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We report on the observation of a strong reorganization of the proton hydration structure in hydrated
Nafion membranes following single-quantum excitation of a proton vibration with ∼4 μm light pulses. The
reorganization takes place with a time constant of 170� 20 fs and leads to a strong red shift of the excited
proton vibration and the rise of new waterlike O–H stretch absorption bands. These observations can be
explained from a vibrational-excitation-induced change of the proton-hydration structure that involves
transfer of the proton charge. The results are consistent with recent quantum molecular dynamics
simulations of proton transfer in Nafion membranes.
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Light-induced chemical reactions are extremely wide-
spread and important. Examples are photosynthesis and the
formation of ozone. In most cases, the reaction is induced
by excitation of an electronic degree of freedom of the
molecule that leads to a weakening of one or more chemical
bonds. The triggering of a chemical reaction by excitation
of a molecular vibration is much less common and usually
requires multiquantum excitation to a highly excited vibra-
tional state [1–3].
Single-quantum vibrational excitation is usually not

sufficient to trigger a chemical reaction. However, for some
reactive systems, single-quantum vibrational excitation can
increase the rate of a particular reaction channel, as has been
demonstrated for bimolecular reactions between small
molecules and radicals in the gas phase [4,5]. In the
condensed phase, the triggering of a chemical reaction by
vibrational excitation is more complicated, as the intermo-
lecular interactions can lead to dissipation of the energy of
the excited vibration before the reaction can take place. Up to
now, the only example of such a condensed-phase reaction is
the cis-trans isomerization of nitrous acid (HONO) following
excitation of the O–H stretch vibration [6,7]. For this
infrared-driven (IR-driven) reaction to occur, the molecule
has to be embedded in a rare-gas matrix at low temperatures
to limit the intermolecular interactions that would lead to
dissipation.
Intermolecular interactions can also have a positive effect

in enabling a light-driven chemical reaction. The groups of
Ando and Hynes [8,9] predicted that the strong coupling
between an excited vibration and surrounding water mole-
cules can lead to proton transfer. They calculated that the
excitation of the H–F vibration of HF in water would lead to
transfer of a proton from HF to a neighboring water
molecule. Up to now this type of vibrational-excitation-
induced proton transfer has eluded experimental observation.
Here we find evidence for the activation of proton

transfer by single-quantum vibrational excitation in the

nanochannels of a hydrated Nafion membrane at room
temperature. Nafion is a sulfonated tetrafluoroethelyne
(Teflon)-based fluoropolymer and forms the most widely
used proton exchange membrane in hydrogen fuel cells
[10]. Nafion possesses hydrophilic sulfonated perfluoro-
vinyl side chains that form nanoscaled hydrophilic
domains. The counter cations of the negatively charged
sulfonate groups can be formed by protons, and in case the
Nafion is hydrated, meaning that the membrane channels
contain water molecules, the protons become mobile [11].
The introduction of protons leads to a broadband absorp-
tion between 1500 and 3100 cm−1 (see the Supplemental
Material [12], which includes Refs [13,14]). Recent
quantum molecular dynamics simulations of Nafion
employing the self-consistent multistate empirical valence
bond method showed that the hydrated proton in Nafion
acquires similar proton hydration structures as in liquid
water; i.e., the proton can be hydrated in an Eigenlike
structure or in a Zundellike structure [15–17]. The Eigen
hydration structure is formed by an H3Oþ ion of which the
three O–H groups are strongly hydrogen bonded to three
neighboring oxygen atoms, thus forming an H9O

þ
4 struc-

ture. In the Zundel structure, the proton is flanked by two
water molecules, thus forming an H5O

þ
2 structure. The

quantum molecular dynamics simulations show that the
proton hydration structure is Zundellike in the first hydra-
tion shell of the sulfonate counterion and Eigenlike at larger
distances from this ion [15,16].
We study the properties of water molecules and protons in

hydrated nafion nanochannels using polarization-resolved
femtosecond vibrational spectroscopy employing independ-
ently tunable excitation and detection pulses. The central
frequency νexc of the excitation pulse is tuned from 2850 to
3700 cm−1, and the detection frequency νdet is tuned from
1500 to 3700 cm−1. We use a relatively narrow-band
excitation pulse (with a bandwidth of ∼110 cm−1) to ensure
the selective excitation of molecular vibrations of water
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molecules or particular proton hydration structures. In the
experiment, we monitor the excitation-induced absorption
changes Δα and the anisotropic R of Δα as a function of the
central excitation frequency, the detection frequency, and the
time delay between the excitation and the detection pulses.
Figure 1 shows two-dimensional infrared (2D-IR) spec-

