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We present a joint theoretical and experimental study of the excited state dynamics in pure and
hydrated anionic gold clusters Au; [H,QO],, (n=0-2). We employ mixed quantum-classical dynamics
combined with femtosecond time-resolved photoelectron spectroscopy in order to investigate the
influence of hydration on excited state lifetimes and the photo-dissociation dynamics. Gradual
decrease of the excited state lifetime with the number of adsorbed water molecules as well as gold
cluster fragmentation quenching by two or more water molecules are observed both in experiment
and in simulations. Non-radiative relaxation and dissociation in excited states are found to be
responsible for the excited state population depletion. Time constants of these two processes
strongly depend on the number of water molecules leading to the possibility to modulate excited
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state dynamics and fragmentation of the anionic cluster by adsorption of water molecules.

1 Introduction

Nano- and sub-nanosized noble metal clusters and their aggre-
gates are in the focus of interest due to their unique optical, chem-
ical, and electronic properties as compared to bulk materials 12,
promising novel opportunities for applications in nanoscience and
nanotechnology. In particular, impressive properties of small gold
clusters have been demonstrated in the field of catalysis 1011,
plasmonics 12, biosensing and medical applications13-1°,
cerning optical properties, the reduction of a nanoparticle’s size
eventually leads to transformation of the plasmonic absorption
band to a set of discrete molecular-like energy levels, which do
not scale with the cluster size, but strongly depend on the number
of atoms* and the cluster structure1®. Moreover, the relaxation
dynamics of the optically excited clusters and the processes tak-
ing place in the excited states alter significantly with cluster size,
surrounding, excitation energy and are still largely unexplored.
One of the widely used techniques to study the ultrafast relax-
ation dynamics of mass-selected clusters is the femtosecond time-
resolved photoelectron spectroscopy (TRPES)17-19. The photo-
electron spectra are sensitive both to nuclear motion and to elec-
tron configuration and thus can provide valuable information
about the excited state lifetimes and dynamics. The main steps
of the TRPES experiment are the following: First, a pump pulse
promotes an atom or molecule to an excited state inducing cou-
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pled electron-nuclear dynamics. Subsequently, a photoelectron is
detached by a probe pulse coming with some time delay after the
pump pulse. By measuring the kinetic energy of the photoelectron
the information on the current excited state energy is obtained
and by adjusting the time delay the temporal evolution of the
excited state can be investigated. This method has successfully
been applied to a large variety of systems ranging from organic
molecules and bio-chromophores2%-2! to metallic and molecular
clusters22-27,

Although a measured TRPES contains information about nu-
clear and electron motion, additional theoretical information is
necessary to establish the correspondence between the nuclear
configuration, electronic excited state and the resulting kinetic
energy of a detached photoelectron. Therefore, a method to sim-
ulate coupled electron-nuclear dynamics in a manifold of nona-
diabatically coupled excited states under an external laser field
action is required. Recently, the field-induced surface hopping
(FISH) method has been developed 2829 and implemented in the
frame of the linear-response time-dependent density functional
theory (TDDFT). This allowed for simulation of TRPES 2°-30,31

and time-resolved harmonic generation signals in metal clusters”.

Recently it has been experimentally demonstrated that the ex-
cited state relaxation dynamics as well as the fragmentation pro-
cesses in Au, clusters are strongly affected by a number of water
molecules interacting with the cluster2®. The experiment showed
that the excited state lifetime decreased monotonously with the
number of water molecules. Interestingly, in the experiment for
the bare gold cluster and the cluster with only one water molecule
adsorbed, photoelectron peaks corresponding to the gold cluster
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fragments Au~ and Au, were observed at long time delays be-
tween pump and probe pulses. The time constants for cluster
fragmentation differed in the two cases by approximately a fac-
tor of 66. In contrast, if two or more water molecules were at-
tached to the cluster, no fragments of the cluster were seen. This
effect attracts attention since it opens a possibility not only to
control the excited state lifetimes of some small noble-metal an-
ionic clusters by water adsorption, but also to govern the photo-
dissociation processes and their time scales.

In the current contribution we combine experimental TRPES
measurements with the mixed quantum-classical nonadiabatic
dynamics in order to reveal the mechanism behind the above
mentioned experimental findings and to systematically explore
the influence of water solvation on excited state dynamics of gold
clusters.

