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Abstract

We study the vibrational dynamics of the bending mode at 1730 cm−1 of proton hydration structures in

Nafion membranes with polarization-resolved infrared (IR) pump-probe spectroscopy. The bending mode

relaxes to an intermediate state with a time constant T1 of 170±30 fs. Subsequently, the dissipated energy

equilibrates with Teq of 1.5±0.2 ps. The transient absorption signals show a long-living anisotropy, which

indicates that for part of the excited proton hydration clusters the vibrational energy dissipation results in a

local structural change, e.g. the breaking of a local hydrogen bond. This structural relaxation relaxes with a

time constant of 38±4 ps.
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I. INTRODUCTION

Over the last decades there has been extensive theoretical and experimental research on the

nature of excess protons in aqueous systems [1–9]. Protons show an extremely highly mobility in

aqueous media, which has been explained from special transport mechanisms in which the charge

of the proton is transferred between adjacent water molecules. With ab initio molecular dynamics

simulations it was found that proton transfer in bulk liquid water involves the structural inter-

conversion of proton hydration structures.[10–12]. The two limiting forms of these clusters are the

Eigen hydration structure (H9O4
+), that is formed by a central hydronium (H3O+) ion surrounded

by three water molecules accepting hydrogen bonds from the O–H groups of the hydronium ion

[13], and the Zundel hydration structure (H5O2
+), in which the proton is flanked by two water

molecules [14].

Hydrated Nafion membranes constitute a very special medium for protons to be transferred.

Nafion is widely used as a proton conducting membrane in hydrogen fuel cells. The chemical

structure of Nafion is formed by a hydrophobic Teflon-like backbone containing hydrophilic ionic

side groups. The structure of Nafion membranes on the nanometer scale has been intensely studied

over the last decades [15–17]. It has been shown that hydrated Nafion likely consists of cylindrical

inverted micelles, thus forming parallel water-filled nano-channels with a diameter of ∼4 nm [17].

The structure of the Nafion membrane is schematically depicted in Fig. 1.

The ability of Nafion to conduct protons strongly depends on the level of hydration of the

membrane.[18, 19]. Only above a certain degree of hydration the membranes become proton

conducting. The mechanism of proton conduction in Nafion membranes has been studied with

advanced ab initio molecular dynamics simulations.[20–23] With these simulations it was found

that protons in Nafion predominantly form Eigen-like hydration structures, except for the first hy-

dration shell of the Nafion sulfonate groups, where the proton-hydration structure is more Zundel-

like.[20, 21] The simulations showed that proton transfer in hydrated nafion can involve both

particle diffusion, i.e. Stokes diffusion of charged hydrated structures and Grotthuss conduction,

the latter process. becoming increasingly important with increasing hydration level.

Recently, we studied the structural dynamics of proton hydration structures in Nafion mem-

branes at low hydration levels with two-color femtosecond mid-infrared spectroscopy of the O–H

stretch vibrations of the proton-hydration clusters. We observed that the excitation of the stretch

vibration of the proton triggers a structural reorganization that involves a partial transfer of the
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FIG. 1: Schematic picture of Nafion membrane nanochannels in cross-section. Nafion consists of teflon-like

polymer backbones (represents as black spheres) with polar headgroups that contain negative SO3
− (sul-

fonate) groups and positive counter-ions (H3O+ or Na+). The zoom-in represents the molecular structure

of the polar headgroup with H3O+ as the counter-ion and three H2O molecules per sulfonate group. The

colors indicate different types of atoms: oxygen is red, carbon is black, fluorine is purple, sulphur is yellow

and hydrogen is grey.

proton charge.[24, 25] Here we report on a study of the vibrational and structural relaxation dy-

namics following excitation of the ∼1730 cm−1 bending vibrations of proton-hydration clusters in

Nafion.