tra of hydrated Nafion nanochannels for four different time
delays between the excitation and the detection pulses. For
νexc ¼ 3500 cm−1, νdet ¼ 3500 cm−1 we observe a bleach-
ing signal of the fundamental v ¼ 0 → 1 absorption of the
water O–H stretch vibrations. The induced absorption
signal observed for νexc ¼ 3500 cm−1, νdet ¼ 3300 cm−1

results from the v ¼ 1 → 2 excited-state absorption of the
water O–H stretch vibrations. The 2D-spectra at different
time delays illustrate that the excited water O–H stretch
vibrations decay relatively slowly, much slower than the
O–H stretch vibrations of bulk H2O for which T1 is
∼250 fs [18]. This finding agrees with the results of a
study of the vibrational relaxation of isotopically diluted
water in nafion membranes [19].

For νexc ¼ 2900 cm−1, νdet ¼ 2900 cm−1 a broad
bleaching signal is observed. We assign this bleaching
signal to the excitation of an O–H vibration of the hydro-
nium H3Oþ core of an Eigen proton hydration structure
[13,20–22]. The Eigen structures are dynamically distorted,
thus leading to a very broad response around 2600 cm−1.
The 2D spectra also show clear cross-peak signals: the
excitation of the proton vibration with νexc ¼ 2900 cm−1

leads to a signal at νdet > 3250 cm−1. By taking a cut of the
2D spectrum at a particular excitation frequency, we obtain
a transient spectrum. The lower panel of Fig. 1 shows
transient spectra at five different delay times for
νexc ¼ 2900 cm−1. The transient spectra show a bleaching
signal for νdet between 2500 and 3100 cm−1 and induced
absorption signals at νdet¼3270cm−1 and νdet¼3520cm−1.
These latter signals constitute the cross-peak signal in the
2D-IR spectra shown in the upper panel of Fig. 1.
For a complex molecular system like hydrated Nafion,

the observation of cross-peaks can have different origins.
One of these origins is vibrational coupling, implying that
the excitation of a vibration of the system induces a change
in frequency of other nearby vibrations. In this case, the
cross-peak signal should have the same dynamics as the
excited vibration [23]. However, in the left panel of Fig. 2,
it is seen that the induced absorption signal at νdet ¼
3270 cm−1 rises with a delay of ∼200 fs with respect to the
excitation, thus ruling out vibrational coupling as its origin.
Another potential origin of the cross-peak signal is a

heating effect. The energy of the excited proton vibration is
eventually converted to heat which can lead to a breaking of
hydrogen bonds and a blueshift of the proton vibration to
frequencies > 3000 cm−1. To test this explanation, we
measured the anisotropy of the vibrational signals follow-
ing excitation of the proton vibration (right panel of Fig. 2).
The anisotropy at νdet ¼ 2900 cm−1 is initially positive
(∼0.3), while the anisotropy at νdet ¼ 3270 cm−1 is initially

∆α

FIG. 1 (color). (Upper panel) Isotropic 2D-IR spectra of a
Nafion membrane at a hydration level of three water molecules
per sulfonate group. The spectra show strong diagonal signals at
the water vibrations (∼3500 cm−1) and the Eigen proton vibra-
tions (∼2900 cm−1), and cross-peak signals between the proton
and the water vibrations. (Lower panel) Cuts at νexc ¼ 2900 cm−1

of 2D-IR spectra at different delay times. The induced absorption
bands at 3270 and 3520 cm−1 are also shown enlarged.
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FIG. 2 (color online). (Left panel) Normalized isotropic ab-
sorption changes as a function of delay at three different detection
frequencies after excitation with νexc ¼ 2900 cm−1. A positive
signal implies an induced absorption, a negative signal a
bleaching signal. The solid lines result from a fit to a four-level
kinetic model (described in the Supplemental Material [12]).
(Right panel) Anisotropy measured at two detection frequencies
after excitation with νexc ¼ 2900 cm−1.
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negative (∼–0.1). The induced absorption band at νdet ¼
3520 cm−1 shows the same initial negative anisotropy (not
shown). The initial negative anisotropy of the bands at
3270 cm−1 and 3520 cm−1 indicates that the associated
vibrational transition dipole moments are at a relatively
large angle with respect to that of the excited vibration. The
observation of an initial negative anisotropy rules out the
possibility that the induced absorption bands would be
generated by a heating effect because in this case, the
induced absorption bands would have zero anisotropy
(complete thermalization), or a positive anisotropy (in case
the heating would mainly affect the originally excited
vibration).
Cross-peak signals can also be caused by structural