2 Methods

2.1 Theoretical approach

For the simulation of dynamics and TRPE spectra of small gold
clusters and their complexes with water molecules the follow-
ing methodology was used. The coupled electron-nuclear dy-
namics under explicit pump pulse excitation was simulated using
our FISH method, which was presented in detail elsewhere28:29,
Briefly, the FISH method is based on the propagation of a swarm
of classical trajectories in the manifold of excited electronic states
E;(R(t)), calculated “on the fly” for given nuclear coordinates
R(z). Parallel to the trajectory propagation the expansion coef-
ficients C(r) of the electron wave function within this manifold of
states are determined by solving the Schrodinger equation

ihC;i(t) =

)= X (iR

Jj

(1) + Dy (R(1))) C1).
e

In this approach, the electronic states are coupled to each other
via the external laser field £(¢) as well as due to the nonadia-
batic coupling D;;(R(r)), which allows for the description of both
laser-driven electron dynamics due to single- and multi-photon
absorption3? and nonradiative relaxation processes.

Each classical trajectory is propagated under the action of the
forces obtained from the energy gradient of the electronic state
on which the trajectory “resides” at the current instant of time.
Hopping between different electronic states occurs stochastically
with probabilities being proportional to the rates of change of the
electronic population p; = C;C; of these states:

—Pii
Pi~>j :Pi,depnpulationPj$p0pulation = ®( pll) pii
ii

e(pjj)
Here, the ®-functions ensure that the hopping probability is
nonzero only for initial states with decreasing electron popula-
tion and for final states with increasing electron population based
on the results of solving Eq. (1).

Thus, the necessary ingredients needed to carry out the tra-
jectory propagation are the electronic excited state energies and
their gradients, which in the current study are obtained using
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Fig. 1 The absorption spectra of (a) the anionic Au; and (b) the neutral
Auj clusters calculated employing PBE and CAM-B3LYP functionals. In
insets minimal energy structures obtained using PBE functional are
presented.

TDDFT due to its efficiency and satisfying accuracy for the sys-
tems under investigation. Other essential quantities, such as tran-
sition dipole moments and nonadiabatic couplings between dif-
ferent excited states can be also obtained in the framework of
TDDFT as described in Ref.”. In the current simulations the lin-
ear response TDDFT with the gradient-corrected Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional33 was used to-
gether with the triple zeta valence plus polarization atomic Gaus-
sian basis set (TZVPP)3*4 and the relativistic 19 electron effec-
tive core potential for gold3>. Preliminary calculations revealed
that at this level of theory minimal energy nuclear geometries and
absorption spectra of both anionic Au; and neutral Aus clusters
reproduced the results of experiments3¢ and high-level theoreti-
cal calculations 3738 accurately enough. In Fig. 1 the absorption
spectra calculated at TZVPP/PBE level of theory are presented
in comparison with the ones obtained using the more accurate
Coulomb-attenuated B3-LYP (CAM-B3LYP) functional3®. Nuclear
configurations corresponding to the minimal energy isomers are
shown in Fig. 1 as well. It is seen, that the shape and relative
intensities of absorption lines are reproduced correctly using PBE
functional.

Parallel to the trajectory propagation, the photoelectron signal
is simulated. At each selected time instant 7 the nuclear coordi-
nates R(7) are extracted and used to calculate molecular orbitals
and excited state energies for the anionic (A) and neutral (N)
species. These are used to construct the approximate electronic
wave functions of these species. The ground state electron wave
functions for both species are represented by the Slater determi-
nants |¢>8‘N(1)> constructed from the occupied Kohn-Sham (KS)
orbitals. The K-th excited state electron wave function for the
anionic species |W4(R(7))) is approximated by the configuration
interaction singles-like expansion (CIS):

[P (R Zcm W) - (3)

where|¥S) represents a singlet spin-adapted configuration state
function (CSF) defined as:
I\PmF > _

— (|@%) + |@L)) 4
\[| )+ @
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and |®}) and ‘Cbg> are the Slater determinants in which one elec-
tron has been promoted from the occupied orbital a to the virtual
orbital r with spin « or 3, respectively. The expansion coefficients
¢, in Eq. (3) can be determined based on the requirement that
the wave function in Eq. (3) leads to the same density response as
the one obtained by the linear response TDDFT procedure. Thus,
for non-hybrid functionals without Hartree-Fock exchange the co-
efficients %, giving rise to mutually orthogonal electronic states
are given by:

