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Vibrational relaxation of adsorbates is a sensitive tool to probe energy transfer at gas/solid and liquid/solid
interfaces. The most direct way to study relaxation dynamics uses time-resolved spectroscopy. Here we
report on a non-equilibrium ab initio molecular dynamics (NE-AIMD) methodology to model vibrational
relaxation of OH vibrations on a hydroxylated, water-covered o-Al,O3(0001) surface. In our NE-AIMD
approach, after exciting selected O—H bonds their coupling to surface phonons and to the water adlayer is
analyzed in detail, by following both the energy flow in time, as well as the time-evolution of Vibrational
Density of States (VDOS) curves. The latter are obtained from Time-dependent Correlation Functions (TCFs)
and serve as prototypical, generic representatives of time-resolved vibrational spectra. As most important
results, (i) we find a few-picosecond lifetime of the excited modes and (i) identify both hydrogen-bonded
aluminols and water molecules in the adsorbed water layer as main dissipative channels, while the direct
coupling to Al,O3 surface phonons is of minor importance on the timescales of interest. Our NE-AIMD/TCF
methodology is powerful for complex adsorbate systems, in principle even reacting ones, and opens a way
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|. Introduction

Water-covered metal oxides play an important role in many
areas of surface science, with applications ranging from hetero-
geneous catalysis over electrochemistry to geochemistry." Tre-
mendous effort has been investigated in recent years to
characterize various water/metal oxide interfaces,>™ which
improved our molecular-level understanding of their surface
physical chemistry. Vibrational spectroscopy is a powerful tool
to do so. Notably, surface-sensitive Vibrational Sum Frequency
(VSF) spectroscopy has been employed for silica/water,”
quartz/water,"* or alumina (Al,O;)/water'” interfaces. Here we
concentrate on the latter, as a particularly well studied model
system for insulating metal oxides.

While most of the vibrational studies above are of the steady-state
type, a more direct account of dynamics is provided by time-resolved
spectroscopy, e.g., VSF in a pump-probe mode.*® Time-resolved
spectroscopy can give direct information on energy transfer
between an adsorbate and the surface, which is central for the
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towards time-resolved vibrational spectroscopy.

understanding of adsorbate bonding but also for more applied
issues, such as energy storage or bond-selective chemistry. In
the pump-probe variant of VSF spectroscopy,’* a spectrally
narrow IR (infrared) pulse is used to excite/pump an adsorbate
vibration, which is then probed by two spatially and tempora-
rily overlapping IR and visible pulses which generate a VSF
signal that is recorded as a function of frequency and the delay
time At, between pump and probe pulses. Both steady-state and
time-resolved VSF spectra have recently been recorded for
water-covered 0-Al,05(0001) surfaces by Borguet et al.,">"” for
example, focusing primarily on the hydrogen-bonded spectral
region and on the effects of interfacial electrolytes on O-H
stretching vibrations.

