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The excess proton H+ plays a central role for fundamental
chemical and biochemical processes occurring in both homo-
geneous and inhomogeneous aqueous environments, such as
proton transport in bulk water,[1] hydrogen-fuel cells,[2] acid–
base reactions,[3] and proton pumping through membrane
proteins.[4] The latter is an archetypical example for processes
occurring in biological environments, where the proton is
solvated and transferred in partially aqueous environments
that are much less polar than bulk water. Amongst such
environments are reactive sites of enzymes, proton channels
and the surface area of proteins. These biological environ-
ments are poorly represented by model systems in bulk water.
Solvent systems composed of small amounts of water
dissolved in polar aprotic solvents of mild basicity, such as
dioxane or acetonitrile, represent an appealing alternative.

In the gas phase two distinctive structures of the hydrated
excess proton, the Zundel and the Eigen cation, have been
identified by spectroscopy of water clusters.[5] The Zundel
cation H5O2

+[6] consists of two water molecules linked by
a strong hydrogen bond through the central H+ (Figure 1 a).[7]

The O···O distance of approximately 0.24 nm is substantially
smaller than the hydrogen bond length of 0.28 nm in bulk
liquid water.[8] The Eigen cation H9O4

+,[9] that is, H3O
+(H2O)3

consists of a central hydronium H3O
+ forming three equiv-

alent hydrogen bonds of a length of 0.28 nm with the nearest
neighbor water molecules. In liquid water, both species are
expected to interconvert through intermolecular proton

transfer on a time scale shorter than a few picoseconds.
According to ab initio or empirical valence bond molecular
dynamics calculations, this complex solvation interconversion
plays a key role for proton hopping between neighboring
water molecules, the well-known von Grotthuss mecha-
nism.[1, 10]

The dynamical structural heterogeneity of the excess
protons on ultrafast time scales represents a major exper-
imental and theoretical challenge.[10–13] Femtosecond infrared
spectroscopy has the potential to map the fluctuating
solvation patterns of the hydrated protons in real-time,
requiring a link of vibrational bands with specific structural
features. However, the most prominent spectroscopic hall-
mark of solution-phase excess protons, the broad and
unstructured infrared absorption bands (“continua”)[14]

between 1000 and 3000 cm¢1, has remained controversial
and their origin unclear.

To overcome such problems, we study liquid solutions in
which the Zundel cation represents the by far dominating
species[15] and apply femtosecond two-color pump-probe
spectroscopy in the spectral range from 1500 to 4000 cm¢1

to discern different contributions to the vibrational response.
Below we use the term “Zundel cation” to describe the
solvated H5O2

+ grouping. Zundel cations were prepared in
a 0.26m HClO4/ 0.88m H2O solution in acetonitrile
(CD3CN).[15] Acetonitrile was chosen as the medium for the
protonated water solvates because of its high polarity and its
ability to mix in any proportion with water. Neat acetonitrile
is polar enough to support partial ionic dissociation of strong
electrolytes and strong mineral acids such as HClO4 and
CF3SO3H. In presence of water the proton resides exclusively
in the aqueous portion of the solvent mixture and the acid
dissociation becomes complete.[16] One may tune the size of
the protonated water solvates formed by acid dissociation by
controlling the water-to-acid molar ratio in acetonitrile. Most
importantly, by use of acetonitrile, we can maintain a large
population of H5O2

+ in a local minimum formed by the
solvent cage, with exchange between different hydrated
proton solvates occurring on time scales much longer than
those dictating the vibrational transition line shapes. With this
approach we circumvent the complicating matter of poten-
tially different hydrated proton species due to proton trans-
port and ultrafast fluctuations in the structure of the extended
hydrogen-bond network in aqueous solution. Using “Zundel
cation” as a dedication to Georg ZundelÏs pioneering
work,[8,14] we understand that H5O2

+ in acetonitrile will not
be strictly symmetric at all times, but has a fluxional degree in
its structure.[17]