relaxation and equilibration processes that lead to a change
of the character and frequencies of the excited and non-
excited vibrations [24]. We observe that the rise of the cross
peaks is accompanied by a strong red shift of the bleaching
signal of the excited proton vibration (top panel of Fig. 3).
This red shift points at a shortening and strengthening of
the hydrogen bond donated by the excited O–H stretch
vibration [25], implying a strong structural relaxation. We
find that the bleaching shifts much further than to the center
frequency of 2600 cm−1 of the absorption spectrum of the
Eigen proton vibration [20–22]. The strong red shift of
the bleaching indicates that the excited v ¼ 1 state of the
Eigen vibration evolves into an excited v ¼ 1 state of
an O � � �H � � �O Zundel vibration. This vibration has a
frequency of ∼1100 cm−1, much lower than the Eigen
vibration [20–22].
The rise of the cross peaks at νdet ¼ 3270 cm−1 and

νdet ¼ 3520 cm−1 can be well explained from the excita-
tion-induced structural relaxation from Eigen to Zundel.
When the excited O–H vibration in hydronium core of
Eigen complex evolves to a Zundel proton vibration, the
two other not excited O–H modes of the Eigen complex
will turn into higher frequency O–H stretch vibrations of
water molecules flanking the Zundel proton. The frequen-
cies of the O–H stretch vibrations of water molecules
flanking a proton in an H5O

þ
2 Zundel hydration structure

indeed correspond well to the frequencies of 3270 cm−1

and 3520 cm−1 of the cross peaks [20,21]. Furthermore, the
delay time at which the induced absorption bands of the
Zundel proton-hydration structure reach their maximum
(Fig. 2) is similar to the delay time at which the bleaching
below 2200 cm−1 reaches its maximum (top panel of
Fig. 3). Finally, these vibrations are at a quite large angle
with respect to the proton vibration, which agrees with the
initial negative value of the anisotropy of the cross-peak
signals.
In the middle panel of Fig. 3, we present a schematic

picture of the evolution from Eigen to Zundel and the
corresponding changes in vibrational frequencies. These
structures are based on the results of quantum molecular
dynamics simulations of Nafion [15–17].

Quantum molecular dynamics simulations showed that
proton transfer in liquid water involves a special pair dance
in which the central hydronium ion of the Eigen structure
can form a special pair with one of the three surrounding
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FIG. 3 (color). (Top panel) Isotropic transient absorption
spectra of a proton-terminated Nafion membrane at different
delay times at detection frequencies νdet ranging from 1800 to
3000 cm−1. The hydration level amounts to approximately three
water molecules per sulfonate group. The Nafion membrane is
excited with νexc ¼ 2900 cm−1. The spectral region between
2300 and 2450 cm−1 is missing because of the strong absorption
of Nafion in this frequency region. (Middle panel) Schematic
picture of the evolution from an Eigen proton hydration structure
to a Zundel hydration structure following excitation of one of the
proton vibrations of the Eigen structure. The vibrational frequen-
cies of the different modes of the hydration structures are
indicated. (Lower panel) The corresponding adiabatic change
in the shape of the vibrational potential of the proton.

PRL 112, 258301 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
27 JUNE 2014

258301-3



water molecules [26]. For this special pair, the hydrogen
bond is shorter than for the other two O–H groups of the
hydronium ion. Our observations indicate that the excita-
tion of an O–H stretch vibration of the H3Oþ core of an
Eigenlike cation leads to a contraction of the hydrogen
bond at this excited O–H group. As a result, the excited
O–H group and the water molecule to which this group is
hydrogen bonded become the special pair. The driving
force for contraction of the hydrogen bond is the lowering
of the energy of the excited state of the proton vibration.
Upon contraction of the hydrogen bond, the vibrational
potential changes from a strongly asymmetric and deep
potential to a symmetric and broad potential, as illustrated
in the lower panel of Fig. 3. The energy of the first excited
vibrational state is much lower in the symmetric potential
than in the original asymmetric potential. The change of the
vibrational potential is accompanied by a transfer of proton
charge from the nonexcited O–H groups of the original
H3Oþ ion to the vibrationally excited Zundel proton. This
scenario agrees with the mechanism of infrared activated
adiabatic proton transfer proposed by Hynes and others
[8,9]. After relaxation of the v ¼ 1 state in the Zundel
potential, the system will evolve back to an Eigen hydration
structure that can be the same as the one before the
excitation or that can be translated by one water molecule,
thus completing a successful proton-transfer reaction.
To determine the time constants of the transient spectral