~1/2
& — &,
o, = (—) (X5 +¥E), ®)

where g, and ¢, are the orbital energies of a-th occupied and r-th
virtual single electron orbitals, respectively, and X* and Y* rep-
resent the solution of the TDDFT eigenvalue problem*%#1, The
excited state electron wave function |P¥(R(7))) for the neutral
species, which is an open-shell system, is approximated by the
following expansion:

Y (R(2))) = Y e @) + Y cBF 7). 6)

a,r

=
~n

The expansion coefficients are calculated in the same manner as
in Eq. (5), the indices a (a) run over all occupied and r (7) over
all virtual KS orbitals with spin o (). It is worth noting that
the sets of molecular orbitals used for construction of the Slater
determinants differ for the anion and neutral species and thus the
orbital relaxation effects are included.

The anion is assigned an electronic energy E4(R(7)) and a
wave function |¥4(R(7))) depending on the electronic state in
which the selected trajectory resides at the current instant of
time, while for the neutral species all the excited states below
E¢(R(7)) — Ej(R(T)) 4 h®,,,p, are taken into account. The Dyson
orbital corresponding to the electron detachment from the an-
ionic state |W4(R(7))) with the resulting neutral species in the
state |¥)(R(7))) is determined as follows:

|92.(7)) = V() (R(7)) [ ¥4 (R(7))). 7

Here n is the number of electrons in the anionic species. The
overlap integral in (7) can be reduced to the overlap between
molecular orbitals of neutral and anionic species, which can be
further calculated using standard quantum-chemical routines+2.
The maximal kinetic energy of the ejected electron can be esti-
mated as

Ellglf(r) = hwprobe +E2(R(T)) - EII,V(R(T))7 (8)

and the intensity of the electron signal is assumed to be pro-
portional to the square of the corresponding Dyson orbital (7).
Thus the TRPES of each trajectory is calculated as a sum over all
electronic states of the neutral species. The energy distribution
around E,’ﬁff(r) is assumed to be Gaussian:

(EE&T(r))Z) .

S(E,7) :ZH(p,?,L(r)Hzexp <— 567 ©

In the described manner the photoelectron spectra are calcu-
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lated along each trajectory. The final TRPES is obtained after av-
eraging of the single-trajectory spectra over the whole ensemble.

2.2 Experimental setup

The experimental methods and setup are described in detail else-
where*3. Briefly, hydrated gold anion particles were produced in
a pulsed arc cluster ion source and mass-selected using a time-
of-flight mass spectrometer. Since the clusters spent sufficiently
long time in a water-cooled extender for thermalization, the tem-
perature of the clusters was estimated to be the room temper-
ature. A selected bunch of clusters was irradiated by two suc-
cessive laser pulses generated by a Ti:sapphire laser system. The
second (3.11 eV) and third (4.66 €V) harmonics of the fundamen-
tal mode were used as pump and probe pulses, respectively. The
full width at half maximum of the both pulses was approximately
the same and equal to 30 meV. The instrumental time resolution
was determined by measuring the cross-correlation function of
the pump and probe pulses to be ~240 fs. Under the pump pulse
action a certain fraction of anionic clusters was excited and after-
wards the probe pulse detached a photoelectron from an anion
in the ground or excited state. Consequently, the kinetic energy
of photoelectrons was measured using a “magnetic bottle” type
time-of-flight electron spectrometer.

3 Results and discussion

3.1 Auj

The bare Au; cluster was used as a benchmark system to validate
the theoretical methods and to calibrate the experimental setup.
The simulations of Au; excited state dynamics induced by an ex-
ternal laser pulse were carried out for an ensemble consisting of
100 trajectories. The initial conditions for each trajectory were
generated using the Wigner distribution** at 300 K temperature
based on the optimized linear structure of Auj. The pump pulse
was assumed to have a Gaussian temporal profile with the peak
intensity (2.6x10° V.m~!) and FWHM (138 fs) to reproduce the
experimental values. All the 13 excited states below the theoreti-
cal vertical detachment energy (VDE) of 3.6 eV were included in
the simulations. During the pump pulse action 98% of trajecto-
ries “hopped” between the ground and excited electronic states
due to the electric field coupling. After the pulse had ceased 52%
of trajectories remained in the high excited states (Sy-S;3) while
the rest of ensemble was in the ground state. The electron pop-
ulation dynamics of the ensemble of trajectories is presented in
Fig. 2 (a). It is seen, that within 1 ps of simulation time only
relaxation to the states Sg ;o from the higher-lying electronically
excited states occurs, but no relaxation back to the ground elec-
tronic state of Au; is observed. This can be explained by the rela-
tively large energy gap between the manifold of states So- S;3 and
the lower-lying excited states (cf. Fig. 2(b)). The results are in
correspondence with the experimental observation of a long ex-
cited state lifetime in the bare Au; cluster, which was measured
to be 1.6 ns. During the simulations time no dissociation of the
Aujy clusters was observed, which is also in agreement with the
experimental data.

