinement in very small
channels or the absence of water altogether. As water is added
to the Nafion membrane, the hydrophilic domains grow in size
and allow HPTS to rotate more freely causing the fluorescence

anisotropy to decay more rapidly. With the maximum amount
of water added to Nafion, λ ) 22, the anisotropy decay rate of
HPTS is almost the same as that observed for HPTS in bulk
water. At moderate to high hydration levels (λ > 7.5), the
anisotropy decay curves fit well to a single-exponential that
decays fully to zero. However, as the water pools become
smaller, the anisotropy decays cannot be fit with a single
exponential but rather fit reasonably well to biexponentials.
Fitting parameters for the hydration range studied are given in
Table 1. ai is the amplitude of the ith decay component, and τi

is the corresponding decay constant. The transition from a
single-exponential to a biexponential anisotropy decay at λ )
∼7.5 was reported previously for MPTS in Na-Nafion.25

The anisotropy decay time of HPTS in λ ) 22 H-Nafion is
19% slower than the value measured in bulk water. The nearly
identical MPTS molecule was previously measured to have an
anisotropy decay time in AOT at λ ) 20 that is 17% slower
than in bulk water.25 These results demonstrate a rough
equivalence between the AOT and Nafion systems at the same
hydration. It is therefore reasonable to assume there exists a
similar effective volume of water surrounding HPTS in λ ) 22
H-Nafion as in an AOT reverse micelle of comparable water
content. The sizes of AOT reverse micelles are well character-
ized by a variety of methods.26-28,37 AOT reverse micelles are
monodispersed and well modeled as spherical. At λ ) 22, an
AOT reverse micelle water pool is ∼7.5 nm,26 which can serve
as a rough approximation for the general size of the water pool
accessible to HPTS. The largest dimension of the HPTS
molecule is approximately 1 nm. Therefore, the large water
pools will not restrict the rotational movement of HPTS, and
single-exponential orientational randomization kinetics are
reasonable.

It was previously found for MPTS in AOT reverse micelles
that the reorientational kinetics are not single exponential when
λ is 6 or less, which is consistent with observations in both
sodium and protonated Nafion.25 At a water content of λ ) 6,

I|(t) ) P(t)(1 + 0.8C(t)) (1)

I⊥(t) ) P(t)(1 - 0.4C(t)) (2)

r(t) )
I|(t) - I⊥(t)

I|(t) + 2I⊥(t)
) 0.4C(t) (3)

Figure 2. Anisotropy decays (colored curves) and fits (black curves)
of HPTS in the water nanopools of Nafion.

TABLE 1: HPTS in Nafion Anisotropy Decay Parameters

λ a1 τ1 (ns) a2 τ2 (ns)

1 0.04 9.5 - -
2.5 0.04 1.6 0.28 50
3.5 0.10 1.5 0.20 28
5 0.19 1.1 0.11 16
6 0.24 0.7 0.05 12
7.5 0.25 0.5 0.03 9
12 0.30 0.26
22 0.30 0.20
bulk 0.36 0.16
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the water pool of an AOT reverse micelle is 2.8 nm in
diameter.26 As the diameter of the water pool approaches the
molecular size of the imbedded chromophore, orientational
relaxation slows dramatically, and complete orientational ran-
domization may not be possible.

The multiexponential anisotropy decay of MPTS in Na-Nafion
was interpreted in terms of a wobbling-in-a-cone model,35 which
is used here to discuss the orientational motion of HPTS in
protonated Nafion. With wobbling-in-a-cone, orientational
relaxation occurs on two time scales. On the faster time scale,
physical restrictions result in orientational diffusion that can only
sample a limited cone of angles. If the orientational constraints
relax, then on a longer time scale complete orientational
relaxation will occur.

When two statistically independent processes lead to orien-
tational relaxation, in this case a fast wobbling-in-a-cone process
and a longer time-scale process responsible for complete
orientational randomization, the total correlation function can
be expressed as a product of two independent correlation
functions. The result is a biexponential decay. In Table 1, τ1 is
associated with the wobbling motion, and τ2 arises from the
longer time scale complete randomization of the orientation. In
this picture, the irregular hydrophilic channels of Nafion restrict
the orientational motion of HPTS on a short time scale.
However, on a longer time scale, HPTS is able to sample a
larger section of orientational space through random fluctuations
of the polymer matrix and also translational motion that allows
HPTS to move past some of the obstacles that restrict the
molecule’s orientational motion.

The biexponential nature of the anisotropy decay of HPTS
in Nafion under low hydration levels might be attributed to the
heterogeneity of the hydroscopic domains in the polymer.
However, the fact that the orientational relaxation of MPTS in
AOT reverse micelles is very similar to its behavior in Na-
Nafion argues strongly in favor of the wobbling mechanism to
explain the biexponential decays at low water content. AOT
reverse micelles are monodispersed in size. Therefore, hetero-
geneity cannot be the explanation for the biexponential decays
observed in the reverse micelles. Given the similarity in the
orientational relaxation dynamics in AOT reverse micelles and
in Nafion, it is highly unlikely that two distinct mechanisms
would account for the biexponential decays in the two types of
systems.

