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ABSTRACT: We study the ultrafast relaxation dynamics of hydrated proton
clusters in acetonitrile using femtosecond mid-infrared pump-probe spectros-
copy. We observe a strong dependence of transient absorption dynamics on
the frequency of excitation. When we excite the OH vibrations with
frequencies ≤3100 cm−1, we observe an ultrafast energy relaxation that leads
to the heating of the local environment of the proton. This response is
assigned to the OH vibrations of the water molecules in the core of the
hydrated proton cluster. When we excite with frequencies ≥3200 cm−1, we
observe a relatively slow vibrational relaxation with a T1 time constant ranging
from 0.22 ± 0.04 ps at νex = 3200 cm−1 to 0.37 ± 0.02 ps at νex = 3520 cm−1.
We assign this response to water molecules in the outer part of the hydrated proton cluster.

■ INTRODUCTION

The proton (H+) plays a key role in various chemical processes
in aqueous media.1−4 For the protons in liquid water different
solvation structures have been proposed, including the
H3O

+(H2O)3 Eigen cation, the H5O2
+ Zundel cation, and

the so-called asymmetric Zundel as an intermediate geometry
of the first two. These structures are based on cryogenic
photodissociation vibrational spectroscopy experiments of
small protonated water clusters,5,6 and molecular dynamics
simulations.7−9 In the cluster experiments, Eigen and Zundel
cation structures have been identified from the central
frequencies of the OH-stretch vibrations. However, quantita-
tive infrared spectroscopy10,11 and photodissociation spectros-
copy of large protonated water clusters5,12,13 as well as
molecular dynamics simulations9,14−16 show that the water
molecules in the second solvation shell of the proton also
possess different properties from the molecules in bulk water,
which implies that the Eigen and Zundel cations only represent
the central cores of the proton-hydration structures in liquid
water.
Infrared spectroscopy is a powerful technique for studying

strongly hydrogen-bonded systems like the hydrated proton
because the vibrational frequency of the stretch vibration of the
hydrogen-bond donating group strongly depends on the
strength of the donated hydrogen bond.4,17 A complication is
that strong hydrogen bonding leads to extremely broad
absorption bands for the OH-stretch vibration. As a result,
the hydrated proton in liquid water shows nearly continuous
absorption spanning from 1000 to 3600 cm−1.18−20 Recent ab
initio molecular dynamics simulations show that the large
width of the absorption band largely results from the
heterogeneity of the hydrogen bonds, in particular the
difference in hydrogen-bond strength between the water
molecules in the first and the second hydration shells.21

Femtosecond infrared (fs-IR) spectroscopy provides in-
formation on the relaxation dynamics and can thereby help in
the assignment of the different regions of the absorption
spectrum of the OH-stretch vibrations of the hydrated proton.
fs-IR spectroscopy has recently been used to study the
properties of hydrated proton clusters in acetonitrile.22−24

Acetonitrile as a weak polar solvent is a very suitable matrix for
hydrated proton clusters.
In ref 23 it was proposed that in a system of acid water in

acetonitrile with a ratio [H+]/[H2O] = 1:3, the proton is
mainly found in between two water molecules (not necessarily
in a symmetric configuration), forming a Zundel H5O2

+

structure. This finding agrees with the results of earlier linear
infrared25 and 1H NMR26 studies and a fs-IR study of the
proton transfer mode.24 Using excitation pulses centered at
2700 cm−1 it was concluded that the excited central OH-
stretch vibration of the Zundel-like structure relaxes ultrafast
with a time constant T1 < 65 fs.23 The relaxation following
excitation at 3400 cm−1 was also observed to be ultrafast with
an upper limit for T1 of 50 fs. This relaxation behavior was
assigned to the OH vibrations of the two H2O molecules
flanking the Zundel proton. It was also shown in this study that
the fluctuations of the electrical interactions between the
hydrated proton and the surrounding acetonitrile molecules
strongly modulate the hydration structure geometry and the
vibrational potential of the Zundel proton on an ultrafast
scale.23,24