II. EXPERIMENT

We generate mid-infrared pulses near ∼1730 cm−1 using a white-light seeded high-energy op-

tical parametric amplifier (OPA, Light Conversion HE-TOPAS) that is pumped by the pulses (800

nm, 40 femtoseconds, 4.5 mJ) delivered by a commercial Titanium:Sapphire amplifier (Coherent

Legend Elite Duo) at a repetition rate of 1 kHz. The generated mid-infrared pulses have a cen-

tral wavelength of 5.8 µm (1730 cm−1), a pulse energy of ∼20 µJ, a duration of ∼100 fs, and a

bandwidth of ∼300 cm−1. The pulses are not bandwidth limited meaning that they possess a sig-
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nificant phase modulation. We verified that this phase modulation does not correspond to a linear

frequency chirp. We measured the cross-correlation of the excitation and the detection pulse using

two-photon absorption in InAs. The width of the cross-correlation trace is ∼140 fs.

The mid-infrared beam is split into three parts with wedged CaF2-windows. The reflections

(∼4%) of the mid-infrared pulses are used as probe and reference pulses. The transmitted infrared

beam is used as the excitation pulse. The probe is sent over a motorized delay-stage and used to

monitor the transient absorption changes as a function of time delay between excitation and probe

pulses. The excitation beam is modulated at 500 Hz by means of a mechanical chopper, to record

the excitation-induced absorption changes ∆α. The reference pulse is used to perform a pulse-to-

pulse normalization of the intensity of the probe pulse. A rotatable wire-grid polarizer is placed

behind the sample cell to select components of the probe pulses that are polarized either parallel or

perpendicular with respect to the polarization of the pump pulses. The probe and reference beams

are sent into an imaging spectrograph (Lot Oriel), and imaged on a 2x32 pixel mercury cadmium

telluride (MCT) infrared detector (Infrared Associates). The transient absorption changes obtained

under parallel (∆α∥(ω, t)) and perpendicular (∆α⊥(ω, t)) polarization of the pump and probe

pulses are used to construct the isotropic signal ∆α(w, t)iso

∆αiso(t) =
∆α∥(t) + 2 ·∆α⊥(t)

3
(1)

and the anisotropy parameter R(t)

R(t) =
∆α∥(t)−∆α⊥(t)

∆α∥(t) + 2 ·∆α⊥(t)
(2)

The isotropic signal is unaffected by the reorientation of the transition dipole moment of the 1730

cm−1 mode and gives information on the decay of the excited vibration states and the subsequent

thermalization dynamics. The anisotropy parameter R(t) represents the dynamics of the depolar-

ization of the excitation. To avoid direct excitation of the H2O bending mode in the sample, we

placed a water (H2O) filter in the optical path of the excitation beam. This water filter is formed

by a water layer between two CaF2 windows separated by a 4 µm Teflon spacer. This filter shows

an absorption of 1.5 OD at the absorption maximum of the bending mode of H2O at 1650 cm−1.

We obtained Nafion membranes with a thickness of 50 µm thickness from Alpha Aesar. The

membranes were boiled for one hour in a 3% H2O2 solution to remove organic contamination,

for one hour in deionized water, and finally for one hour in a 1 M solution of a mixture of HCl
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FIG. 2: Linear spectra of proton-terminated (red line) and sodium-terminated (black line) Nafion mem-

branes of 50 µm thickness. The hydration level of both samples corresponds to ∼4 water molecules per

sulfonate group (λ = 4). The spectrum of sodium-terminated Nafion membrane has been scaled for clarity.

and NaCl where the HCl/NaCl determines the obtained [H+]:[Na+] cation ratio. Following this

treatment, the membranes were rinsed with deionized water [26, 27]. The purified Nafion mem-

branes were subsequently exposed to a saturated aqueous solution of LiBr at room temperature

for one week, thus establishing the hydration level of the Nafion membrane with high accuracy.

The hydration level of Nafion membrane under the aforementioned conditions corresponds to a

ratio λ (=[H2O]:[-SO−
3 ]) of approximately four water molecules per sulfonate group.