In own recent work, in a combined experimental/theoretical
effort, the so-called Al-1 terminated o-Al,05(0001) surface®>?
as the most stable alumina surface in vacuum,'®?? further
a hydroxylated -Al,05(0001),>"** as well as O-terminated
0-Al,05(1102)** and O-terminated o-Al,05(1120)*° surfaces, all
in contact with small amounts of water were studied with
steady-state VSF spectroscopy, mostly to characterize the vibra-
tions of interfacial O-H (or O-D) bonds. From the theory side,
periodic Density Functional Theory (DFT) was used, either sta-
tionary and together with Normal Mode Analysis (NMA),>%>1242
or in the form of ab initio molecular dynamics (AIMD) in
combination with Time-dependent Correlation Function (TCF)
methods,?>*? to characterize adsorbate vibrations. The AIMD/TCF
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approach is computationally costly but also very powerful, as it
accounts for Vibrational Density Of States (VDOS) curves and even
for spectra, IR and VSF,”>** beyond the harmonic approximation
and it explicitly includes the effects of temperature, which allows
for direct comparison between simulations and experiments.
The motivation for our present, theoretical work is to extend
the previous AIMD/TCF simulations explicitly to the time-
dependent domain, by initially vibrationally exciting specific
O-H chromophores of a water-covered alumina surface, and
follow their dynamics after increasing time delays, in the spirit
of a pump-probe vibrational analysis. Specifically, we shall
consider a water-covered, hydroxylated o-alumina interface
(see below), and excite high-frequency O-H vibrations asso-
ciated with non-hydrogen bonded aluminol groups, i.e., quasi-
free O-H units attached to surface Al ions. In fact, this surface
was extensively studied by us before,>"** and currently corres-
ponding pump-probe VSF experiments are underway to study
vibrational relaxation.>® We shall try, on the basis of non-
equilibrium ab initio molecular dynamics (NE-AIMD) simula-
tions, to (i) model the vibrational energy relaxation times of
excited surface aluminols in H,0/a-Al,05(0001) and (ii) under-
stand the vibrational relaxation mechanism and energy flow in
this system. (iii) A third goal for this work is to extend the
known NE-AIMD methodology,”” to calculate time-resolved
vibrational spectra for complex interfaces. For that, NE-AIMD
will be combined with time-windowed TCF methods, with time-
dependent correlation functions serving to compute spectra
I(w,At) as needed for interpreting pump-probe IR/VSF signals,
for example. Here, we shall not make the full step to pump-
probe IR/VSF spectra, though, and compute time-resolved
VDOS curves instead, i.e., time-resolved power spectra that
can be seen as a generic precursors to real spectra. On top,
the VDOS curves help to analyze the relaxation process, com-
plementary to other tools, such as kinetic energy analysis.
Concerning the vibrational energy redistribution it is common
practice to define a “vibrational lifetime”, as the population decay
time of the excited chromophore’s v = 1 state to the ground state, v
=0, ie., P,4(t) oc exp(—t/t). Note that this definition holds strictly
for quantum mechanics and for 7= 0 only and in fact, neither in
experiment nor in our classical theory as here one necessarily
operates with P,-,(¢) curves but uses related measures instead. For
excited O-H stretching vibrations at non-metallic interfaces, a
wide range of lifetimes can be expected. In case when the OH
bond was part of a hydrogen-bonded network, e.g., a water layer,
time-resolved VSF experiments for the air/water interface gave
lifetimes <1 ps.'**® Here the excited interfacial OH relaxes
efficiently thanks to its direct coupling with H,O bending
overtones, which then allows further relaxation into the hydro-
gen bonding modes. If, on the other hand, an isolated O-H
stretch mode, say, was directly coupled to surface phonons
only, one could expect much longer lifetimes. In this case the
high-frequency O-H mode can only relax via slow multi-phonon
processes, because the Debye frequency of the surface is much
lower. For o-alumina, the Debye frequency is in the order of
1000 cm ™', so three to four phonons would be required for
relaxation at least. Multi-phonon relaxation is indeed a slow
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process: an extreme example is the C-O stretch mode of carbon
monoxide on NaCl(100), with T ~ 4 ms.*® Another example,
chemically closer to a-alumina is represented by the O-H stretching
relaxation of interfacial silanols in silica. For this system, early time-
resolved vibrational spectroscopy measurements**?! indicated a
lifetime in the order of 100 ps. In the present study, the excited
O-H chromophores are neither strongly H-bonded nor in
contact with surface phonons only (there are water molecules
around, see below), so an intermediate situation may be
expected. In fact, we shall find lifetimes in the order of several
picoseconds below.

Our paper is organized as follows. In the next Section II, the
model of the interface studied here, hydroxylated o-Al,05(0001)
with additional water will be introduced and static DFT and
canonical AIMD calculations on this system done in ref. 23 will
be reviewed that are of relevance also for the present study. In
Section III, the NE-AIMD methodology used here will be intro-
duced, analysis methods will be described together with the NE-
AIMD/TCF approach to time- and frequency resolved VDOS spec-
tra. In Section IV we present results, ie., (i) lifetime calculations
based on kinetic-energy analysis, (ii) subsystem-resolved energy
flows to unravel the relaxation mechanism, (iii) time- and fre-
quency resolved VDOS spectra for lifetime estimates, and as the
precursors for time-resolved vibrational spectra just mentioned.
A final Section V summarizes and concludes this work.