Ottosson et al.22 investigated the picosecond dynamics of
hydrated protons in acetonitrile. In this study, it was found that
the relaxation of the excited proton partly results in the
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ultrafast creation (<100 fs) of a locally hot proton hydration
cluster, and partly in the vibrational predissociation of a
hydrogen bond of the cluster and the release of a water
molecule. The re-association of this bond was observed to
occur with a time constant of ∼6 ps.
Here, we present a comparative femtosecond mid-infrared

pump-probe spectroscopy study of the vibrational dynamics of
the core and outer parts of hydrated proton clusters in
acetonitrile. An important difference between the present study
and earlier work is that we resolve the frequency-dependent
vibrational relaxation time constants of the OH-stretch
vibrations of the outer part of the hydration structure. In the
work by Dahms et al.,23 this relaxation was believed to be
ultrafast (<50 fs). We find that for excitation frequencies
>3100 cm−1, the relaxation is much slower (220−370 fs) and
strongly depends on the frequency, which implies that the OH-
stretch vibrational spectrum of the outer part of the proton
hydration structure is strongly inhomogeneously broadened.

■ EXPERIMENT
We measured transient absorption spectra using an independ-
ently tunable femtosecond mid-infrared pump and probe
pulses.27 The pump and probe pulses are generated using
optical parametric amplifiers (OPAs) that are pumped with the
800 nm 35 fs pulses produced by a regenerative Ti:sapphire
amplifier (Coherent) with 3.5 mJ energy per pulse. To
generate the probe pulses, we pump a homebuilt OPA based
on a β-barium borate (BBO) crystal with 1 mJ of the 800 nm
pulse energy. The OPA process is seeded with white light.
After two amplification stages the OPA delivers the signal and
idler pulses with a total energy of 220 μJ. The signal and idler
pulses are mixed in a silver gallium disulfide crystal to produce
mid-infrared pulses at their difference frequency. The resulting
pulses are transmitted through a germanium filter to remove
residual signal and idler light, and through calcium fluoride
windows to compensate the group velocity dispersion
introduced by germanium. The resulting pulses have a central
frequency that is tunable in the range 2700−3500 cm−1, a
spectral full width at half maximum of 300 cm−1, and a pulse
duration of 60 fs. The pulses are split into probe and reference

pulses using wedged zinc selenide windows. The probe beam
was sent through a delay stage to introduce a variable time
delay with respect to the pump pulse.
The pump pulses are produced by another OPA based on a

BBO crystal that is pumped with a fraction of 1.3 mJ of the 800
nm beam. The resulting idler beam is frequency doubled using
another BBO-crystal. Subsequently, the second harmonic of
the idler is used as a seed in a second OPA process in a
potassium titanyl phosphate crystal that is pumped with a fresh
fraction of 1 mJ of the 800 nm pulse. This OPA process leads
to the amplification of the doubled idler and the production of
pulses at the difference frequency. The latter pulses (Figure
1A) are tunable in the range 2900−3500 cm−1 and have a
spectral full width at half maximum of ∼150 cm−1, a pulse
duration of ∼120 fs, and an energy of 15−20 μJ. The
polarization of the pump beam is set at 45° with respect to the
probe polarization using a half-wave plate. The pump pulses
are focused into the sample in the spatial overlap with the
probe pulses.
After the sample, we select the polarization component of

the probe and reference beams that is either parallel or
perpendicular to the pump polarization with a polarization
filter. Subsequently, the probe and the reference beams are
dispersed by a spectrometer and detected by two lines of a 3 ×
32 mercury-cadmium-telluride infrared detector array. To
obtain transient absorption change spectra Δα∥(ν,t) and
Δα⊥(ν,t), every second pump pulse was mechanically
chopped. From the measured parallel and perpendicular
components, we construct the isotropic signal, which is
independent of the transition dipole moment reorientation

α ν α ν α νΔ = Δ + Δ ⊥t t t( , )
1
3

( ( , ) 2 ( , ))iso (1)

The samples are prepared by dissolving trifluoromethane-
sulfonic acid (TfOH, 99%, Sigma-Aldrich) in water and
deuterated acetonitrile (CD3CN, 99.8%, Sigma-Aldrich) at a
ratio TfOH/H2O/CD3CN = 1:3:75. Previous IR pump-
probe22 and Fourier transform IR23,25 studies showed that
the nature of the counter-ion (CF3SO3