In the experiments with [H+]:[Na+]=1:0 and 0.75:0.25 we used a single 50 µm Nafion mem-

brane, and in the experiments with [H+]:[Na+]=0.67:0.33 and [H+]:[Na+]=0.5:0.5 we used two

stacked 50 µm Nafion membranes. The sample cell chamber was mounted on a rotating stage to

avoid sample degradation during the IR pump-probe experiments.

III. RESULTS AND DISCUSSION

A. Linear Spectra

In Fig. 2 we present the linear infrared absorption spectra of 50 µm-thick proton-terminated

([H+]:[Na+] = 1:0) and sodium-terminated ([H+]:[Na+] = 0:1) Nafion membranes. The absorp-

tion spectrum of the sodium-terminated Nafion membrane shows a narrow absorption band with

a resonance frequency of ∼1630 cm−1. This band can be assigned to the bending mode of water
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FIG. 3: Transient absorption spectra of proton-terminated Nafion membranes (thickness 50 µm), hydrated

with H2O ([H+]:[Na+] = 1:0) at different delays after excitation of the bending mode at ∼1730 cm−1.

molecules that are hydrogen bonded to other water molecules. The absorption band is red shifted

by ∼20 cm−1 relative to the H2O bending mode in bulk water because the hydrogen bonding inter-

actions between water molecules and the sulfonate groups of Nafion, and among water molecules

in small water clusters, are weaker than the hydrogen bonding interactions in bulk water. The in-

frared absorption spectrum of proton-terminated Nafion membranes exhibits a broad and intense

absorption band centered at 1730 cm−1. This band has been assigned to the bending modes of

Eigen and Zundel proton hydration structures [5, 28–30]. For the Eigen structure this band is as-

sociated with the degenerate symmetric and antisymmetric bending modes of the hydronium core

of the Eigen structure, for the Zundel structure the 1730 cm−1 band results from the bending vi-

brations of the water molecules flanking the Zundel proton, coupled to the central Zundel proton

(O· · ·H+ · · ·O) vibration [4, 5, 28–30]. The red side of the 1730 cm−1 band exhibits a small, but

significant shoulder at ∼1630 cm−1, which we assign to the bending mode of water molecules that

are not strongly involved in the hydration of the proton, e.g. to water molecules that are located in

the outer hydration shells of the proton, and to water molecules that are located in the hydrophobic

pockets of the Nafion membrane.

B. Vibrational Relaxation

Fig. 3 presents isotropic transient absorption changes following excitation of the 1730 cm−1

mode in proton-terminated Nafion membranes ([H+]:[Na+] = 1:0) at different delay times. At
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short delay times, the transient absorption spectra show a negative (bleaching) signal centered

at 1730 cm−1 and a positive, induced absorption signal at frequencies below 1680 cm−1. The

bleaching signal results from the depletion of the ground state (υ= 0→1 transition) and stimulated

emission from the first excited state (υ= 1→0). The induced absorption at lower frequencies (1530

cm−1 to 1650 cm−1) is due to υ= 1→2 absorption of the excited proton hydration structures. The

absorption changes decay due to vibrational relaxation of the excited υ=1 state. The shape of the

transient absorption spectrum hardly changes with delay time, which indicates that the bending

modes show little spectral diffusion, in agreement with the results of a recent study of the dynamics

of protonated bulk water by the Tokmakoff group [9]. In this study the bending vibrations of

the water molecules and the proton hydration structures are observed to show very little spectral

diffusion, whereas the O–H stretch vibrations show strong spectral diffusion.

The induced absorption signal shows a dip at ∼1620 cm−1, indicative of the presence of a

weak bleaching signal at this frequency (Fig. 3). The frequency of 1620 cm−1 matches well with

frequency of the bending mode of H2O (∼1630 cm−1) [31–33]. If the feature at 1620 cm−1 would

be caused by coupling between the excited bending mode at 1730 cm−1 and the bending mode of

nearby H2O molecules, its relaxation dynamics would closely follow the dynamics of the excited

1730 cm−1 band. However, the bleaching at 1620 cm−1 decays much more slowly than the 1730

cm−1 excitation, which means that this feature most likely results from the residual excitation of

the bending mode of H2O molecules present in the sample. This implies that the H2O filter in the

beam of the excitation pulse does not completely prevent the direct excitation of the bending mode

of H2O.