The anisotropy of HPTS in Nafion at maximum hydration (λ
) 22) indicates the water environment surrounding the chro-
mophore is very similar to bulk water. The decay is a single
exponential, and no wobbling component is evident. It was
previously observed by time-resolved infrared experiments that
the orientation relaxation and hydrogen bond dynamics of water
in AOT reverse micelles with a water content larger than λ )
20 behave very much like bulk water except for water molecules
at the surfactant interface.38-40 The relatively small difference
in HPTS anisotropy decay times between λ ) 22 Nafion and
bulk water may be due to HPTS not residing precisely in the
center of the water pool. Electrostatic screening is expected to
be significant in the water pool due to a high ionic strength,
which could allow some of the anionic HPTS molecules to
approach close enough to the negatively charged sulfonate
interface to contact the restricted boundary layer water. Regard-
less, the effects of confinement on HPTS orientational motion
appear to be small at high levels of hydration, even at λ ) 12,
approximately half of the maximum hydration level. The motion
of HPTS is largely unrestricted, and the local environment can
be approximated as bulk water.

In Table 1, the last three rows, λ ) 12 and 22, and bulk
water, have a single decay constant because their decays are
single exponentials. There is no wobbling component because
there are no slowly relaxing constraints to reorientation.
Beginning with λ ) 7.5, there are two time constants. The
wobbling time constant, τ1, for λ ) 7.5 is slower than the higher
water content single exponential decay constants. The wobbling
time constant slows as the hydration level is reduced. For λ )
1, only a single time constant is listed as the wobbling time
constant. The decay is very slow, and it is possible that the
orientation does not fully randomize on any time scale. It was
not possible to obtain orientational relaxation data at sufficiently
long time to determine if there is a very slow component
associated with complete randomization. It is possible that
complete randomization does not occur. The amplitude of the
wobbling component decreases substantially as the hydration
level is reduced. The amplitude of the wobbling component is
related to the cone angle of the restricted motion.41 A smaller
value of a1 corresponds to a smaller cone angle. For λ ) 7.5,
the cone angle is large. As the hydration level decreases, the
range of angles sampled on the faster time scale decreases. In
addition, the decay time for the slow component (complete
orientational randomization) becomes increasingly long. The
values of 28 and 50 ns for λ ) 3.5 and 2.5, respectively, are
approximate because the time range over which the decays can
be determined is limited by the excited state lifetime. However,
the qualitative trends are clear. As the hydration level is reduced,
orientational relaxation is more constrained, and the relaxation
of the constraints slows.

As discussed in the Introduction, HPTS is acidic in the excited
state (pKa* ) 1.3)42 and readily undergoes proton transfer in
an aqueous environment. Figure 3A shows the fluorescence
spectra of HPTS in water with a range of HCl concentrations.
The fluorescence spectra consist of a combination of peaks
representing the protonated state (445 nm) and the deprotonated

Figure 3. (A) Fluorescence spectra of HPTS in solutions of HCl. (B)
Fluorescence spectra of HPTS in Nafion. The 0.5 and 1 M curves in A
are colored to match the λ ) 22 and 12 curves in B for comparison.
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state (510 nm). The dynamics of ESPT for HPTS in water are
very fast (∼90 ps) relative to the excited state lifetime (∼5 ns),
and in nonacidic aqueous solutions the molecule fluoresces
almost entirely from the deprotonated state.43,44 As the aqueous
proton concentration increases, the ratio of fluorescence from
the deprotonated state to fluorescence from the protonated state
decreases. At a proton concentration of 6 M, HPTS fluoresces
virtually entirely from the protonated state.45

The fluorescence spectra of HPTS in protonated Nafion are
shown in Figure 3B. Even at the highest hydration level, there
is a significant amount of fluorescence from the protonated state.
The anisotropy decay dynamics indicate that the water environ-
ment surrounding HPTS at λ ) 22 closely resembles that of
bulk water. Therefore, the presence of fluorescence from the
protonated state at the highest hydrations can be attributed to a
pH effect and is not due to geometrical aspects of the water
pool. The effective pH in Nafion at λ ) 22 is estimated by
comparing the ratio of fluorescence amplitude at 445 and 512
nm, F445/512, with the fluorescence amplitude ratio of HPTS in
solutions of different acid concentrations (Figure 3A). The 0.5
M spectrum in Figure 3A (F445/512 ) 1.12) is very similar to
the λ ) 22 spectrum in Figure 3B (F445/512 ) 1.08). The proton
concentration in Nafion at λ ) 22 is calculated to be 0.54 M.
From the definition of λ ) 22, there are 22 water molecules for
every sulfonic acid unit. If it is assumed that the density of
water is unchanged from the bulk value and all of the acidic
protons are ionized and evenly distributed throughout the
solution, then the proton concentration would be ∼2.5 M, which
is a factor of 5 greater than the observed value.