For our purposes, H5O2
+ is formed by hydrating the H+

from the fully dissociated HClO4 with two water molecules
while the ClO4

¢ counter anion is completely separated from
the proton and fully solvated by acetonitrile (Figure 1a). The
remaining water exists mainly in form of monomers while the
concentration of H3O

+ is less than 10% of H5O2
+ (see the

Supporting Information). In Figure 1b, the linear absorption
spectrum of H5O2

+ (red line) is shown, after subtraction of the
solvent background (gray line). Infrared-active marker tran-
sitions of H5O2

+ are the OH bending absorption at 1740 cm¢1,
the OH stretching band at 3400 cm¢1, and the so-called
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Zundel continuum[18] between 1000 and about 3000 cm¢1

(schematic level diagram in Figure 1c).
Transient vibrational spectra were measured with femto-

second pump pulses centred at 3400 cm¢1 in the OH stretch-
ing band and at 2700 cm¢1 in the absorption continuum
(dotted lines in Figure 2a). In Figure 2b,c, the change of

absorbance DA =¢log10(T/T0) is plotted as a function of
probe frequency for different pump-probe delays (T, T0 :
sample transmission with and without excitation). After
excitation at 3400 cm¢1 (Figure 2b), the spectra display an
absorbance decrease for frequencies above 3250 cm¢1, due to
ground state bleaching on the v = 0 to 1 and stimulated
emission on the v = 1 to 0 transition of the OH stretching
oscillator of H5O2

+. The absorption increase below 3250 cm¢1

is caused by the OH stretching v = 1 to 2 absorption. The
enhanced absorption at 3130 cm¢1 (Figure 3a, black arrow in
Figure 2b) and, thus, the v = 1 population decays within the
time resolution of the experiment, setting an upper limit of
50 fs for the v = 1 lifetime, followed by slow kinetics extend-
ing into the picosecond regime (cf. the Supporting Informa-
tion). The fast decay time is two orders of magnitude shorter
than in water monomers[19] and a factor of four shorter than in
bulk H2O.[20] Transients recorded at 3435 cm¢1 (Figure 3a, red
arrow in Figure 2 b) characterizing the bleaching component
in the spectra of Figure 2b show similar kinetics, with the slow
component much more pronounced (cf. the Supporting
Information). This signal is attributed to a hot ground state
of H5O2

+ generated by the redistribution of excess energy. Its
decay with a 2.7 ps time constant (solid line in Figure 3 a; cf.
the Supporting Information) is due to the transfer of excess
energy to the solvent.

The transient spectra measured with excitation at
2700 cm¢1 (Figure 2c) consist of a spectrally broad absorption
decrease up to 3500 cm¢1, that is, well above the excitation
pulse, while an absorption increase occurs above 3500 cm¢1.

Figure 1. a) Schematic of the Zundel cation H5O2
+ in acetonitrile solution. b) Linear infrared spectrum of H5O2

+ solution (red line) minus the
absorption of acetonitrile (gray line). c) Level scheme of H5O2

+vibrations (OH stretching (nOH), OH bending (dOH), proton transfer mode z, and
O···O mode R); black indicates states of IR-active modes, gray of Raman-active modes. The length of arrows is scaled according to the
experimental excitation frequencies used in this study. d) Calculated vibrational potential and wavefunctions of the lowest vibrational states of z
for R =2.45 ç for external fields Fz = 0 and Fz = 2.57 GVm¢1. e) Calculated transition frequencies (solid lines) and absorption strengths (dotted
lines) as a function of the external field Fz, calculated for the z, R and x fundamental, and z first overtone transition, as well as the combination
tone of z with R ; x is the proton out-of-plane coordinate orthogonal to z with a transition frequency weakly affected by Fz. A field amplitude of
1 GVm¢1 =109 Vm¢1 corresponds to 10 MVcm¢1 or 0.1 Vç¢1.