In Fig. 4 we present the isotropic transient absorption change as a function of the delay time

between pump and probe for two different probe frequencies. The induced absorption (υ= 1→2)

exhibits a fast decay with a time constant of ∼200 fs. The dynamics of the bleaching signal are

much slower. This difference in the dynamics of the bleaching and induced absorption signals

indicates that the excited 1730 cm−1 mode relaxes to an intermediate state (leading to a rapid

decay of the υ= 1→2 induced absorption signal). This intermediate state likely corresponds to

a local hot state resulting from the local dissipation of energy. The intermediate state relaxes by

transferring the excess energy to the surroundings, i.e. the Nafion membrane. This relaxation is

much slower and leads to a slow decay of the υ= 0→1 bleaching signal.

The transient spectrum at delay times >10 ps mainly results from the increase of the temper-

ature of the sample following the thermalization of the energy of the vibrational excitation. An
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FIG. 4: Transient absorption changes of a proton-terminated Nafion membrane of 50 µm-thickness as a

function of pump-probe delay time. The blue circles represent the absorption change at the central frequency

of the bleaching signal at 1730 cm−1. The red diamonds show the absorption change in the spectral region

of the induced absorption at 1550 cm−1. The black curves represent fits to the kinetic model described in

the text.
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FIG. 5: Spectral components obtained from fitting the kinetic model described in the text to the transient ab-

sorption (∆αiso) data. The kinetic model is schematically depicted in the inset. The red curve indicates the

spectrum of the transient absorption change associated with the excitation of the υ=1 state of the 1730 cm−1

bending mode. The green and blue curves represent the transient absorption spectra of the intermediate and

the final equilibrated thermal states, respectively.
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increase in temperature weakens the hydrogen bonds and leads to a shift of the absorption spec-

trum of the 1730 cm−1 mode to lower frequencies. This shift leads to an increased absorption

(positive ∆α) in the lower frequency region <1670 cm−1 and a bleaching signal (negative ∆α) in

the higher frequency region >1670 cm−1 [32, 34].

We describe the isotropic transient absorption changes with a kinetic model illustrated in the

inset of Fig. 5. The states denoted as 0 and 1 correspond to the vibrational ground state (υ =

0) and the first excited state (υ = 1) of the 1730 cm−1 mode, respectively. State 1 relaxes to

the intermediate state 0∗ with time constant T1, and the intermediate state 0∗ relaxes to the final,

thermally equilibrated state 0∗∗ with time constant Teq. The coupled rate equations of this kinetic

model are:

dn1

dt
= −n1

T1

(3)

dn0∗

dt
=

n1

T1

− n0∗

Teq

dn0∗∗

dt
=

n0∗

Teq

Here, n1, n0∗ and n0∗∗ denote the populations of the states indicated by the subscript. Following

the recent study by the Tokmakoff group on the dynamics of protonated bulk water [9], we take

the spectral shapes of the states independent of the delay time (no spectral diffusion), meaning

that only their amplitudes change with delay time. The total isotropic transient absorption change

∆α(ν)iso is thus given by:

∆α(ν, t) = S1(ν)n1(t) + S0∗(ν)n0∗(t) + S0∗∗(ν)n0∗∗(t), (4)

where S1 = σ1 − 2σ0, S0∗ = σ0∗ − σ0 and S0∗∗ = σ0∗∗ − σ0 denote the difference spectra σi

of each of the three states indicated by the subscript i, and the ground-state absorption spectrum

σ0. For the differential spectrum S1 the ground-state absorption spectrum σ0 enters with a factor

2, because the population of state 1 with population n1 leads to a bleaching of the v = 0 → 1

ground-state absorption (equal to −n1σ0), and to v = 1 → 0 stimulated emission (also equal to

−n1σ0).