TRPE spectra were calculated for every trajectory in the ensem-
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Fig. 2 (a) The population dynamics of the Au;” ensemble induced by the
experimental pump pulse. The pump pulse is shown on the background;
(b) the temporal evolution of the ground and excited electronic state
energies of Auj (thin lines, left axis), averaged over the ensemble of
trajectories, with the dashed lines showing the non-populated excited
states, the average electronic energy (thick black line, left axis) and the
average nuclear kinetic energy of the Au; ensemble (thick red line, right
axis).

ble as described in Sec. 2.1 and averaged afterwards. The final
spectrum was shifted by 0.3 €V to the lower energies to account
for the difference between the experimental (3.9 eV) and theoret-
ical (3.6 €V) VDEs of Au; . The comparison between theoretical
and experimental results is presented in Fig. 3. The central panel
(b) shows the theoretical TRPES obtained for the simulation time
of 1 ps. The left panel (a) shows the experimental spectrum
recorded for the non-excited ensemble (the time delay between
pump and probe pulses is negative) and the right panel shows the
experimental results for the relatively large time delay. The two
broad time-dependent peaks X and X* absent at negative time-
delay are attributed to the photo-detachment of electrons from
the Au; excited states So — S13 with the neutral species Aug cre-
ated in the ground (X) and low-lying excited (X*) states. These
peaks exhibit oscillations due to vibrational motion of the Auy
clusters.

The time-independent peaks of moderate intensity A, B, and C
(see Fig. 3 (b)) arise from the photo-detachment of an electron
by two pump photons with the neutral species in the ground (A),
D, — D5 excited (B) and D4 — D5 excited (C) state. Some of these
peaks can be distinguished in the experimental spectra at negative
(A, B) and positive (B) time delays. The intense peaks D, E, and F
in the low-energy region correspond to the photo-detachment of
an electron by the probe pulse only from the ground state of Auy
to the the ground (D), D| — Dj excited (E), and D4 — D5 excited
(F) states of the neutral species. In the experimental spectra these
peaks are well distinguishable at both negative and positive time
delays. Unlike the peaks A - C, these peaks slightly oscillate with
time due to coherent vibrational motion of Au; induced by the
pump pulse. The decrease of intensity of these peaks after ~300
fs is due to depopulation of the ground state by the pump pulse
(cf. Fig. 2 (a)).

In general, on the benchmark system Au; it was demon-
strated that the theoretical approach allows for describing of
time-resolved photoelectron spectra including the signal of elec-
trons detached by two pump pulse photons.

Simulated TRPES
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Fig. 3 The photoelectron spectra of the Au; (a) measured at the
negative time delay between the pump and probe pulses of 7=-66 ps,
(b) the simulated time-resolved spectrum for time delays ranging from 0
to 1 ps, the intensity of the signal is denoted with the color, (c)
experimental PES at the large positive time delay of 132 ps. The part of
the spectrum above 2.2 eV denoted with red color is 10 times magnified.

3.2 Au;H,0

In order to determine the global minimum energy structure of the
Auy Hy0, a molecular dynamics in the ground state was carried
out for 8 ps. Starting from 1 ps of the simulation time the coordi-
nates were taken with a time step of 70 fs and optimized. All the
structures converged to the same minimal energy configuration
shown in Fig. 4 (a). This configuration was subsequently used to
generate 100 initial conditions for the FISH dynamics under the
action of the experimental pump pulse. The initial structures and
velocities were generated using the Wigner distribution at room
(300 K) temperature. In the dynamics simulations all the elec-
tronic excited states below the VDE at the selected TZVPP/PBE
level of theory (3.92 eV) were taken into account. In this ener-
getic region there are 17 excited electronic states, which form the
density of states (DOS) shown in Fig. 4 (b). For better visualiza-
tion of the population dynamics the manifold of the excited states
is divided into three regions shaded in Fig. 4 (b) with different
colors. The central “red” region contains the most intense absorp-
tion peak of the Au; H,O0, and the electronic state resonant to the
pump pulse. The “blue” and “green” regions contain lower- and
higher-energy electronic states, respectively.