−, ClO4
− or I−) does not

have significant influence on the structure and dynamics of the

Figure 1. (A) Linear infrared absorption spectrum of the TfOH/H2O = 1:3 mixture in acetonitrile-d3 (black line, solvent background subtracted)
and pump pulses used in the experiments (color lines). (B) Isotropic transient spectra of the hydrated proton in acetonitrile with νex = 3300 cm−1

(lines represent the result of the fit). (C,D) Isotropic pump-probe spectra at the delay times of 0.24 (C) and 20 ps (D) with the excitation
frequency varied.
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hydrated proton in acetonitrile. The solution is put in between
two 2 mm thick calcium fluoride windows separated by a 50
μm Teflon spacer. The nonresonant signal due to the pump-
probe cross-phase modulation in the calcium fluoride windows
limits the experimental time resolution to ∼0.2 ps. In some of
the experiments, we obtained a better time resolution by using
500 nm thick silicon nitride windows instead of calcium
fluoride windows.

■ RESULTS AND DISCUSSION
Transient Spectra and Delay Time Traces. In Figure

1B, we show transient absorption spectra following excitation
with pulses centered at 3300 cm−1. In Figure 1C,D, we show
isotropic transient absorption spectra obtained with different
central excitation frequencies at two different delay times (0.24
and 20 ps). At an early delay time of 0.24 ps, the transient
absorption spectrum strongly depends on the excitation
frequency. Excitation with a high-frequency excitation pulse
(νex ≥ 3300 cm−1) leads to a small positive absorption change
at low frequencies. Excitation at frequencies ≤3200 cm−1 leads
to a decreased absorption below 3500 cm−1 and an enhanced
absorption at probe frequencies >3500 cm−1. This spectral
shape is similar to the transient absorption spectrum observed
at long delay times (>10 ps) for all different excitation
frequencies. This spectrum consists of a positive absorption
change at frequencies >3600 cm−1 and a broad negative
absorption change at lower frequencies.
Coherent Coupling Effects. In a previous study of

hydrated protons in acetonitrile an intense increase of the
induced absorption within the pump-probe cross-correlation
time was observed.23 This signal was assigned to Zundel
cations excited at 3400 cm−1. Because the observed signal was
present only within the cross-correlation of the pump and
probe pulses, the authors concluded that the excited state
lifetime of these Zundel cations should be below 50 fs. The
subsequent slower relaxation was assigned to energy
redistribution within the Zundel cation.
In our studies, we observed a similar fast signal component

within the pump-probe cross-correlation time. However, we
found the contribution of this signal component to be strongly
dependent on the difference between the central frequency of
the probe pulse and the frequency at which the transient
absorption signal was detected. In Figure 2, we show the early
delay time dynamics of the induced absorption signal at 3160
cm−1 measured with different probe pulses. After 0.2 ps, the
transient signal purely consists of the excited state absorption
and heating signatures. These signals are independent of the
central frequency of the probe pulse. However, in the time
interval between −0.1 and 0.2 ps, we find that the transient
absorption signal becomes increasingly distorted when the
detection frequency is shifted further away from the central
frequency of the probe pulse. This behavior can be well
explained from the additional signal contributions that arise
from coherent coupling effects when the pump and probe
pulses overlap in time. The origin and impact of these coherent
effects are discussed in detail in the Supporting Information.
When the spectrum of the probe pulse is centered at the

frequency of maximum of the linear absorption, that is, the
frequency of the fundamental ν = 0 → 1 transition, a strong
coherent coupling effect in the region of the excited state
absorption (red curve in Figure 2A). This coherent-coupling
signal has the form of an additional positive signal and can be
easily mistaken for the contribution of an ultrafast decaying

excited state. We find that this strong additional positive signal
vanishes if the spectrum of the probe pulse is centered close to
the frequency of interest (green curve in Figure 2A).
Therefore, we conclude that excitation at 3400 cm−1 results
only in the excitation of relatively slow relaxing water OH-
stretch vibrations. In view of the frequency of 3400 cm−1, these
OH vibrations are likely not located in the core of the proton
hydration cluster but in the outer part of this structure.