The wall of the water pool is negatively charged, and the
hydronium counterions may tend to stay near the sulfonate
surface. Counter ions situated in the vicinity of the negatively
charged interface experience a very large electrostatic attraction
compared with the thermal energy, kBT, and these counterions
are referred to as being condensed on the polyelectrolyte surface.
The condensation appears as a double layer consisting of an
interfacial and diffuse ion layer.46 The fraction of counterion
condensation, R, can be roughly estimated by approximating
the size of the water pools in Nafion to that of AOT reverse
micelles at the same hydration. In this approximation, R is
∼80%. This number is most likely an upper limit to the
condensation as it assumes all sulfonic acid groups inhabit a
water cluster region. In actuality, some sulfonic acids will remain
separated from the ionic clusters due to entropy requirements
of the polymer network and will lower the true value of R
somewhat. Nevertheless, the estimated value of R is entirely
reasonable when compared to the measured condensation values
of alkali metal dodecyl sulfate micelles,47 which serve as a model
system for the sulfonate-water boundary in Nafion. Lithium is
the best alkali metal to represent hydronium, and Li+-dodecyl
sulfate micelles have a 70% condensation.

The amount of ESPT, indicated by the fluorescence spectra,
decreases rapidly as the Nafion membrane is dehydrated (see
Figure 3B). The reduction in proton transfer has two probable
causes. First, as the water pools become smaller, the number
of acidic sulfonic groups remains the same, but the number of
water molecules is diminished. The concentration of protons
naturally increases, and the aqueous environment becomes more
acidic. In this respect, the shift in proton transfer equilibrium
in Nafion is equivalent to that observed by changing the acid
concentration in bulk water as shown in Figure 3A. In reducing
the size of the water pool from λ ) 22 to λ ) 12, the anisotropy
decay of HPTS only varies slightly, suggesting the water
environment surrounding the photoacid still behaves approxi-

mately like free water. In this scenario, one can expect the
concentration of aqueous protons to double as the water volume
is halved. The estimated free proton concentration from the
fluorescence spectrum at λ ) 12 is 0.95 M. The observed change
in acidity relative to λ ) 22 is close to what is predicted (∼1
M) from the volume reduction.

From Figure 3B, it can be seen that HPTS hardly undergoes
any ESPT in λ ) 7.5 protonated Nafion; the deprotonated
fluorescence band is very small. It was previously shown in
Na-Nafion that the finite size of the nanoscopic cavity can
dramatically slow down the rate of proton transfer due to
confinement effects of the surrounding water.25 Significant
changes in the extent of ESPT in Na-Nafion were observed for
λ less than 8, which were also observed in AOT reverse micelles
with the same water content. The anisotropy decay of HPTS in
protonated Nafion becomes biexponential at λ ) 7.5, and the
time scale increases rapidly relative to bulk water as the
hydration level is decreased. These observations demonstrate
that the restrictions due to nanoconfinement are also important
in H-Nafion as λ falls under approximately 8. If the fluorescence
spectrum of HPTS in protonated Nafion at λ ) 7.5 is related to
a titration curve, as done for λ ) 22 and 12, the estimated proton
concentration would be 4.2 M. A concentration of 4.2 M would
be over 4 times the calculated proton concentration in Nafion
at λ ) 12, but the difference in the amount of water between
the two hydrations is less than a factor of 2; clearly the dramatic
reduction in ESPT observed in λ ) 7.5 is not solely due to the
increasing concentration of protons as the cavity size is reduced.
The slowing of the dynamics of water observed in Na-Nafion
and AOT reverse micelles also plays a role.38

As discussed for the λ ) 22 hydration, the concentration
profile of protons in the water pools of Nafion is not expected
to be homogeneous throughout the water pool. Condensation
of counterions is known to form on charged surfaces to create
an electrical double layer.48 As the size of the water pool shrinks,
the probe molecule will reside in closer proximity to the
boundary layer, and the local concentration of protons will
increase. The reduced ESPT that occurs at λ ) 7.5 compared
to higher hydration levels is likely caused by a combination of
restrictions placed on the hydrogen bonding network of water
due to confinement38 and because the HPTS molecule must
reside near the interfacial water layer, which has an increased
concentration of protons due to electrostatic interactions.

No significant amount of ESPT is visible for HPTS in
H-Nafion for λ less than 7.5. At the lowest water contents, the
fluorescence spectrum of HPTS shifts to longer wavelengths.
Reducing the water content in Na-Nafion results in a shift to
shorter wavelengths for HPTS due to the environment’s reduced
ability to solvate the molecule in the excited state.25 The
hydrogen bond donating ability of the solvent has a large
influence on the fluorescence spectrum of HPTS.49 The negative
charges on HPTS are stabilized through hydrogen bond interac-
tions with the surrounding solvent. Stronger hydrogen bonds
make the sulfonates of HPTS better electron-withdrawing groups
and increase the amount of excited state charge transfer, shifting
the fluorescence spectrum to longer wavelengths. The red-shift
of HPTS at the lowest hydration suggests that there is no water
layer to provide separation between the molecule and the
extremely strong hydrogen bond donating sulfonic acid groups
at the aqueous boundary.

The proton transfer kinetics of HPTS have been extensively
studied by TCSPC.50-52 Due to the large attraction between the
negatively charged HPTS anion and a positively charged
dissociated proton, the molecule serves as a model system for
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observing excited state geminate recombination.50 At high acid
concentrations, the effects of geminate recombination are hidden
by the overwhelming number of protons in solution.53,54 In a
mineral acid solution at reasonably high concentrations (over
50 mM),54 the fluorescence decay of the protonated state of
HPTS is approximately biexponential. ESPT occurs on a short
time scale, ∼90 ps in neutral water,43 and the protonated-
deprotonated state populations will quickly come to an equi-
librium determined by the surrounding proton concentration.
Fluorescence of the protonated state will then decay with the
excited-state lifetime of the molecule, which is ∼5 ns in neutral
water, but the lifetime is also pH dependent.