During 3 ps of the dynamics simulations the following fragmen-
tation processes have been observed:

(i AuyHO — Au; +H,0 (29% of trajectories, 16% frag-
mented in the excited and 13% in the ground state);

(i) Auz H,O — Au™ +AupHy0 (6% of trajectories, in the ex-
cited state);

(iii) Auy H,O — Au”H;O0+Au; 2% of trajectories, in the ex-
cited state);

(iv) Auy HO — OH™ +AuzH (1% of trajectories, in the ground
state).

It should be noted that due to the moderate number of trajecto-
ries in the ensemble we can not accurately predict the branching
ratio of these fragmentation processes based on the current simu-
lations. However, it is clear that these reaction paths are possible
in the system under consideration as a result of excitation by the
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Fig. 4 (a) The minimal energy structure of an Au; cluster with one
water molecule. The distances between atoms in Angstrém are given;
(b) the absorption spectrum (shown with the solid black line) and the
density of states (the semi-transparent filled line on the background) of
the optimized structure. The manifold of excited states is divided into
three regions, the corresponding area under the DOS line is shaded
with different colors; (c) the population dynamics of the Au; H,O
ensemble induced by the experimental pump pulse presented on the
background. The color lines show the electron population of the energy
regions, marked in (b) with the corresponding colors, (dashed line) the
ground state population of the sub-ensemble of trajectories which do not
fragment in the excited state, (dotted line) the ground state population of
the sub-ensemble of trajectories fragmenting in the excited state.

experimental laser pulse.

The electronic population dynamics of the Au; H,O ensemble
is presented in Fig. 4 (c). The color lines represent the total popu-
lation of all electronic states from the energy regions shaded with
the corresponding colors in Fig. 4 (b). Under the pump pulse
action first the central energy region S4-Sg is populated, but a
significant part of the electron population is further transferred
to the higher-lying states S1o-S17 due to the multi-photon absorp-
tion. Finally, after the pump pulse has ceased, the relaxation of
the electronic population to the lowest excited states S;-S3 occurs.
In contrast to the bare Auj cluster, parallel to the electronic relax-
ation within the manifold of the excited states, a significant pop-
ulation transfer to the ground state is observed. In order to de-
termine the underlying mechanism, the ensemble of trajectories
was divided into two sub-ensembles: the trajectories fragmenting
in the excited state and those which do not show fragmentation
in the excited state. The ground state electronic population of
this two sub-ensembles is shown in Fig. 4 (c) with the dotted and
dashed lines, respectively. It is clearly seen, that both of the sub-
ensembles exhibit population transfer to the ground state with
different time constants. Thus we conclude, that two competing
processes are responsible for the population transfer back to the
ground state, namely, fragmentation with the excess of energy
used for separation of fragments (see Fig. 4(c), dotted line), and
nonradiative relaxation with the excess of energy transferred to
the vibrational motion of the molecule (Fig. 4(c), dashed line).
The results of the simulation show, that the latter process can ul-
timately lead to fragmentation along paths (i) or (iv), but does
not lead to dissociation of the gold cluster itself.

In the simulations the fragmentation of gold clusters occurred
only in the excited state. A typical trajectory following the frag-
mentation path (ii) is presented in Fig. 5. In Fig. 5 (a) the
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Fig. 5 (a) The excitation energies of the Au; H,O molecule along a
selected trajectory. With the solid lines the excitation energies to the S,
(blue) and Sg (green) states are shown. The thick semi-transparent red
line shows the current state of the trajectory. The numbers 1-5 denote
the time instants at which the snapshots presented in (c) are taken; (b)
the partial charges of the gold atoms and water in the Au; H,O molecule
calculated along the selected trajectory. The lines are colored according
to the scheme shown in inset, which corresponds to the nuclear
configuration at 285 fs of simulation time; (c) the snapshots taken at
285, 615, 840, 1100, and 1450 fs of the simulation time representing the
actual nuclear configuration and the electron density difference between
the current excited and the ground electronic states (increase of the
electron density is shown with white and decrease with blue colors). The
actual excited state is given in brackets.