Figure 2. a) Linear infrared absorption spectrum (solid line) and
spectra of the pump pulses (dotted lines). b,c) Transient infrared
absorption spectra for pump-probe delays between 100 fs and 50 ps.
The absorbance change DA is plotted as a function of probe frequency.
The spectra in (b) and (c) were recorded with excitation centered at
3400 and 2700 cm¢1, respectively.
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Different contributions are distinguished via their markedly
different time evolution. Figure 3b displays transients mea-
sured at the frequency positions marked by arrow in Fig-
ure 2c. Below 3250 cm¢1, we observe a quasi-instantaneous
increase of the bleaching signal, followed by a pronounced
fast decay with a time constant shorter than 65 fs and
a weaker long-lived component reflecting vibrational heating.
In contrast, the onset of bleaching above 3250 cm¢1 becomes
increasingly delayed and ends up in the long-lived heating
signal. The absorption decrease below 3250 cm¢1 is due to
vibrational excitations distinctly different from the OH
stretching mode of H5O2

+ which is not excited by the pump
pulses at 2700 cm¢1. The absorption changes above 3250 cm¢1

are a hallmark of the vibrationally hot ground state of H5O2
+

in which low-frequency modes of the cation are strongly
populated. Anharmonic coupling of low-frequency excita-
tions to the OH stretching mode result in a blue-shifted v = 0
to 1 transition of the latter as is evident from the bleaching
between 3250 and 3500 cm¢1 and the enhanced absorption
above 3500 cm¢1. The measured rise times depend on the
particular probe frequency (Figure 3b), reflecting the sub-
picosecond formation of the hot ground state.

In an independent series of measurements, we investi-
gated the OH bending mode of H5O2

+. After resonant
excitation of the v = 0 to 1 transition by pulses centered at
1740 cm¢1, the transient spectra in Figure 4 a exhibit the
enhanced v = 1 to 2 absorption and the bleaching on the v = 0
to 1 transition. The enhanced absorption decays with a time
constant shorter than 60 fs (Figure 4 b). This upper limit of the
v = 1 lifetime is shorter than the 170 fs lifetime of the OH
bending mode in neat H2O. The v = 0 to 1 bleaching shows
a slower time evolution due to strong thermal signals which
contribute at long delay times and are present also at probe
frequencies above the pulse spectrum, for example, at
1900 cm¢1 in the Zundel continuum.

As a key finding, our data demonstrate the spectrally and
kinetically distinct response of the OH bending mode, the H+

infrared absorption continuum, and the OH stretching mode.

In particular, the so-called Zundel continuum below and the
OH stretching absorption above approximately 3000 cm¢1

represent different types of vibrational excitations. Occur-
rence and origin of the infrared continuum have remained
highly controversial in the existing literature, dating back to
the work of Zundel.[8] Originally a large proton polarizability
has been understood to result from the interplay of a double-
well potential for the proton transfer coordinate z,[14] due to
a strong hydrogen bond (sometimes called a “special bond”),
and large electrical fields imposed by the surrounding
medium. An inhomogeneous distribution of electrical fields
has been invoked to explain why the large proton polar-
izability results in broad IR absorption continua.[14b]

We now present theoretical results which are based on the
formalism described in the Supporting Information and
elucidate the key role of the so-called proton transfer mode
z in the O···H+···O moiety for the absorption continuum.
Figure 1d shows the calculated potential along the O···H+···O
coordinate of the isolated system, along with the wave-
functions of the vibrational quantum states. The height of the
central barrier depends critically on the O···O distance R and
is found to remain below the ground state vibrational level for
R< 2.60 è as is discussed in the Supporting Information.[14]

The polar acetonitrile environment generates a strong elec-
trical field with a component on the order of Fz = 3 ×
109 V m¢1 (= 3 GVm¢1 = 30 MVcm¢1)[21] along the vibra-
tional coordinate z. For such fields the vibrational potential
of the bare H2O5

+ is significantly distorted which results in
a shift of vibrational levels and transition frequencies (Fig-
ure 1d). The calculated frequencies of different vibrational
transitions are plotted as a function of the electrical field
amplitude in Figure 1e, along with their absorption strengths.
For isolated H5O2

+ in the gas phase it is commonly established
that the barrier in the double minimum potential clearly lies
much lower in energy than the v = 0 state for the z
coordinate.[7b] Based on our calculations we conclude that
this picture remains valid for H5O2

+ subject to electrical fields
typical for acetonitrile. Hence, proton localization on one

Figure 3. Time-resolved absorbance changes for excitation centred at
a) 3400 cm¢1 and b) 2700 cm¢1. The normalized absorbance changes
at fixed probe frequencies (circles) are plotted as a function of pump-
probe delay. Time constants derived from numerical fits (solid lines)
are given in the Supporting Information.