The fluorescence decay curves in Figure 4A of HPTS in
aqueous HCl solutions taken at 445 nm fit well to a biexpo-
nential model after convolution with the instrument response.
(Note, the short time peak that is apparent in some of the data
comes from the instrument response and is reproduced by the
convolution.) At acid concentrations larger than 1 M, the fast
component due to ESPT is absent, in agreement with the
fluorescence spectra in Figure 3A. The fluorescence kinetics of
HPTS in H-Nafion with λ ) 22 and 12 hydrations, along with
fits to a biexponential model, are shown in Figure 4B for
comparison. The λ ) 22 decay constants roughly match the
decay constants for 0.5 M HCl (see Table 2). Likewise, the λ
) 12 decay constants resemble the decay constants for 1 M
HCl. From the fitting parameters, at λ ) 22 and 12 hydrations
the extent of proton transfer is 44% and 22%, respectively,
which correspond with the amplitudes of the protonated and
deprotonated fluorescence seen in Figure 3B.

The kinetics of ESPT for λ ) 12 are slightly slower than for
λ ) 22 (by a factor of 1.3), but the relative difference is in line
with the difference in the anisotropy decay times of HPTS
between the two samples. Furthermore, the difference in ESPT
kinetics between the λ ) 22 and 12 hydrations agree well with

the difference in ESPT rates between λ ) 20 and 10 AOT
reverse micelles.25 The fact that the proton transfer rate constants
for λ ) 22 and 12 are near the range measured in bulk water
(∼0.1 ns) supports the comparison of the highest hydration
samples with bulk aqueous systems. For high acid concentra-
tions, ESPT does not occur, and the fits become approximately
single-exponential. In Nafion, the fits typically have a small
biexponential component even when proton transfer is not
present, but this may be associated with the heterogeneity of
the water pools leading to a distribution of lifetimes. The lifetime
of HPTS at the lowest hydration has a relatively large biexpo-
nential component, but this is most likely related to the extreme
acidity the molecule encounters as it is solvated by sulfonic
acid functional groups, which is evidenced by the perturbed
fluorescence spectrum.

2. Water Interface. The negative charge of HPTS causes
the molecule to reside in the center of the water pool.
Conversely, R6G is a cation and has an affinity for the interfacial
region, which is in close proximity to the negatively charged
sulfonate groups. The ability of Nafion to immobilize cationic
dyes has been used in previous photochemical studies.55,56 The
high uptake of R6G in Nafion due to its positive charge has led
to the suggestion of using the chromophore as an in situ
fluorescence sensor for fuel cell operation.57,58

Evidence for the association of R6G with the interfacial water
region is given by the anisotropy dynamics shown in Figure 5.
The functional form of the anisotropy decays are fit to a
biexponential function, like for HPTS at mid-to-low hydration
levels, and the fitting parameters are given in Table 3. At the
maximum water content possible, λ ) 22, the orientational
relaxation occurs on a time-scale of nanoseconds. The anisotropy
decay of R6G in bulk water (included in Figure 5 for
comparison) is ∼200 ps and single exponential. Unlike HPTS,
which sits in the center of the water pool, as the aqueous
domains grow in size the anisotropy decay time for R6G never
approaches the rate of anisotropy decay in bulk water.

All of the decays for hydration levels greater than λ ) 5 are
very similar in shape and have a weighted-average anisotropy
decay constant in the range of 12-16 ns. The decays for λ
greater than 5 are also marked by complete orientational
randomization of R6G at long times. The similarity in orien-
tational dynamics at larger hydration levels suggests the

Figure 4. (A) Fluorescence decays at 445 nm of HPTS in HCl solutions
(colored curves) with fits (black curves). (B) Fluorescence decays at
445 nm of HPTS in Nafion at high hydration levels (colored curves)
with fits (black curves).

TABLE 2: (A) HPTS in H-Nafion Fluorescence Decay
Parameters and (B) HPTS in HCl Solution Fluorescence
Decay Parametersa

(A)

λ τ1 (ns) τ2 (ns) a

1 0.93 4.06 0.30
6 0.77 4.07 0.04
7.5 0.49 4.02 0.09

12 0.13 4.08 0.21
22 0.08 4.30 0.44

(B)

[HCl] τ1 (ns) τ2 (ns) a

0.01 M 0.11 4.97 0.89
0.1 M 0.09 5.01 0.73
0.5 M 0.07 4.78 0.47
1.0 M 0.08 4.64 0.23
2.0 M 1.06 4.40 0.02
6.0 M 1.99 4.18 0.03

a a is the amplitude of the τ2 component, and 1 - a is the
amplitude of the τ1 component.
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surrounding water environment in the area where R6G resides
remains relatively constant as the size of the water pool is varied.
This is unlike the results for HPTS, where the local viscosity
of the inner water pools continuously decreases as the water
pools grow in size.