We fit the isotropic transient absorption changes by solving the rate-equations (3) in a least-

square minimization routine. The transient spectra and delay-time curves resulting from the fit are

shown as black solid lines in Fig. 3 and Fig. 4. From the fit we obtain value for T1 of 170±30 fs,
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and for Teq of 1.5±0.2 ps. The T1 value of 170±30 fs of the 1730 cm−1 mode is shorter than the

T1 value of 400 fs of the bending mode of H2O molecules in a mixture of HDO and D2O [33],

and is similar to the vibrational lifetime of 170 fs that has been measured for the bending mode of

H2O molecules in pure liquid H2O[37].

The difference spectra S1, S0∗ and S0∗∗ obtained from the fit, are shown in Fig. 5. S1 shows the

bleaching of the υ= 0→1 absorption at ν > 1670 cm−1 and the induced υ= 1→2 absorption at ν <

1670 cm−1. S1 also shows a small dip in the induced absorption at ∼1620 cm−1 that results from

the excitation of the bending vibration of H2O. In the fitting we did not include this excitation as a

separate excited state because it is very weak. The intermediate state with difference spectrum S0∗

shows a strong bleaching signal at at ν > 1650 cm−1, and a weak induced absorption at ν < 1650

cm−1. These spectral changes indicate a strong bleaching and a small redshift of the absorption

band at ∼1730 cm−1, which shows that state 0+ represents a locally hot state that results from

the local dissipation of the energy of the vibrational excitation. The final difference spectrum S0∗∗

represents the effect of the thermalization of the excitation energy over the focus of the excitation

pulse. S0∗∗ has a similar shape as S0∗ , but with a smaller amplitude. This smaller amplitude shows

that the dissipated energy has been largely transferred to the surrounding Nafion membrane, thus

decreasing the effect on the absorption spectrum of the bending vibrations of the proton-hydration

clusters.

Recently, two femtosecond mid-infrared studies of the vibrational dynamics of proton-

hydration clusters in acetonitrile have been reported [35, 36]. In one of these studies the relax-

ation following excitation of the bending mode at 1740 cm−1 was investigated [36]. Similar to

the present results, it was observed that this excitation leads to an induced υ= 1→2 absorption

signal near 1600 cm−1 that decays much faster than the υ=0→1 bleaching signal at 1740 cm−1.

This observation was also explained from a two-step relaxation process, in which the first step is

formed by the rapid relaxation of the excited bending mode leading to a strong local heating effect,

and the second step is formed by a much slower thermal equilibration process. The time constant

of the vibrational relaxation was found to be <60 fs, which is significantly shorter than the time

constant T1 of 170±30 fs we observe here for the bending mode of proton-hydration clusters in

Nafion. A similar difference in relaxation time constant has been observed for the O–H stretch

vibration of proton-hydration clusters in acetonitrile and Nafion. The O–H stretch vibration of

proton-hydration clusters in acetonitrile decays with a time constant <100 fs [35, 36], whereas the

O–H stretch vibration of proton-hydration clusters in Nafion decays with a time constant of ∼400
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FIG. 6: (a) Anisotropy of the transient absorption signal (averaged from 1700 cm−1 to 1750 cm−1) of the

1730 cm−1 bending mode as a function of delay time. The cation ratios ([H+]:[Na+]) of the Nafion samples

are indicated in the legend. The solid curves are obtained from a bi-exponential fit to the data. (b) Zoom-in

of the early component of the anisotropy dynamics shown in panel (a).

fs, depending on the hydration level [24, 25].

C. Anisotropy Dynamics

In Fig. 6 we present the anisotropy decay of the 1730 cm−1 mode in a proton-terminated Nafion

membrane, averaged over the frequency interval between 1700 cm−1 and 1750 cm−1, for four

different H+:Na+ ratios. Fig. 6b shows a zoom-in of the data of Fig. 6a measured at the two

highest H+:Na+ ratios. The anisotropy exhibits a fast partial decay to a value of 0.15 at ∼2.5 ps.