evolution of the excitation energies of the selected trajectory is
presented. At selected time moments (285, 615, 840, 1100, and
1450 fs) the snapshots of the nuclear configuration and excited
state electron density difference to the ground state are taken and
presented in Fig. 5 (c). The semi-transparent thick red line shows
the actual electronic state of the trajectory. It is seen, that under
the action of the external laser pulse the trajectory is promoted
to the excited state So, from which it quickly decays to the state
Sg denoted in Fig. 5 (a) with the solid green line. In this state
the trajectory resides for ~500 fs and afterwards through several
intermediate states it decays to the S, state (shown with the solid
blue line). Unlike the higher-energy excited states, in which the
trajectory resided before, this state is characterized by a strongly
asymmetric electron density difference to the ground state, mean-
ing that the excited electron is mainly localized around the right
gold atom. Additionally, the decrease of the electron density in
the region between the central and the right atoms is clearly seen
at 840 and 1100 fs (cf. the blue spots in the corresponding snap-
shots in Fig. 5 (c)). As a result, the Au; cluster dissociates into
the neutral Au, and anionic Au~ fragments. The charge distri-
bution is analyzed by calculating partial atomic charges of each
gold atom during the dynamics presented in Fig. 5 (b). The par-
tial charges were calculated using the CHelpG algorithm*®. It
follows from the figure, that as a result of the dynamics in the S,
state, the negative charge is transferred to the third (right) gold
atom.

Therefore we can assume that the dissociation of the Au; clus-
ter occurs due to promotion to a weakly-bound excited state. In-
deed, a test nonadiabatic dynamics simulation on a bare Au; clus-
ter starting from the S, state revealed, that the bare cluster disso-

1-9 |5



Physical Chemistry Chemical Physics

ciates in this state into the neutral Au, and anion Au~ as well. In
the minimal energy structure this state is dark for both Au; H,O
(cf. Fig. 4 (b)) and bare Au; and thus can not be directly pop-
ulated by a laser pulse, but can be reached through nonadiabatic
processes during excited state dynamics. The value of nonadi-
abatic coupling between the excited states in our approach de-
termines the probability and consequently the rate of population
transfer to the “dissociative” state. Due to the presence of a wa-
ter molecule the nonadiabatic coupling of the high-lying excited
states to the S, state is much higher than that in the bare Auj
cluster, leading to faster population of this state and cluster dis-
sociation as compared to a bare cluster.

The simulated TRPE spectrum of the Au; H,O is presented in
Fig. 6 and compared to the experimental PES measured at zero
time delay and positive time delays of T = 1.3 ps and 7 = 125.5
ps. At zero time delay the clusters are in the ground state and
in the photoelectron spectra only peaks A - D arise due to two-
pump-photon (A - C) and probe-only (D) photo-detachment. The
peak B, which is clearly seen in the simulated TRPES but absent in
the measured PES is attributed to the photo-detachment by two
pump pulse photons with the neutral species created in the D;_3
excited states. This states have the charge-transfer character and
thus the excitation energy is underestimated at the PBE level of
theory. Calculations using the more accurate CAM-B3LYP func-
tional reveal, that these excited states should be 0.6 eV higher in
energy. This would lead to the shift of the peak B to lower ki-
netic energy and as a result to overlap with the peak C. The same
deficiency is observed for the Au; [H,0]; as well.

At positive time delays several time-dependent features are ob-
served. The signal in the region Y comes from the photoelectrons
detached from the Auj H,O molecules being in the high excited
states So-S;7. The signal is weak and almost not seen in the
experiment, moreover, it vanishes within 1 ps as the population
of this electronic states decays (see. Fig. 4 (c)). The peaks X
and X* correspond to the photo-detachment from the Auy; H,O in
the S4-Sg excited states with the neutral product formed in the
ground and low-lying excited states, respectively. Additionally, at
later times such trajectories contribute to these peaks, which have
fragmented following the path (i), i.e. lost the water molecule.
Finally, the peak X** arises due to the photo-detachment of the
Aus; HyO in the S;-S3 excited states with the neutral product
formed in the ground state. This peak appears later than the X
and X* peaks as the corresponding manifold of states is popu-
lated (cf. Fig. 4 (c)). A sharp feature appearing after ~1.3 ps
of the simulation time corresponds to the signal from the Au~
anion, which is a product of the trajectories fragmenting along
paths (ii) and (iii). It is complicated to distinguish this signal in
the experiment at moderate time delays due to overlap with the
peaks X* and X**, but at relatively large time delays this peak is
clearly seen (cf. Fig. 6 (c), green line). Another feature appearing
at large time delays is the signal at ~ 2.7 eV, which can be a trace
of Au, . This fragment has not been observed in the simulations,
because the fragmentation path Au; — Au,™ + Au is energeti-
cally unfavorable. It is worth noting, that at 125 ps time delay no
signal from the excited states of Au; H,O is observed (see region
X in Fig. 6 (c)) which confirms the shorter lifetimes of the excited
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Fig. 6 The photoelectron spectra of the Au; H,O ensemble (a)
measured at the zero time delay between the pump and probe pulses,
(b) the simulated time-resolved spectrum for time delays ranging from 0
to 3 ps, the intensity of the signal is denoted with the color, (c) measured
at the positive time delays of 1.3 ps (blue and red lines, the red line
corresponds to the signal multiplied by 10 as compared to the blue line)
and of 125.5 ps (green dashed and solid lines, the solid green line is
multiplied by 10).