Il. The surface model, static DFT and
canonical AIMD calculations
A. The water/aluminol interface model

As the pump-probe VSF experiments®® were done on a o-Al,05(0001)
surface sample exposed to air or to liquid water at room
temperature, we employed a surface model that roughly repre-
sents a-alumina at low/medium water coverage. The model is the
same as used in ref. 23 for the interpretation of vibrational spectra
of water-covered o-alumina(0001). It consists of a hydroxylated
alumina surface which forms from the so-called Al-terminated,
UHV-stable (0001) surface."®*** The latter has an atomic-layer
sequence Al-O3;-Al-Al-O;-Al-R, where “R” stands for a repetition
of the Al-0O;-Al sequence into the bulk (when referringtoa 1 x 1
cell). When exposed to water, the top layer Al-atoms are removed
and the topmost O layer is saturated with hydrogen - the
hydroxylated surface (HS) has formed. The atomic-layer sequence
of the HS is (HO);-Al-(Al-O;-Al)-R. Within a 2 x 2 cell, which
we use here, we have twelve terminating OH bonds, or alumi-
nols. We consider in addition, five Al layers and two oxygen
layers, giving a simulation cell of composition Al,;O3sH;;,. In
our model, on top of the upper surface layer we adsorb eight
intact water molecules. We refer to this system as the ‘“Hydro-
xylated Surface +2 MonoLayers” (2ML) model, or HS + 2ML as
in ref. 23. The HS + 2ML structure was found particularly stable by
Density Functional Theory (DFT) calculations, due to the formation
of a honeycomb-like layer network consisting of water hexagons.*?

The high stability is due to the formation of hydrogen bonds
between some of the aluminol OH groups and molecular H,O.
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Fig.1 Top (left) and side views (right) of the hydroxylated a-Al,O3(0001)
surface (2 x 2), with additional eight water molecules (HS + 2ML). Our model
has a stoichiometric composition of 92 atoms (AlygOzeH12-(H2O)g). Surface
atoms are shown as “van der Waals spheres” in pale colors, water thin films in
a "ball-and-stick” representation (H in white, Alin grey and O in red, surface
atoms large, water atoms small). Hydrogen bonds are indicated by dashed red
lines. In the left panel, for some of the O—H groups harmonic frequencies,
calculated at the PBE + D2 level of theory, are indicated in wavenumbers. In
particular, there are four non-hydrogen-bonded aluminol OH groups, two of
them “upright” and with very high frequencies (3758 cm™* and 3761 cm™3),
and two of them in “parallel” orientation with lower frequencies (3603 cm™*
and 3599 cm™Y). Even lower frequencies are found for hydrogen-bonded
aluminols — two examples are shown. In AIMD, only the uppermost three
atomic layers (an O layer and a double-layer of Al) plus the adsorbate atoms
were allowed to move, while the lower layers were kept frozen at PBE + D2
bulk geometries.?

In the model of Fig. 1, four of the twelve aluminol OH groups
are non-hydrogen bonded (“quasi-free”), while eight are
involved in H-bonds. The water layer appears to be also very
rigid during AIMD trajectories, which makes this distinction
between hb- (hydrogen-bonded) and nhb-aluminols (non-
hydrogen bonded) valid on all timescales considered here
and in ref. 23. As seen in Fig. 1, the quasi-free aluminols can
come in “upright” and more “parallel” orientations relative to
the surface. We note that in geometry optimization, NMA and
AIMD only the uppermost three atomic layers plus the hydrogens
of our HS + 2ML were allowed to move, while the lower layers were
kept frozen at bulk geometries.*"** The same protocol was followed
in the AIMD simulations for the present work.