As the hydration level drops below λ ) 5, there is an abrupt
change in the orientational kinetics of R6G. The anisotropy does
not appear to decay to zero in the long time limit. As the water
pool further reduces in size, shown by the λ ) 1 and 2.5 decay
curves, virtually all orientational diffusion stops for R6G. The
sharp change in orientational diffusion for R6G at λ ∼ 3.5 may
be explained by the binding of cations to the sulfonate groups
of Nafion. The sulfonate symmetric stretching mode of Nafion
is sensitive to the proximity of the counterion. A contact ion
pair between the sulfonate group and its counterion results in
shifting the vibrational spectrum to higher frequencies.

The vibrational spectrum is displayed in Figure 6 with Li+

chosen as the counterion. The vibrational spectrum red-shifts
as water is added signifying the Li+ cation is less tightly bound
to the sulfonate group. The spectral shift continues until the

hydration level is λ ∼ 3-4, after which the vibrational spectrum
is constant as more water is added. This evolution of the
vibrational spectrum was previously observed by Lowery and
Mauritz59 using a series of alkali metals. They interpreted the
results as arising from a change from a contact ion pair to the
ions being separated by a water hydration layer. The results
presented in Figure 6 show that approximately 3-4 water
molecules per sulfonate group are required to form a hydration
layer separating the two ions. Similar estimates of roughly 4
water molecules being required to solvate each sulfonate group
have been made from the thermodynamics of the water uptake
curve of Nafion.3,8 R6G behaves much like a simple cation: at
low hydrations, under λ ∼ 4, R6G exists as a contact ion pair
with the sulfonate ions. The formation of contact ion pairs
explains why R6G is completely immobilized at λ ) 2, but
HPTS still enjoys some orientational freedom. As λ becomes
larger than four, the R6G and sulfonate ions are separated by a
solvation layer, but the ions stay in close proximity due to
electrostatic forces.

One of the secondary amines of R6G (see Figure 1) can be
protonated, and the molecule will be a +2 cation in highly acidic
media. The proton transfer equilibrium of R6G is shown by
the absorption spectra in Figure 7A where the molecule is
titrated with HCl. The deprotonated state has an absorbance
maximum at 527 nm, and the protonated state’s maximum
absorbance appears at 472 nm. The pKa of R6G is reported as
-0.38,58 which agrees with the results given by Figure 7A.

The absorption spectrum of R6G in Nafion is highly depend-
ent upon the membrane hydration, which has been reported by
others.57,58 The changes in the absorption spectrum of R6G in
Nafion (Figure 7B) match the changes seen as R6G is titrated
with HCl in bulk water (Figure 7A). Similar to the approach
taken for HPTS, the local effective proton concentration
experienced by the R6G molecule can be estimated by equating
the absorption ratios taken at 440 and 527 nm, A527/440, which
are due to the protonated state and deprotonated state, respec-
tively, in Nafion to the A527/440 values obtained from the titration

Figure 5. Anisotropy decays of R6G in Nafion and bulk water.

TABLE 3: Anisotropy Parameters of R6G and Local
Proton Concentration in H-Nafion

λ a1 τ1 (ns) a2 τ2 (ns) [H]

1 0.05 11.45 0.24 ∞ 7.7
2.5 0.06 6.08 0.25 ∞ 7.7
3.5 0.12 5.27 0.21 ∞ 5.8
5 0.20 8.65 0.10 82.2 3.5
6 0.11 5.05 0.18 22.9 2.5
7.5 0.08 3.25 0.23 16.5 1.8
12 0.08 3.57 0.22 14.6 1.4
22 0.15 6.08 0.15 18.7 1.4
bulk 0.32 0.20

Figure 6. FT-IR spectra of Li-Nafion for various hydration levels.

Figure 7. (A) Absorbance spectra of R6G in HCl solutions. (B)
Absorbance spectra of R6G in Nafion.
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curve of R6G. The computed effective proton concentrations
are given in Table 3.

At maximum hydration, λ ) 22, the proton concentration of
the interfacial region is estimated to be 1.4 M. The interfacial
proton concentration is nearly three times higher than in the
water core region, which is 0.5 M as estimated using HPTS. A
difference in acidity between the two regions is caused by the
electrostatics of the charged interface that results in an ion
gradient. A recent simulation of Nafion predicted that the free
energy minimum of the solvent separated the hydronium-
sulfonate head group ion pair to be 0.5-0.6 kcal/mol, which
leads to a predicted proton concentration near the sulfonates to
be a factor of 2-3 larger than in the middle of the hydrophilic
domains.16 As the water pool is reduced in volume by nearly a
factor of 2 in going from λ ) 22 to λ ) 12, the proton
concentration at the interface remains constant. In contrast, the
proton concentration of the inner water region doubles as the
volume is halved. The difference in the response of proton
concentration to volume change in the two regions suggests that
the water is primarily removed from the inner core as the
hydration is reduced and the number of water molecules in the
boundary layer remains constant. This result is not at all
surprising considering the enthalpy of hydration of the sulfonate
interface of Nafion is estimated to be three times more
exothermic than the water core.8