states as compared to the bare Au; cluster (see regions X and X*
in Fig. 3 (c)).

3.3 Au; [H;0],
A search for a global minimal energy structure of Auj [H,QO]; has
been performed in the same manner as described in Section 3.2.
Several stable isomers have been found, the energy difference
between the lowest-energy and second-to-lowest energy isomers
being ~0.1 eV. According to the Boltzmann distribution the pop-
ulation of higher-energy isomers at room temperature is small
(~2%) and therefore we focus only on the lowest-energy one.
The nuclear configuration of this isomer is presented in Fig. 7
(a). This structure was used to generate 50 initial conditions for
an ensemble of trajectories by sampling the Wigner distribution
at room temperature. The dynamics simulations using the FISH
method were carried out within a manifold of the ground and 15
excited electronic states. The DOS of the electronic state manifold
taken into account in the simulations is presented in Fig. 7 (b) to-
gether with the absorption spectrum of the lowest-energy isomer.
For better visualization of the population dynamics, the manifold
of excited states was divided into several regions shaded in Fig.
7 (b) with different colors. The central “red” region contains the
most intense absorption peak and is resonant to the pump laser
pulse. The “blue” and “green” regions contain the excited states
below and above the central region, respectively.

During the 3 ps of simulation time the following fragmentation
paths have been observed:

(i) Auy [H,0] — Auy H,O+H,0 or Auy +2H,;0 ( 30% of tra-
jectories, all fragmented in the ground state);

(ii) Auy [H,0], — Au;OH™ +AuH+H,0 (2% of trajectories, in
the ground state).

It is worth noting, that all the fragmentation processes occurred
after a trajectory relaxed back to the ground state. Moreover, only
one trajectory showed the dissociation of the gold cluster, which
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Fig. 7 (a) The minimal energy structure of an Au; [H,O], molecule. The
distances between atoms in Angstrdm are given; (b) the absorption
spectrum (shown with the solid black line) and the density of states (the
semi-transparent filled line on the background) of the structure in (a), the
manifold of the excited states is divided into three regions, the
corresponding area under the DOS line is shaded with different colors;
(c) the population dynamics of the Au; [H,O], ensemble induced by the
experimental pump pulse shown in the background, the color lines show
the electron population of the energy regions, marked in (b) with the
corresponding colors.

happened much after the trajectory decayed to the ground state.

The electronic population dynamics of the Au; [H>O], ensem-
ble is presented in Fig. 7 (c). As in the case of Au; H,0, under
the pump pulse action first the central “red” region S4-S;( is pop-
ulated with subsequent promotion of a part of the population to
the higher “green” region S;;-Si5. After the pump pulse ceases,
the electron population is transferred down to the “red” and to
the lowest-energy “blue” region. Additionally, a significant popu-
lation transfer back to the ground state is observed. In contrast
to the Au; H,O, the fragmentation processes do not contribute to
this population decay. Thus we can conclude, that the fragmen-
tation in the excited state is completely suppressed by the non-
radiative relaxation to the ground state. This explains the low
number of trajectories showing the dissociation of the gold clus-
ter, because the ground state is much strongly bound than some
of the lowest excited states and the excess of the kinetic energy is
often not sufficient to cause the gold cluster dissociation.