Vibrational Relaxation Dynamics Following Excita-
tion ≤3100 cm−1. When we excite the solution with
excitation pulses centered at 2900, 3000, and 3100 cm−1, we
observe at early delay times a very broad negative signal
(bleaching) extending to lower frequencies (Figure 3A). The
signal has a zero crossing at 3500 cm−1 and a positive sign
(induced absorption) at frequencies >3500 cm−1. Following

Figure 2. (A) Fast transient absorption dynamics at frequency 3160
cm−1 measured with various probe pulses; the black line represents
the fit. (B) Intensity spectra of the probe pulses used (color lines) and
the pump pulse (black line).

Figure 3. (A) Isotropic transient spectra of the hydrated proton in
acetonitrile with νex = 2900 cm−1 (lines represent the result of the fit).
(B) Transient spectral signatures of the local hot state after the low
frequency excitation.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.9b02067
J. Phys. Chem. B 2019, 123, 6222−6228

6224

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b02067/suppl_file/jp9b02067_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.9b02067


earlier works,22,23 we explain the signal at early delay times
from a strong local heating effect that results from the ultrafast
relaxation of the excited OH-stretch vibrations.
We model the transient spectra obtained with νex ≤ 3100

cm−1 with the kinetic model that was used in a previous study
of protonated water clusters in acetonitrile.22 Within this
model the excited vibrational state relaxes to an intermediate
state with a relaxation time constant that is too short to be
resolved. This intermediate state of the relaxation represents
the effect on the absorption of the proton hydration complex
of the local dissipation of energy to the water molecules that
surround the proton. We will denote this state as the local hot
state.
In Figure 3B, we show the transient absorption spectra at

early delay times following excitation at 2900, 3000, and 3100
cm−1. The spectral signatures with νex = 2900 and 3000 cm−1

consist of a broad negative absorption change below 3400
cm−1 and a positive absorption change around 3500 cm−1.
These spectra are similar to the previously obtained spectra
with νex = 2700 and 2800 cm−1.22,23 The negative part of the
spectrum depends on the excitation frequency, which implies
that the relaxed energy affects mostly the originally excited
vibrations.
The local hot complex relaxes to a second intermediate state

that represents the heating of the whole protonated water
cluster. The time constant of this relaxation is 0.26 ± 0.04 ps,
meaning that the hot proton complex redistributes its energy
over the complete protonated water cluster on a time scale of
hundreds of femtoseconds. This time constant agrees with the
previously reported time constant of 0.32 ps of the energy
redistribution following 2800 cm−1 excitation.22 In the hot
water cluster the hydrogen bonds are weaker, which induces a
decrease of the OH-stretch absorption cross-section and a blue
shift of the vibrational frequency. On a longer time scale, the
hot cluster dissipates its energy to the acetonitrile solvent,
resulting in a significant decrease of the amplitude of the
heating signal and the appearance of sharp acetonitrile peaks
and OH-stretch absorption features that can be assigned to
monomeric water molecules.
Vibrational Relaxation Dynamics Following Excita-

tion at Frequencies ≥3200 cm−1. For excitation
frequencies νex > 3300 cm−1, we observe a negative absorption
change around 3400 cm−1 that we assign to the bleaching of
the fundamental ν = 0 → 1 transition and stimulated ν = 1 →
0 emission of the excited OH-stretch vibrations. The positive
absorption change below 3200 cm−1 is assigned to the
corresponding ν = 1 → 2 excited state absorption.
The transient absorption spectrum also shows a fast growing

spectral component corresponding to the transiently heated
hydrated proton cluster. At 1 ps, we observe a broad negative
signal with a peak at ∼3400 cm−1 and a small induced
absorption around 3600 cm−1 (see Figure 1B). This spectrum
has a very similar shape as the spectrum that is observed after 1
ps for excitation frequencies νex ≤ 3100 cm−1, and that is
observed at much later delay times, for example at 20 ps.
Hence, we assign this spectrum to the response of the
complete hot protonated water cluster.
Because of its large transient spectral amplitude, the spectral

response of the hot protonated water cluster becomes
significant already at early delay times and dominates the
initial positive absorption signal in the region of the ν = 1 → 2
excited state absorption. The transient signal at νpr = 3000
cm−1 becomes negative at 0.7 ps for νex = 3400 cm−1, and

already at 0.3 ps for νex = 3300 cm−1 (Figure 4A). The
transient absorption signal at νpr = 3400 cm−1 (Figure 4B)