R6G gives a more reliable estimate of proton concentration
at low hydration levels because the measurement is made from
the ground state and the kinetics of proton transfer do not
interfere with observing equilibrium properties. The proton
concentration increases sharply as the hydration falls below λ
) 12. It is interesting to note that, in ultrafast infrared
experiments, below a hydration of λ ) 10 in AOT reverse
micelle systems the dynamics of water start to show significant
perturbations with respect to the micelle size, indicating that
the “bulklike” core water has essentially disappeared.38 On
smaller length scales, the entire water pool is thought be coupled
through the hydrogen bond network. By this comparison, it is
very reasonable that the water boundary layer in Nafion is
affected by a change in volume as the hydration becomes
significantly less than λ ) 10. It is still expected that there exists
a hydration layer separating the hydronium ions from the
sulfonate groups as long as λ is greater than four. The exact
distance separating the ion pair is unknown, but state-of-the-
art simulations of Nafion have predicted the radial distribution
function of the oxygen atom in the hydronium ion and the
oxygens in -SO3

- to be peaked at ∼4 Å.16

The most dramatic change to the protonation state of R6G is
witnessed for hydrations under λ ) 5, which is a similar trend
to what is observed for the anisotropy decay curves of R6G.
As discussed in detail above, when there are less than four water
molecules per sulfonate group, the positively charged counter-
ions, including both R6G and hydronium ions, form contact
ion pairs with the sulfonate groups. The sulfonate “wall” has a
very high proton concentration, and the R6G probe experiences
an extremely acidic environment.

3. Hydrophobic Wall. ESPT in the hydrophobic regions of
the ionic cluster still accessible to water can be probed through
the use of a nonionic molecule. The photoacid HPTA, which
is the sulfonamide derivative of HPTS, is largely insoluble in
water but has a similar change in pKa upon excitation as HPTS.
A detailed discussion of the electronic structure and photoacidity
of HPTA relative to HPTS can be found elsewhere,60 but for
the purpose of this study, HPTA is slightly more acidic in the

excited state (pKa* ) -0.7)45 and the time scale from proton
transfer in bulk water is 28 ps.61

The preference for HPTA to reside in the wall of the water
channels in Nafion is demonstrated by the anisotropy decay
curves in Figure 8. The orientational dynamics are independent
of the water content. Very little orientational relaxation occurs,
regardless of the size of the water pool. If the anisotropy decay
curves are fit to an exponential function with an offset and
interpreted as a wobbling-in-a-cone process, then the average
cone angle of diffusion is 25°. In contrast, the anisotropy decay
of HPTS in Nafion at high hydrations exhibits free orientation
diffusion, and the time scale approaches that observed in bulk
water.

Even though the orientational dynamics of HPTA are not
influenced by the water content in Nafion, the fluorescence
spectrum and fluorescence decay kinetics are still affected by
the amount of water present. The fluorescence spectra are
displayed in Figure 9A. The protonated and deprotonated states
of HPTA have maxima at 470 and 550 nm, respectively. At
the highest water content, λ ) 22, ESPT occurs to a small extent,
as indicated by the appearance of the deprotonated peak. The
deprotonated state disappears as the water content of the
membrane is reduced. Only fluorescence from the protonated
state is present for λ less than 12. The fluorescence spectrum
red-shifts sharply as the hydration is lowered to λ ) 1, with a
fluorescence maximum at 510 nm. A shift in fluorescence to
longer wavelengths was also observed for HPTS in H-Nafion
at λ ) 1 but to a much smaller extent than found for HPTA.

The fluorescence decay kinetics (population relaxation) of
the protonated state (collected at 470 nm) are shown in Figure
9B. Only the λ ) 22 and 1 curves are labeled. The curves
between these two are λ ) 12, 7.5, 6, 5, 3.5, and 2.5. ESPT
reduces the protonated state lifetime. Although ESPT occurs to
some extent at high hydration levels, as shown in Figure 9A,
the fluorescence decays are the slowest for the samples with
the greatest water content. The fluorescence lifetime decay
curves fit to a biexponential decay with the parameters given
in Table 4A. The excited state lifetimes of both time constants
steadily decrease with decreasing water content. This trend is
not surprising since a high proton concentration of the sur-
rounding environment is known to shorten the excited state
lifetime of many photoacid molecules.62-64 Because ESPT is
not important, particularly at the lower hydration levels, the
biexponential decays suggest that there are two distinct environ-
ments for HPTA.

The fluorescence red-shift of HPTA at λ ) 1 is unusual in
magnitude. The red-shift of HPTS is a modest 5 nm in going
from λ ) 2.5 to λ ) 1, but the red-shift for HPTA with the

Figure 8. Anisotropy decays for HPTA in Nafion.
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same hydration change is 40 nm. Charge transfer behavior has
been noted to occur in HPTA that may result in the formation
of a charge transfer state in extreme solvating environments.60

Charge transfer is not possible for HPTS. At λ ) 1, the solvating
environment in the ionic clusters of Nafion is expected to
resemble pure sulfonic acid. Indeed, when HPTA is dissolved
in water-methylsulfonic acid mixtures, the same trend in

fluorescence is seen (Figure 10) as in H-Nafion. The methyl-
sulfonic acid is akin to the solvation environment created by
the sulfonic acid units in Nafion. As the number of waters per
methylsulfonic acid, which is still denoted as λ, becomes
smaller, there is a blue-shift in the fluorescence of the protonated
state. The blue-shifting trend with decreasing water content is
observed until λ becomes significantly smaller than one.
However, when λ becomes very small, as seen in the λ ) 0.15
fluorescence spectrum, a large red-shift in the spectrum occurs,
and the shape and position match what is seen in Nafion at λ )
1 (Figure 9A). The discontinuous change in the fluorescence
shift, first moving toward shorter wavelengths, then a dramatic
change to longer wavelength as the water content becomes
sufficiently small, suggests a separate electronic state is
responsible. The equivalence of the fluorescence spectra of
HPTA in Nafion at λ ) 1 and in nearly pure methylsulfonic
acid suggests HPTA has an environment that is very similar to
concentrated sulfonic acid, and it is not substantially exposed
to the fluorocarbon backbone or the ether side chains of the
Nafion matrix.

