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Abstract: The dynamics and energetics of water at interfaces or
in biological systems plays a fundamental role in all solvation
and biological phenomena in aqueous solution. In particular,
the migration of water molecules is the first step that controls
the overall process in the time domain. Experimentally, the
dynamics of individual water molecules is nearly impossible to
follow in solution, because signals from molecules in hetero-
geneous environments overlap. Although molecular dynamics
simulations do not have this restriction, there is a lack of
experimental data to validate the calculated dynamics. Here, we
demonstrate a new strategy, in which the calculated dynamics
are verified by measured time-resolved infrared spectra. The
coexistence of fast and slow migrations of water molecules
around a CONH peptide linkage is revealed for a model
system representative of a hydrate peptide.

The fruitful interplay between theory and experiment is
a major driving force for significant progress in physical
chemistry and molecular physics. For example, molecular
clusters, in which molecules interact by weak intermolecular
forces such as hydrogen bonding and van der Waals forces,
have been studied as models for solvation structures since the
late 1970s.[1] However, their structures were mostly inves-
tigated independently by quantum chemical calculations and
spectroscopy, and the conclusions were sometimes unrealistic
from today�s point of view.[2] Such structural studies experi-
enced “a quantum leap” in the 1990s, when spectroscopists

and theoreticians started collaborations. Spectroscopists
recorded infrared (IR) spectra with novel high-power IR
lasers, and theoreticians in turn suggested various possible
cluster structures. Comparison between the spectral signa-
tures in the measured and computed IR spectra then provided
definite evidence as to which structure was observed.[3]

Nowadays, this combined approach is the de facto standard
in the cluster field and has revealed macroscopic properties
associated with molecular parameters, such as the structure of
bulk water from hydrogen-bonded networks in water clus-
ters[4] and the photostability of DNA bases in their gas-phase
clusters.[5]

What is the current situation for the chemical reaction and
solvation dynamics in molecular clusters? Ultrafast laser
experiments measure the time evolution of reaction products
not only by simple pump–probe techniques but also by
various sophisticated time-resolved laser methods, such as
time-resolved photoelectron spectroscopy.[6] These studies
mainly focus on the dissociation or the change in the
electronic structure of molecules and clusters, because of
the inherently low-energy resolution of femtosecond laser
pulses, which is limited by the Heisenberg uncertainty
principle. Thus, the experimental interest has focused on the
assignment of reaction fragments and the evolution of
molecular electronic states during the reaction. These are

Figure 1. Scheme illustrating the experimental pump–probe procedure
and dynamic time evolution after the ionization of the trans-acetani-
lide–water (AA–W) cluster. The CO-bound isomer is ionized by size-
and isomer-selective two-photon ionization (2nUV, pump process) from
the neutral ground state (S0, blue surface) to the cationic ground state
(D0, green surface). There, the W molecule migrates from the hydro-
gen-bonded CO site (AA+–WCO, left structure, R+) to the NH-bound
isomer (AA+–WNH, right structure, P+) by two different pathways. This
motion is monitored by TRIR spectra (nIR) measured at variable delay
Dt (probe process). The red trace indicates the fast migration channel
with a direct steep descent pathway, and the blue curve illustrates
a slow migration channel through a local minimum (I+). The middle
structure illustrates the migration pathways derived from the MD
simulations, whereby the red and blue lines indicate the movement of
W for the fast and slow channel trajectories, respectively.

[*] M. Wohlgemuth, Prof. R. Mitrić
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important parameters of chemical reactions, but the structural
time evolution is not probed directly. On the other hand,
theoretical approaches to the reaction dynamics treat not only
the electronic states but also provide the molecular geometry
along the reaction pathway. Thus, molecular dynamics (MD)
can give indeed a detailed microscopic picture of the reaction
pathways and mechanisms.

The experimental limitations related to probing structural
dynamics discussed above may not be a serious problem if
only chemical reactions of small molecules such as diatomics
are studied, because then the reaction coordinate is simple
and straightforward. However, in larger and biologically
important molecules and clusters, the reaction and solvation
coordinate usually stretches across multidimensional space
and is not immediately obvious. To overcome this limit, we
present here the fruitful interplay between theoretical
simulation and advanced laser spectroscopy, which has the
potential to expand the reaction dynamics question indeed

from simply “how fast?” to “which way?”.[7] Such a step
would be analogous to the above-mentioned qualitative
advances in the static structural characterization of molecular
clusters.