Figure 4. a) Transient OH bending spectra and b) time-resolved
absorbance change after excitation with pump pulses centered at
1740 cm¢1. The solid line in (a) represents the linear infrared absorp-
tion spectrum. Time constants derived from numerical fits (solid
lines) are given in the Supporting Information.
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water molecule, producing a long-lived species H3O
+···OH2,

can only be accomplished when the two oxygen atoms are
separated by more than R = 2.60 è. This O···O separation is
larger than the equilibrium distance of R in H5O2

+ reported
on the order of 2.40–2.55 è.[1, 8] We emphasize here that the
impact of these electrical fields on the resulting vibrational
spectra is much larger than those characterized for the cases
of noble gas atom tagged H5O2

+ in the gas phase.[22] In frozen
hydrated proton clusters where different proton geometries
are distinguished due to the absence of structure fluctuations,
a strong impact of electric fields on the potential energy
surface has been found as well.[18b]

We ascribe the origin of the markedly larger Zundel
continuum observed for H5O2

+ in solution to the fact, that at
ambient temperature, the spatial arrangement of solvent
molecules undergoes rapid fluctuations on a multitude of time
scales with the fastest components in the sub-100 fs
domain.[23] Such structure fluctuations translate into fluctuat-
ing electrical fields and, consequently, a fluctuating vibra-
tional potential of the Zundel cation. The latter is connected
with strong frequency excursion of different vibrational
transitions (cf. Figure 1e), in particular of the v = 0 to
1 transition of the proton transfer mode, while changes of
the transition dipole moments are limited (less than 30%). In
this way, an absorption continuum covering several 100 cm¢1

is generated. In addition to the v = 0 to 1 transition, the v = 0
to 2 overtone transition of the proton stretching vibration z as
well as combination tones with the O···O stretching vibration
R fundamental at 580 cm¢1 have appreciable transition dipole
moments (Figure 1 e), making all contribute to the absorption
continuum. A second source of fluctuating transition fre-
quencies and, thus, broadening, are stochastic thermal
excitations of the O···O mode. This effect will be particularly
pronounced in the hot ground state which is generated by
energy dissipation and characterized by vibrational temper-
atures up to T= 1000 K (kT= 670 cm¢1). In the v = 1 state of
the O···O mode, the O···O distance changes by approximately
0.1 è, resulting in an appreciable change of the vibrational
potential and a concomitant shift of transition frequencies.

We consider such two mechanisms the origin of the
extreme broadening of the infrared absorption continuum.
Instead of having a distribution of different cation geometries,
that is, an inhomogeneous distribution of vibrational tran-
sition frequencies such as in gas-phase clusters,[18b] the ultra-
fast solvent-induced modulation of the proton transfer mode
potential causes the infrared absorption continuum in solu-
tion. As shown by the pump-probe data the continuum
efficiently funnels vibrational excess energy of the OH
bending and stretching transitions into low frequency modes
of the Zundel cation.

Fluctuating electrical fields with even larger amplitudes
occur in neat water and, thus, long-range structural fluctua-
tions of water must have a fundamental impact on structure
and dynamics of the hydrated proton in bulk water in addition
to short-range fluctuations in the hydrogen-bonding network
of the water molecules. This intriguing aspect of ultrafast
solvent-induced proton potential modulation should be taken
into account, together with the extremely short vibrational
lifetimes, in the interpretation of ultrafast IR pump-probe and

multidimensional IR photon echo studies of aqueous proton
solutions.[12,13] It also sets limits for the persistence of any
distinctive proton solvation patterns in bulk water. Ultimately
a sophistication of the understanding of structural dynamics
of hydrated protons in water appears to be the goal in future
studies.
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