shows a much slower decay because at this frequency, the
initial signal has a negative sign as it is due to the ν = 0 → 1
bleaching and stimulated ν = 1→ 0 emission. At this detection
frequency the vibrational relaxation process replaces this initial
negative signal by the negative absorption change associated
with the hot cluster.
We fit the experimental data obtained with excitation

frequencies ≥3300 cm−1 with a kinetic model that contains
four states. The first state is the ν = 1 state of the OH-stretch
vibration that is excited by the excitation pulse. The relaxation
of this state results in heating of the protonated water cluster.
We observe that the rise of this heating is somewhat delayed
with respect to the relaxation of the excited ν = 1 state. It has
been observed before in studies of the vibrational relaxation of
bulk water that the heating signal grows somewhat slower than
the excited vibration relaxes.28,29 This delay is not observed
when we excite low-frequency OH-stretch vibrations with νex
≤ 3100 cm−1 (the local hot state is observed immediately),
which indicates that the low- and high-frequency OH vibration
have different relaxation mechanisms. The relaxation of the
high-frequency OH vibration likely proceeds through an
intermediate state with an associated response that is quite
different from a local heating effect. To account for the delay of
the heating effect following the relaxation of the high-
frequency OH-stretch vibrations, we include in the model an
intermediate state in between the excited ν = 1 state and the
hot water cluster state. We did not include the relatively small
and long living spectral component of the vibrational
predissociation that has been observed before.22 The hot
cluster exchanges heat energy with its surrounding to reach the
fourth state in the model which represents the eventual
globally heated state of the system.
The relaxation dynamics of the OH-stretch excited state can

be well estimated from the low frequency region, where ν = 1
→ 2 excited state absorption is the dominant spectral
component. Comparing the transient absorption dynamics in
this frequency region (Figure 4A), we observe a strong
difference between the results of excitation at 3400 cm−1 and at

Figure 4. Isotropic pump-probe signal of the hydrated proton in
acetonitrile at frequencies 3000 (A) and 3400 cm−1 (B) as a function
of delay time; excitation frequency varies from 2900 to 3400 cm−1.
Lines represent the result of the fit.
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3300 cm−1. The initial signal value at νpr = 3000 cm−1 is much
smaller when the oscillators are excited at the lower frequency.
This observation cannot be explained from a much faster
relaxation of the OH-stretch excited state, because the
dynamics are similar to what is observed in the case of
excitation at 3400 cm−1. The observation of a small induced
absorption signal at early delay times indicates that the hot
cluster state is in part directly populated, that is, in a separate
relaxation channel that is faster than our time resolution. We
thus conclude that the excitation pulse centered at 3300 cm−1

excites two types of OH oscillators. We find a good description
of the transient spectra observed for νex = 3300 cm−1 when 40
± 10% of the excited OH vibrations relax very rapidly (T1 < 50
fs) and directly populate the hot cluster state, and 60 ± 10%
relaxes more slowly with a time constant of 270 ± 30 fs. For νex
= 3200 cm−1, we find that 70 ± 10% relaxes directly to the hot
cluster state and 30 ± 10% relaxes with a time constant of 220
± 40 fs.
In Figure 5A, we show the spectral signatures of the excited

ν = 1 state extracted from the fit. The spectrum of the excited

state shows a significant dependence on the excitation
frequency: the position of the ground state bleach shifts
from 3500 to 3380 cm−1, and the excited state lifetime T1
decreases from 370 ± 20 fs at νex = 3520 cm−1 to 220 ± 40 fs
at νex = 3200 cm−1 (Figure 5B).
The observed frequency dependence of the relaxation time

constant indicates that the spectrum of the OH-stretch
vibrations is inhomogeneously broadened. The variation of
the excited state lifetime T1 correlates well with the variation in
local hydrogen-bond strength: OH-groups engaged in stronger
hydrogen bonds have lower absorption frequencies and show
faster relaxation. Interestingly, the dependence of the vibra-
tional lifetime on the excitation frequency is very similar to that
observed for bulk liquid water,30 for which T1 was found to
decrease from 0.4 ps for νex = 3500 cm−1 to 0.25 ps for νex =
3200 cm−1.