Recently, picosecond pump–probe time-resolved IR (ps
TRIR) spectra were reported for probing the migration
dynamics of a single water molecule (W) around the CONH
peptide linkage in the H-bonded trans-acetanilide–water
(AA–W) cluster.[8] The TRIR spectra were obtained by
combining a two-color tunable ps laser system (nUV + nIR)
with appropriate time and spectral resolution (3 ps, 12 cm�1)
with a molecular beam time-of-flight mass spectrometer
(Figure 1). The solvent molecule W in AA–WCO is initially H-
bonded as a proton donor at the CO site in the neutral ground
state (S0). When AA–WCO is resonantly ionized via the first
excited state (S1) to the cationic ground state (D0) using size-
and isomer-selective two-photon ionization (2nUV, pump
process), the interaction potential changes drastically. As

Figure 2. TRIR spectra of AA+–W from the A) ps experiment[8] and B) MD simulations. The S0 and D0 spectra are stationary IR spectra of the CO-
bound and NH-bound isomers in the neutral and cationic states determined by ns lasers (A) and DFT harmonic frequency calculations for the
optimized structures (B). The weak bands at around nf

NH and nb
OH in (A) are combination bands promoted by anharmonic vibrational coupling

and thus do not appear in the theoretical spectrum in (B) with harmonic approximations. The highlighted areas indicate the signals uniquely
attributed to the NH-bonded isomer (red, P+), the intermediate structure (green, I+) and the CO-bound geometry (blue, R+). The TRIR spectra
calculated for trajectories of the fast (C) and slow (D) migration channels are shown separately.
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a consequence, W is released from the now repulsive CO site
and migrates in an exothermic reaction toward the most
attractive NH site. Tunable IR laser radiation (nIR) introduced
at a variable delay Dt after the ionization event probes the
isomerization dynamics. Resonant vibrational excitation with
nIR induces the dissociation of the cluster. Thus, the transient
IR spectrum can be measured as depletion of the parent
cluster ion intensity. The recorded TRIR spectra monitor the
W migration in AA+–W in real time by means of the H-
bonded OH stretching mode nbþ

OH

� �
of W in the initially

formed AA+–WCO cation (reactant R+, blue), the free NH
stretching mode nfþ

NH

� �
of the intermediate (I+, green), in

which W binds neither to the CO nor the NH site, and the H-
bonded NH stretching mode nbþ

NH

� �
of the AA+–WNH reaction

product (P+, red). The blue band (R+) disappears within 3 ps,
the time needed to release W from the CO site. At the same
time, the green band (I+) rises and disappears again at about
5 ps. In parallel, the red band (P+) appears and grows in
intensity. These events directly prove that W is released within
3 ps after the ionization and migrates to the NH site via a yet
unknown intermediate. Thus, based on these experimental
data, the water migration was interpreted as a simple two-step
reaction R+!I+!P+, with an overall migration time of 5 ps at
an ionization excess energy of Eexc = 9000 cm�1.[8] The time
evolution of the three spectral signatures of R+, I+, and P+ are
summarized in Figure 3A. Any P+!I+/R+ back reaction is
quenched by efficient intracluster vibrational energy redis-
tribution (IVR), which quickly removes the energy from the
reaction coordinate.[8] We note that previous simple MD
simulations on the analogous formanilide–W cluster fail to
properly reproduce essential features of this reaction, includ-
ing the time constant, the existence of I+, and the absence of
the back reaction.[9]

Although the experimental ps TRIR spectra yield new
valuable insight into general reaction parameters (overall
time constants, existence of an intermediate), important
details of the reaction path (geometry, energetics, barriers)
and the competition between multiple possible reaction paths
remained unclear.[8] To this end, a sophisticated ab initio MD
approach has now been developed to reveal the many more
details of the reaction encoded in the highly informative
TRIR spectra. To simulate the TRIR spectra, we have carried
out “on the fly” MD simulations in the framework of density
functional theory and have combined them with the Wigner
phase space approach for simulation of the pump–probe
spectra.[10] Briefly, the time evolution of the phase space
density in the classical limit is described by the Liouville
equation _1 ¼ H; 1f g, where the Hamiltonian function H =

H0(q,p)�m(q)e(t) is composed of the field-free Hamiltonian
H0 and the interaction with the laser field e(t).[11] From the
rate of energy absorption dhEi/dt, the total absorption of
energy for a given frequency w and time delay Dt, corre-
sponding to the measured transient TRIR spectrum, has been
calculated [Eq. (1)].