This partial decay is followed by a re-rise of the anisotropy, which reaches a maximum at a delay

time of ∼8-10 ps (Fig. 6a). After this maximum the anisotropy decays slowly on a time scale of

tens of picoseconds.

The decay of the anisotropy has a time constant of 350±30 fs, independent of the [H+]:[Na+]

cation ratio. This time constant is longer than the T1 time constant of the excited bending mode

vibration, which implies that the decay of the anisotropy mainly occurs within the local interme-

diate state 0∗, and that this state is initially highly anisotropic. This indicates that the vibrational

relaxation involves a highly localized dissipation of energy, corresponding to a strong local heating

effect that mainly affects the originally excited bending vibration. This heating effect can be asso-

ciated with a weakening or even a breaking of the hydrogen bonds of the cluster. The decay of the

anisotropy can be attributed to a redistribution of the local heat over the low-frequency modes of
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the excited proton-hydration cluster. Due to this redistribution, other bending modes that were not

directly excited will also be affected in their absorption spectrum. As these other bending modes

will have different orientations, the redistribution of heat over the cluster will lead to a partial

decay of the anisotropy. This redistribution does not lead to a complete decay of the anisotropy

as the hydrated clusters in the channels of the Nafion membrane are small, containing ∼4 water

molecules. Hence these clusters contain only a limited number of O–H stretch and bending vi-

brations, and the transition dipole moments of these vibrations will not be equally distributed over

all spatial directions. For instance, if a cluster consists of a planar Zundel or Eigen structure, the

bending mode transition dipole moments will be oriented in the plane of the structure, and there

will be no bending-mode transition dipole moment pointing perpendicular to this plane. Hence,

the effect of heating on the absorption spectrum of the bending modes will be anisotropic, as long

as the heating effect remains restricted to the originally excited proton-hydration cluster.

Fig. 6 shows that for longer delays the anisotropy remains nonzero, and even shows a re-

rise. This re-rise occurs with a time constant that is equal to the time constant of ∼1.5 ps of

the relaxation of the local intermediate state 0∗ to the final state 0∗∗. This observation indicates

that the diffusion of heat from the region of the excited proton-hydration cluster to the surrounding

Nafion membrane, leads to a relative increase of an anisotropic signal component. The observation

of a re-rise also means that this anisotropic signal component must be long-living. Such a long-

living, anisotropic signal component may be due to the breaking of a hydrogen bond of the proton-

hydration cluster, for instance the hydrogen bond formed between an -SO3
− group of Nafion and

an H2O molecule of the proton hydration structure. Such a structural change leads to a change of

the vibrational spectrum of the originally excited proton hydration cluster, and can be long-living

as the dissociated fragments will diffuse apart. For hydrogen-bonded clusters such as methanol and

ethanol oligomers dissolved in CCl4,[38, 39] and for hydrated protons dissolved in acetonitrile,[35]

it has been observed that it take a relatively long time (10-100 ps) for a broken hydrogen bond to

reform.

From the above interpretation it follows that the transient spectrum S0∗ represents the effect

of local heating of the proton-clusters that includes a structural change for part of the clusters

(e.g.. the breaking of a hydrogen bond), whereas S0∗∗ represents the effect of global heating plus

the same, persistent local structural change. For a [H+]:[Na+] cation ratio of 1:0, the anisotropy

reaches a maximum intermediate value of ∼0.2 (red circles), as shown in Fig. 6. This value

indicates that ∼50% of S0∗∗ can be assigned to an isotropic global heating effect and ∼50% of

12
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FIG. 7: Normalized difference between the transient absorption changes at 1730 cm−1 measured with

parallel and perpendicular polarization configurations of the pump and probe pulses (∆α∥ − ∆α⊥), as a

function of delay time, for delay times >10 ps.