■ DISCUSSION

We observe strongly the different early delay time transient
spectra when we shift the excitation frequency from 2900 to
3520 cm−1. This finding shows that the OH-stretch vibrational
spectrum represents OH-groups of highly different characters.
At frequencies ≤3100 cm−1, we excite OH vibrations located
in the core of the proton hydration cluster. For the (distorted)
Zundel structure, this core is formed by the OH-stretch
vibration involving the central H atom in the H5O2

+ structure,
for the Eigen structure the core is formed by the OH vibrations
involving the three H atoms of the central H3O

+ of the H9O4
+

structure. The main property of these OH vibrations that the
H atom carries is a significant part of the positive charge, and
as a result donates a strong hydrogen bond. As a result, the
frequency of these OH vibrations is <3200 cm−1 and the
vibrational relaxation is ultrafast (<50 fs).
For excitation frequencies >3200 cm−1, the observed

transient spectra resemble that of the OH-stretch vibration
in neat water and hydrogen-bonded water in other media. The
vibrational relaxation of this excited state is about 30 times
faster than that of the isolated water molecules in acetonitrile
(T1 = 8 ps),31,32 and has a quite similar relaxation rate as the
OH-stretch vibrations in bulk water.30 From this we conclude
that the observed high frequency OH-stretch vibrations belong
to water molecules of a cluster that contains at least one
proton, but that is not in the center of the proton hydration
structure, that is, the H atoms involved in these OH vibrations
do not carry a significant amount of the positive proton charge.
At a concentration ratio of [H+]/[H2O] = 1:3, the hydrated
proton clusters in acetonitrile contain 2−6 water molecules.26

The OH vibrations giving rise to this response can thus belong
to the two H2O molecules flanking the Zundel proton, or the
OH vibrations of the three outer H2O molecules of the Eigen
H9O4

+ structure, or water molecules even further away from
the core of the proton hydration structure. All these OH
vibrations have in common that the partial positive charge on
the H atom is small and that they absorb at frequencies ≥3200
cm−1.
Excitation at intermediate frequencies of 3100−3200 cm−1

yields spectral dynamics of the intermediate character. We
observe OH-stretch vibrations showing a fast but resolvable
vibrational relaxation, and the direct creation of a local hot
state. It thus follows that we observe quite a distinct vibrational
relaxation behavior of the core and the outer part of the proton
hydration cluster, even in the spectral region where the spectra
of the corresponding OH vibrations overlap.
Interestingly, the transient spectrum observed at long delay

times and that we assign to the response of the entire hot water
cluster are the same irrespective of the original excitation
frequency. This finding shows that all OH-stretch vibrations
absorbing in the region from 3520 to 2900 cm−1 belong to
protonated water clusters that have similar absorption spectra
and are thus likely of similar composition.
Combining the results of all different excitation pulses, we

summarize the relaxation processes of the different OH-stretch
vibrations in the protonated water cluster with the kinetic
scheme shown in Figure 6. In this scheme, the ν = 1 state
relaxes to a local hot state with a time constant T1 that
decreases with the decreasing excitation frequency. The high
frequency part (≥3200 cm−1) of the spectrum corresponds to
the OH-stretch vibrations of the water molecules in the outer
part of the proton hydration cluster, which display the

Figure 5. (A) Transient spectra associated with the excitation of the ν
= 1 state of the OH-stretch vibration for four different excitation
frequencies. (B) Time constant T1 of the relaxation of the ν = 1 state
as a function of the central excitation frequency.
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vibrational relaxation dynamics similar to that of bulk water.
The lower frequency absorption of the protonated cluster is
due to the vibrations of the core of the cluster, the excited state
of which relaxes much faster. The absorption spectra of these
two types of vibrations overlap in the frequency region of
3100−3300 cm−1, and excitation pulses in this frequency
region will thus excite both the core and the outer part of the
proton hydration cluster. As a result, we observe mixed
vibrational relaxation dynamics. For all OH vibrations, the
relaxation results in a local hot state with a spectrum that
depends on the excitation frequency. At lower frequencies, this
spectrum will primarily reflect the effect of local heat
dissipation on the core of the proton hydration structure. At
higher frequencies, the spectrum of the local hot state is blue-
shifted and is very similar to that of the complete hot water
cluster, that is, the state that results after the heat has been
equilibrated over the entire proton hydration cluster.
We note that the transient hot states observed in our