Sprobeðw;DtÞ
� �

¼
Z 1

�1
dt

d Eh i
dt
¼
Z 1

�1
dt
ZZ

dqdpH0 H; 1f g

¼
XNtraj

i¼1

Z 1

�1
dt

dm qiðtÞð Þ
dt

e0 exp � t �Dtð Þ2
2s2

� �
cos wt

ð1Þ

The phase space density has been represented by a discrete
set of classical trajectories, which have been propagated in the
neutral (S0) and the cationic (D0) states (Figure 4). The
electric field of the probe laser pulse is assumed to have
a Gaussian shape with the width s. To take also the pump
pulse width into account, the transient TRIR spectra are
convoluted by the change in the population of the cationic
state dP(t)/dt, which is derived from the experiment, leading
to the expression for the TRIR signal given in Equation (2).

Spump�probeðw;DtÞ
� �

¼
Z 1

�1
dt Sprobeðw;Dt � tÞ
� �dPðtÞ

dt
ð2Þ

As illustrated in Figure 1, we identified two competing
mechanisms for the experimentally probed water migration
from the initial CO site to the final NH site triggered by
photoionization. While in the first channel W migrates along
an almost barrierless path across the methyl group (Figure 1,
red lines), in the second path W is trapped in a local minimum
above the phenyl ring (Figure 1, blue lines). Movies of water
motion in representative trajectories of the first and second
channels are available in the Supporting Information. The
branching ratio for the two paths is 70:30 in favor of the first
channel. Figure 3 shows the isomer populations of the first
(Figure 3D) and second process (Figure 3E) obtained from
the MD simulations. The intermediate state, where the
CO–W hydrogen bond is already broken, but the NH–W

Figure 3. Left: Time evolution of the three vibrational resonances of
AA+–W (nbþ

OH, nfþ
NH, nbþ

NH, indicated by blue, green, and red lines in
Figure 2 A,B) determined from A) the experimental TRIR spectra[8] and
B) the TRIR spectra from the MD simulations. The white area in (A)
and (B) indicates the time interval of the MD simulations [�5 ps,
+ 5 ps], and the dashed green lines show the maxima of the I+ signal
attributed to the free NH stretch mode in the cationic state nfþ

NH

� �
.

Right: C) Averaged populations of the total ensemble and the trajecto-
ries attributed to D) the fast and E) the slow channels, with the CO-
bound isomer (blue, R+), the intermediate structure (green, I+), and
the NH-bound isomer (red, P+). The gray dashed line in (C) shows the
averaged electronic energy from the MD simulations.
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hydrogen bond is not yet formed, is reached in both cases
within 1 ps. Subsequently, the first path relaxes quickly within
further 0.5 ps to the final NH-bound state (“fast channel”,
Figure 3D), while in the second case complete W transfer is
not reached even after 5 ps (“slow channel”, Figure 3E). This
new two-channel dynamics substantially extends and revises
our previous simple one-channel two-step R+!I+!P+ mech-
anism, which was solely derived from the experimental data.[8]

The reliability of the diversity of the reaction pathways
predicted by the MD simulations can be tested with high
sensitivity by direct comparison between the simulated and
measured TRIR spectra (Figure 2). Although the fast channel
does not match the initial simple two-step interpretation of
the experiment,[8] the simulated TRIR spectra including all
trajectories (Figure 2B) well reproduce the observed TRIR
spectra (Figure 2A). The TRIR spectra corresponding to the
slow channel (Figure 2D), which includes the trapping of W,
has a significant intensity for I+ (green) even at Dt = 5 ps,
whereas the observed TRIR spectra (Figure 2A) do not. This
difference clearly indicates that the observed TRIR spectra
cannot be reproduced by the slow channel alone, and thus the
initial simple two-step model[8] must be revised and extended.
Further theoretical and experimental investigations on con-
trolling and directing the reaction by adjusting the excess
energy are now in progress.

In conclusion, water migration in AA+–W includes both
slow and fast reaction pathways, and the major channel
observed in the ionization experiments is the fast one. It is
stressed that this conclusion could only be derived from the
direct comparison between the observed and simulated TRIR
spectra. In the future, this novel strategy will be used to probe
reliably the solvation and reaction dynamics in larger
molecular systems such as highly solvated peptides. This
approach will thus provide reliable insight into the funda-
mental mechanisms of various dynamic processes related to
solvation at the single-molecule level, and opens the way to
controlling the dynamics.
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