Indeed, the existence of the weakly-bound states along the Au-
Au bond stretching coordinate is proven by more accurate calcu-
lations employing CAM-B3LYP functional in Au; [H,0],, n=0...2.
The results are presented in Fig. 8. In the calculations all the
atoms except the right one (as shown in inset) were fixed and
thus the energies do not correspond to the minimal energy paths,
but the dissociative character of the lowest excited state is clearly
seen.

Finally, we compare the simulated TRPES of the Au; [H,0],
ensemble to the experimental data (see Fig. 9). At zero time de-
lays in the measured data as well as in the simulated ones only the
peaks due to two-pump-photon (A-C) and probe-only (D) photo-
detachment are observed. As a result of the pump pulse action the
peak D is depleted (see Fig. 9 (b) at 0.3-0.4 ps) and the follow-
ing time-dependent features appear: In the region X the signal
is due to the photo-detachment of the Au; [H,0], molecules in
the S4-Syo excited states with the neutral species created in the
ground state. The signal in X* comes from the members of the
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Fig. 8 Evolution of the ground state and low excited state electronic
energies of Auy (solid lines), Au; H,O (dashed lines), and Au; [H,0],
(dotted lines) with respect to the Au-Au bond stretching, as it is marked
in inset for the Au; [H,O], case. All the energies are plotted relatively to
the ground state minimum of the given species.
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Fig. 9 The photoelectron spectra of the Au; [H,0], ensemble (a)
measured at the zero time delay between the pump and probe pulses,
(b) the simulated TRPES for time delays ranging from 0 to 2.7 ps, the
intensity of the signal is denoted with the color code, (c) the
photoelectron spectra measured at the positive time delays of 1.3 ps
(blue and red lines, the part of the spectrum shown with the red line is
multiplied by factor 10) and of 125.5 ps (green dashed and solid lines,
the solid green line is multiplied by 10).

ensemble residing in the lowest manifold of excited states S;-S3.
Finally, the peak Y is due to the photoelectrons detached from the
Auj [H,0]; molecules in the S;;-S;5 excited states and decays
within 1 ps of the simulation time as the population of the cor-
responding states decreases (cf. Fig. 7 (c)). In the panel (c) the
experimental spectra taken at moderate time delay of 1.3 ps (blue
and red lines) as well as at long time delay of 125 ps (green lines)
are presented. At 1.3 ps the signal from Au; [H,0]; in the excited
states is clearly seen (peaks X and X*), which significantly decays
at later times. Notably, no signal from gold cluster fragments Au~
or Au, is seen in the experiment at 125 ps time delay.

4 Conclusion

In summary, we have studied both experimentally and theo-
retically the excited state dynamics and photo-dissociation of
Auj [H,0],, n=0...2, clusters. The experimental TRPES shows
that the excited state lifetime of bare Auj cluster is 1.6 ns and
as a result of the photo-excitation the cluster dissociates into Au™
+ Auy or less probably into Au + Au, fragments. When one
water molecule is adsorbed on the Auj cluster, the excited state
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lifetime decreases dramatically down to 24 ps, but the products
of the gold cluster dissociation are still observed in the TRPES at
longer time delays. If two or more water molecules are added to
the Au; cluster, the excited state lifetimes become even shorter
(9.3 ps for Au; [H,0]> and 5.5 ps for Au; [H,0]3), but no frag-
ments of Au; cluster are observed in the photoelectron spectra,
which suggests that the photo-fragmentation is suppressed in this
case by the water solvation effects.

The theoretical simulations reveal that two competing pro-
cesses cause the excited state population decay, namely, dissocia-
tion of the gold cluster and non-radiative relaxation to the ground
state with excess electronic energy redistributed among the vibra-
tional degrees of freedom. The gold cluster dissociation occurs
as a result of the nonadiabatic dynamics in the low-lying excited
state. The probability and rate of cluster fragmentation are de-
termined by the time required to reach this state and by the time
spent in this state. The adsorption of water molecules on the gold
anionic cluster decreases the time constant of relaxation within
the excited state manifold. As a consequence the weakly-bound
low-lying excited states are reached on a shorter time scale, but if
the time constant is too small (as in the case of two or more wa-
ter molecules adsorbed) the subsequent relaxation to the ground
state occurs faster leading to suppression of the gold cluster frag-
mentation. This explains the gradual decrease of excited state
lifetimes with the number of adsorbed water molecules as well as
the suppression of Au; fragmentation when two or more water
molecules are adsorbed.
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