The local proton concentration experienced by HPTA cannot
be estimated from matching the fluorescence spectrum in Nafion
with a point on the titration curve taken in bulk solution. The
dynamics of water are severely restricted at all hydration levels
at the interface and the less polar regions occupied by HPTA.
Recent time-resolved infrared experiments have been able to
separate the dynamics of water in the interior water pool from
the interface in AOT reverse micelles,39 which should give an
estimate of the time scale for water reorganization in the
different regions of Nafion. It was found, at higher hydration
levels, that the reorientational dynamics of water in the core
regions were like bulk water (∼2 ps), but the interfacial water’s
orientational motion was slower by an order of magnitude
(∼18 ps).

The probe molecule may also be inhomogeneously distributed
in the Nafion membrane. The ESPT kinetics depend upon the
availability of water to accept a proton. Because HPTA sits in
a relatively hydrophobic area of the cavity, the local water
concentration could be highly variable. In addition, the orienta-
tion of HPTA as it is imbedded in the stationary wall also affects
the kinetics of proton transfer. If the hydroxyl end of HPTA
faces inward toward the interface, it is unlikely that the
photoacid will be hydrogen bonded to a water molecule in an
appropriate configuration to facilitate proton transfer.

HPTA was incorporated in Na-Nafion to eliminate the effects
of a large proton concentration on the ESPT process. Excited
state deprotonation of HPTA occurs to a much larger extent in
Na-Nafion, as seen in the fluorescence spectra in Figure 11A.

Figure 9. (A) Fluorescence spectra of HPTA in Nafion. (B) Fluores-
cence decays of HPTA in Nafion at 470 nm. The curves are for
hydrations λ ) 22, 12, 7.5, 6, 5, 3.5, 2.5, and 1.

TABLE 4: (A) Fluorescence Decay Parameters for HPTA in
H-Nafion and (B) Fluorescence Decay Dynamics of HPTA in
Na-Nafiona

(A)

λ τ1 (ns) τ2 (ns) a

1 0.86 4.32 0.57
2.5 1.20 3.63 0.50
3.5 1.28 3.63 0.46
5 1.59 3.87 0.40
6 1.85 4.06 0.35
7.5 2.01 4.23 0.28

12 2.07 4.43 0.22
22 1.79 4.54 0.15

(B)

λ 1/kpt (ns) 1/kA (ns) K 1/kB

1 4.32
2.5 4.12
3.5 4.09
5 1.16 4.06 0.07 7.99
6 1.03 4.14 0.15 7.43
9 0.93 4.16 0.29 7.47

17 0.72 3.75 0.42 7.26

a a is the amplitude of the τ2 component, and 1 - a is the
amplitude of the τ1 component.

Figure 10. Fluorescence spectra of HPTA in methylsulfonic acid-water
mixtures.
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Fluorescence from the deprotonated state, peaked at 550 nm,
first appears at λ ) 5 and steadily grows as the water content
increases. At the maximum hydration of Na-Nafion, λ ) 17,
much more fluorescence from the deprotonated state is present
relative to fully hydrated H-Nafion, λ ) 22, even though the
total amount of water in the sodium substituted form is lower.

The relationship between the excited state population decay
of the protonated state and water content in Na-Nafion (Figure
11B) is reversed from what is observed in H-Nafion: as the
H-Nafion membrane is hydrated, the population decay of the
protonated state becomes faster. Only the λ ) 17 and 1 curves
are labeled. The curves between these two are λ ) 9, 6, 5, 3.5,
and 2.5. The increasing decay of the protonated state as the
water pools grow in size is primarily due to ESPT. The lowest
hydration samples, λ ) 1, 2.5, and 3.5, do not undergo ESPT.
The fluorescence dynamics describing the protonated and
deprotonated populations are fit to a kinetic model. The proton
transfer rate constant is kpt. To fit the data, it is necessary to
include a parameter K, which is the fraction of the HPTA
molecules that are able to undergo ESPT.

The equations for A(t) and B(t) describe the populations of the
photoacid and conjugate base pair, respectively, that have
fluorescence decay rates of kA and kB.

The parameters extracted from simultaneously fitting the
excited state populations of the protonated (470 nm) and
deprotonated (550 nm) states of HPTA are listed in Table
4B. Sample fits for λ ) 9 are shown in Figure 12. The proton
transfer time is 720 ps at the highest hydration level, which

is a factor of 24 slower than the proton transfer time in bulk
water. The proton transfer time increases as the size of the
water domains shrinks. However, the overall increase is much
smaller than observed for HPTS proton transfer in the inner
water pools.25 The rather modest change in proton transfer
kinetics with respect to the water content may be related to
the dynamics of water molecules at the interface. The water
dynamics are controlled by the ionic sulfonate groups, which
have a similar influence on neighboring water molecules at
all hydrations.