changes we fitted the data shown in the left panel of Fig. 2
to a kinetic model (see the Supplemental Material [12]).
The fit results are represented by the solid curves in Fig. 2.
The bleaching signal at νdet ¼ 2900 cm−1 and the induced
absorption at νdet ¼ 1630 cm−1 show a pulse-width limited
rise (Fig. 2), which indicates that these signals are both due
to the direct excitation of the Eigen proton vibration. The
excitation of the v ¼ 1 state of the Eigen vibration not only
leads to a bleaching of the fundamental v ¼ 0 → 1 tran-
sition but also to a new absorption band starting from the
v ¼ 1 state corresponding to the v ¼ 1 → 2 transition. This
latter transition is very broad and at a much lower frequency
than the fundamental transition as a result of the anharmo-
nicity of the proton vibration. We thus assign the broad-
band absorption at early delays at frequencies νdet <
1850 cm−1 (Fig. 3) to the v ¼ 1 → 2 excited state absorp-
tion of the Eigen proton vibration, which implies that this
proton vibration possesses a very large anharmonicity. This
assignment agrees with previous calculations of the vibra-
tional levels of the hydrogen-bonded O-H � � �O system
based on the Lippincott-Schröder potential [27,28].
From the fit, we find that the Eigen-Zundel transfer and

the vibrational relaxation have time constants of 170�
20 fs and 350� 30 fs, respectively. The Eigen-Zundel
transfer leads to a decay of the stimulated emission
contribution to the bleaching signal at 2900 cm−1

(∼50% of the total bleaching signal), a decay of the v ¼
1 → 2 excited state absorption of the Eigen proton

vibration at 1630 cm−1, a rise of a bleaching signal at
frequencies < 2300 cm−1, and a rise of the induced
absorption signals at 3270 and 3520 cm−1. The vibrational
relaxation leads to a decay of the induced absorptions at
3270 and 3520 cm−1 and to a further decay of the bleaching
signal of the Eigen proton vibration (repletion of the ground
state). The vibrational relaxation eventually results in a
local heating effect that is associated with a small residual
change in absorption. This absorption change decays by
transfer of thermal energy to the Nafion backbone. We
model this final equilibration process as an exponential
decay process with a time constant of 1.3� 0.2 ps.
The anisotropy of the excited proton vibration at νdet ¼

2900 cm−1 and the induced absorption at νdet ¼
3270 cm−1 both relax to a value of ∼0.1 with a time
constant of 120� 30 fs (Fig. 2). This final value of the
anisotropy indicates that the excitation has randomized in
the plane of the central H3Oþ ion of the Eigen hydration
structure [29], meaning that the vibrational excitation is
delocalized over the three O–H groups of the central H3Oþ
ion. The hydrogen bonds between the central hydronium
ion and the three neighboring water molecules are con-
stantly fluctuating in length and strength. These fluctua-
tions modulate the frequencies of the three O–H vibrations
of the central hydronium ion, thereby enabling rapid energy
transfer between these vibrations. After the vibrational
excitation has become delocalized over the three O–H
vibrations, the excitation-induced formation of the special
pair can occur at each of the three O–H groups. As a result,
the anisotropy of both the bleaching and the induced
absorption signals become equal to 0.1. Only directly after
the excitation there is a preference for Eigen-Zundel
transfer along the O–H group that was initially excited,
leading to the initial negative anisotropy of the induced
absorption at νdet ¼ 3270 cm−1 and νdet ¼ 3520 cm−1.
For bulk liquid water, the excitation of the proton

vibration of the Eigen structure does not lead to proton
transfer, probably because the vibrational lifetime T1 of the
proton vibration in bulk water is only 110� 20 fs [30]. In
the Nafion nanochannels, proton transfer can occur within
the lifetime because the proton vibration has a relatively
long T1 of 350� 30 fs. This favorable comparison of the
time scales of proton transfer and vibrational relaxation
finds its origin in the molecular structure of the hydrated
Nafion nanochannel. Recent quantum molecular dynamics
simulations showed that in Nafion nanochannels the proton
diffusion via Grotthuss conduction is anticorrelated to the
diffusion via thermal motions of the proton hydration
structures (vehicular diffusion) [15–17], as a result of the
strong association of the hydrated protons with the
sulfonate counter ions and the reduced dimensionality of
the water network in which the diffusion takes place. The
strong association with sulfonate can be the origin of the
relatively slow vibrational relaxation of the excited proton
vibration. A similar slowing down has been observed for
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the hydroxyl vibrations of water molecules bound to
sulfonate [31]. The limited extension of the water network
in the Nafion nanochannel may also play a role. This
network can show a strong intermolecular coupling in one
direction, thereby enabling excitation induced proton
transfer, while showing little intermolecular coupling in
other directions, thus making the vibrational relaxation
relatively slow.
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