S0∗∗ to an anisotropic signal associated with the local structural change. The amplitude of S0∗ is

approximately 5 times larger than the amplitude of S0∗∗ , as shown in Fig. 5. Assuming that the

local structural change has the same signal contribution to S0∗ and S0∗∗ , it thus follows that the

local structural change would constitute ∼10% of the S0∗ signal. The branching of the final energy

dissipation between heating and structural change (e.g. the breaking of a hydrogen bond) would

thus be approximately 10:1.

In Fig. 6 it is seen that the maximum amplitude of the anisotropy depends on the [H+]:[Na+]

cation ratio. For the lowest cation ratio of [H+]:[Na+]=0.5:0.5, the anisotropy exhibits an interme-

diate rise up to ∼0.4. This higher amplitude can be explained from the relative contributions of the

global heating and the structural change to the transient absorption spectrum S0∗∗ , and the depen-

dence of these contributions on the cation ratio. The structural change is a local effect, restricted to

the proton-hydration cluster that was originally excited. Hence, the strength of this signal depends

on the total number of proton-hydration clusters present, but not on their relative contribution to

the total amount of cations. In contrast, the energy dissipation associated with the global heating

effect is shared by the whole Nafion membrane sample. Hence, the temperature increase that re-

sults from the global heating effect will become smaller with decreasing [H+]:[Na+] cation ratio.

As a result, the anisotropic signal contribution of the local structural change will become rela-

tively more important with decreasing [H+]:[Na+] cation ration, thus yielding a larger maximum

anisotropy value.

In Fig. 7 the difference of the transient absorption changes at 1730 cm−1 measured with par-
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allel and perpendicular polarization configurations (∆α∥(t) −∆α⊥(t)) is presented as a function

of delay time for four different proton concentrations ([H+]:[Na+] ratios) for delay times >10

ps. In this delay time range, the difference signal ∆α∥(t) − ∆α⊥(t) shows the same dynamics

as the anisotropy parameter, because the isotropic signal is constant for delay times >10 ps. The

observed dynamics are quite similar at all concentrations and correspond to a decay with a time

constant τ2=38±4 ps that is the same for all proton concentrations, which indicates that the ob-

served relaxation of the anisotropy is a local process occurring within the excited proton hydration

cluster. We assign the slow process with a time constant of 38±4 ps to a local restructuring of

the proton hydration clusters, leading to a randomization of the transition dipole moments of the

bending vibrations of these clusters.

IV. CONCLUSIONS

We investigated the vibrational and structural dynamics of proton hydration clusters in hydrated

Nafion membranes following excitation of the bending mode at 1730 cm−1 with polarization-

resolved mid-infrared pump-probe spectroscopy. We find that a large fraction of the excited bend-

ing modes first relaxes to an intermediate state with a time constant of T1 of 170±30 fs. This

intermediate state mainly represents a strong local heating effect of the excited proton hydration

cluster. Subsequently the heated proton hydration cluster cools with a time constant Teq of 1.5±0.2

ps by transferring its excess thermal energy to the Nafion membrane and to proton hydration clus-

ters that were not excited.

The transient absorption signals show an anisotropy that decays with a time constant of 350±30

fs followed by a re-rise with a time constant of ∼1.5 ps, similar to Teq. The decay can be attributed

to the redistribution of heat over the excited proton-hydration cluster. The re-rise of the anisotropy

indicates the presence of a long-living anisotropic signal component to the transient absorption

signal that relatively increases when the proton-hydration clusters cool. The presence of this long-

living anisotropy component indicates that for a small fraction (∼10%) of the excited bending

modes the vibrational relaxation results in a structural change of the proton hydration cluster, e.g.

the breaking of a local hydrogen bond. The anisotropy of the absorption signal associated with this

structural change relaxes with a time constant τ2 of 38±4 ps, probably as a result of the structural

reorganization of the proton-hydration clusters.
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