The fraction of HPTA chromophores able to undergo
proton transfer, represented by K, disappears as the Nafion
membrane loses water. As suggested by the lack of decay of
the anisotropy (Figure 8), the HPTA molecule cannot translate
on the time scale of the excited state lifetime. Therefore, a
water molecule must exist in the immediate vicinity of HPTA
to accept a proton for ESPT to occur. Penetration of water
into the sulfonate region, and even further into the ether side
chains, is dependent on the water content of the membrane.
At maximum hydration, ∼40% of the HPTA molecules can
undergo ESPT. This number, which is related to the water
content in the nonpolar regions of the ionic cavity, diminishes
as water is removed from the membrane and is negligible
for λ less than four.

IV. Concluding Remarks

Proton transfer dynamics and equilibrium proton concentra-
tions vary greatly in different areas of the water pools of Nafion
as observed by molecular probes. The center of the water pools,
which were studied with the highly anionic molecule HPTS,
behave very much like bulk water when the membrane is well
hydrated, that is, for λ greater than 12. With high hydration,
the proton transfer kinetics of HPTS in Nafion are almost the
same as measured in bulk solution. The proton concentrations
in the center of the water pools of Nafion with hydrations of λ
) 22 and λ ) 12 were calculated to be 0.54 and 0.95 M,
respectively.

Time-resolved fluorescence anisotropy measurements in-
dicate that as the water content of the membrane drops below
λ ) ∼8 the water environment surrounding the HPTS probe
becomes significantly different from bulk water conditions.
Anisotropy dynamics for HPTS in protonated Nafion were
found to be very similar to a previous study in Na-Nafion as
well as in AOT reverse micelles. HPTS excited state proton
transfer does not occur when λ is less than 8 due to the
encroachment of the molecule on the interfacial water region,
which has a significantly higher proton concentration due to

Figure 11. (A) Fluorescence spectra of HPTA in Na-Nafion. (B)
Fluorescence decays of HPTA in Na-Nafion at 470 nm. The curves
are for hydrations λ ) 17, 9, 6, 5, 3.5, 2.5, and 1.

A(t) ) (K exp(-kptt) + 1 - K)exp(-kAt) (8)

B(t) )
kptK

kpt + kA - kB
(1 - exp(-(kpt + kA - kB)t))exp(-kBt)

(9)

Figure 12. Kinetic model fits (black curves) to fluorescence decays
(colored curves) of HPTA in Na-Nafion for λ ) 9 at 470 nm (protonated
state) and 550 nm (deprotonated state).
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electrostatic interactions. The water hydrogen bond dynamics
also slow significantly when λ is less than 8, as shown by
previous ultrafast IR experiments.38 The slower water dynam-
ics hinder the proton transfer process. Under hydration levels
of λ ∼ 3.5, HPTS cannot undergo complete orientational
diffusion indicating the hydrophilic region has dimensions
similar to the size of the probe molecule (∼1 nm).

The cationic probe R6G samples the water environment
near the sulfonate decorated interface in the Nafion channels.
R6G experiences a much more acidic environment than HPTS
due to the boundary layer formed by hydronium ions in the
negatively charged interfacial region. At the highest hydration
levels, the effective proton concentration felt by R6G is 1.4
M, which is nearly a factor of 3 higher than in the water
core. The orientational dynamics of R6G are unaltered as
the hydration is varied for λ ) 22 to 6, indicating the water
environment at the interface is fairly constant in this hydration
range. Below λ ) 5, there is an abrupt change in the
orientational motion of R6G as the water solvation layer
surrounding the molecule is eliminated, and R6G forms
contact ion pairs with the immobile sulfonate groups. The
value of λ where the transition in orientational dynamics for
R6G occurs is very near the point where a longtime offset
appears in the anisotropy decay of HPTS. The fact that total
orientational relaxation is obstructed at the same λ suggests
the two molecules inhabit a similar domain below λ ∼ 5.
The contact ion equilibrium observed for R6G agrees with
the behavior of simple alkali cations as shown by FT-IR
spectroscopy. As R6G comes in direct contact with the
sulfonate-sulfonic acid layer, the absorption spectrum shows
that R6G is completely in the protonated state, which
indicates a very acidic environment.

Proton transfer dynamics at the hydrophobic-hydrophilic
boundary are monitored with the neutral HPTA photoacid.
Orientational dynamics indicate HPTA is immobile at all
hydration levels on the time scale of the fluorescence lifetime.
The environment surrounding HPTA does however depend
upon the amount of water in the membrane, as demonstrated
by the fluorescence spectrum and lifetime kinetics. ESPT is
observable in the fluorescence spectrum only at the highest
water content. Both a high proton concentration and hindered
water dynamics reduce the amount of ESPT. The same
experiments in Na-Nafion show that proton transfer is
possible at the interface to a significant extent (42% of the
HPTA molecules undergoing ESPT at the highest hydration),
but the kinetics are dramatically slowed relative to bulk
conditions because of the restricted nature of water at the
interface.
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