experiments are very local in nature and differ from a true
thermal state of the whole sample. As a result, these transient
hot spectra differ from the linear thermal difference spectrum
of the hydrated proton in acetonitrile. This latter spectrum
shows a much broader negative absorption change than that
observed in the femtosecond experiments at delay time >10
ps.22 An increase in the equilibrium temperature is observed to
lead to a similar decrease of the cross-section for all OH-
stretch vibrations (see Supporting Information). In contrast,
the pump-probe spectrum at 1 ps shows predominant
absorption changes in the frequency region of the outer part
of the cluster even when the core of the cluster was initially
excited. Apparently, the studied system does not reach a
complete thermal equilibrium within the picosecond time
frame of the pump-probe experiment. Similar observations
were done for pump-probe experiments on the hydrated
proton in dimethyl sulfoxide27 and in bulk water.33,34 This
discrepancy between the final thermal difference spectrum of
the pump-probe experiment and the fully equilibrated response
to heating of the sample can be explained from the fact that
complete equilibration includes a change of the composition of
the clusters. This change in composition involves diffusion and
exchange of molecules between different clusters. These
processes occur on much longer time scales than the
picosecond times scale of the time-resolved experiments.

■ CONCLUSIONS
We studied the vibrational relaxation and energy dissipation of
small protonated water clusters in acetonitrile using femto-
second mid-IR pump-probe spectroscopy. We find that the

relaxation dynamics strongly depend on the excitation
frequency. Excitation of the low frequency part of the OH-
stretch band (≤3100 cm−1) is followed by the ultrafast
vibrational relaxation (T1 < 50 fs), resulting in a local energy
dissipation that affects mostly the originally excited vibrations.
The transient spectrum of this local hot state shows a broad
negative absorption change around the excitation frequency.
After the fast vibrational relaxation of these OH groups, the
energy equilibrates over the complete protonated water cluster
with a time constant of 0.26 ± 0.04 ps.
Excitation of the high-frequency part of the OH-stretch band

(≤3200 cm−1) is followed by vibrational relaxation of the OH-
stretch vibration with a time constant ranging from T1 = 0.22
± 0.04 ps for an excitation pulse centered at 3200 cm−1 to T1 =
0.37 ± 0.02 ps for an excitation pulse centered at 3520 cm−1.
We found that the signal previously assigned to the relaxation
of the Zundel cation excited at 3400 cm−1 strongly depends on
the probe pulse and originates from the coherent coupling of
pump and probe pulses. The vibrational relaxation results in a
somewhat delayed heating of the complete protonated water
cluster, which indicates that the high-frequency OH-stretch
vibrations have a different relaxation mechanism, that is, it
proceeds through a different intermediate state in comparison
with the low-frequency OH-stretch vibrations.
The spectrum of the hot protonated water cluster that

results after relaxation of the high-frequency OH vibrations is
the same as those observed after excitation of the low-
frequency OH-stretch vibrations. This result shows that the
high- and low-frequency OH vibrations belong to the same
type of protonated water clusters. We thus assign the low-
frequency part of the OH spectrum to the core of the proton
hydration cluster and the high-frequency part of this spectrum
to the outer part of this cluster. At intermediate excitation
frequencies between 3100 and 3300 cm−1, we do not observe
average or intermediate behavior but two distinct relaxation
components. Part of the OH vibrations show the ultrafast
relaxation behavior of the core while the other part shows the
relatively slower relaxation dynamics of the outer part. This
latter fraction increases with the increasing excitation
frequency. We conclude that the core shows quite distinct
vibrational relaxation behavior from the outer part, even in the
spectral region where the spectra of the corresponding OH
vibrations overlap.
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(10) Śmiechowski, M.; Stangret, J. Proton Hydration in Aqueous
Solution: Fourier Transform Infrared Studies of HDO Spectra. J.
Chem. Phys. 2006, 125, 204508.
(11) Stoyanov, E. S.; Stoyanova, I. V.; Reed, C. A. The unique nature
of H+ in water. Chem. Sci. 2011, 2, 462−472.
(12) Fournier, J. A.; Wolke, C. T.; Johnson, C. J.; Johnson, M. A.;
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