B. Stationary DFT and canonical AIMD calculations

For the HS + 2ML model shown in Fig. 1, we performed
geometry optimization, NMA, and AIMD simulations,”® all at
the Kohn-Sham®® DFT (KS-DFT) level of theory, employing the
Perdew-Burke-Ernzerhof (PBE)*® exchange-correlation func-
tional and a projector-augmented plane-wave basis (PAW)*” as
implemented in the Vienna Ab initio Simulation Package
(VASP).>**° Dispersive van der Waals interactions were
included by Grimme’s empirical D2 method.”" For all calcula-
tions a 3 x 3 x 1 k-point mesh and a kinetic energy cutoff of
400 eV were used. The 2 x 2 cell slab models used have an
extension of 9.66 A x 9.66 A x 31.41 A (20 A of vacuum in the
z-direction) and employ 3D periodic boundary conditions.

In ref. 23, besides NMA for harmonic frequency analysis,
we also modelled vibrational spectra (Vibrational Densities of
States, VDOS, IR and VSF) of the hydroxylated o-alumina(0001)
surface without (HS) and with (HS + 2ML) additional water,
using AIMD at 300 K with the Nosé-Hoover thermostat.*>™**
Specifically, we fully employed surface-specific Velocity-Velocity
Autocorrelation Functions (VVAFs) to calculate ssp-polarized VSF
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spectra.*> AIMD showed that the aluminol OH bonds on the
hydroxylated (0001) surface, are orientationally flexible at room
temperature: within a ps-timescale, they can switch from the
“upright” position (polar angle (Ooy) less than 45°) to a “parallel”
one, where the bonds are almost flat with respect to the (0001)
surface plane. With an additional water layer, this flexibility is
somewhat hindered. Further details about the orientational beha-
viour of aluminols OH can be found in ref. 23. In all AIMD
calculations a timestep of 0.2 fs was adopted.

In ref. 23, the following characteristic frequencies/frequency
ranges for HS + 2ML were found by NMA:

e parallel aluminols show vibrational frequencies around
3600 cm™" if not involved in accepting hydrogen bonds from
nearby water molecules;

e non-hydrogen bonded upright aluminols have higher
vibrational frequencies, in the range of 3750-3760 cm™;

¢ hydrogen-bonded aluminol OH and water-OH groups are
both red-shifted with respect to the quasi-free OH groups, to a
range between 3000-3500 cm ™ *;

e water bending modes are found around 1600-1660 cm ™ ;

e below ~1100 cm™*, one finds H,O librational modes,
aluminol OH bending, substrate phonons and water layer
vibrations, respectively.

For illustration, we show in Fig. 1, left, some selected aluminol
vibrational frequencies. Special attention will be given to non-
hydrogen bonded aluminol OH groups, two of them ‘“upright”
and with very high frequencies (3758 cm ™" and 3761 cm ') in the
static model, and two of them in “parallel” orientation with lower
frequencies (3603 cm ™" and 3599 cm™'). From the AIMD vibra-
tional spectra at room temperature, which contain anharmonicity
and temperature effects, rather similar values are obtained -
mainly broadened w.r.t. to NMA stick spectra.”® In particular the
high-frequency modes are only slightly red-shifted relative to the
NMA frequencies, by a few wavenumbers: the non-hydrogen
bonded aluminol OH vibrations give rise to a VDOS peak centered
at slightly under 3750 cm™*, with a Full Width at Half Maximum
(FWHM) of around 35 cm™ " (see ref. 23 and below). Our theoretical
observations are in agreement with published experimental VSF
spectra.””?" (It should also be noted, however, that other works
see only weak or no signals in this high-frequency range for
water-covered a-alumina(0001) surfaces and o-alumina
particles.*®) Within our model, at an IR excitation frequency of
around 3700 cm™ ', we can reasonably expect that mainly the quasi-
free aluminol OH groups are excited. Further, due to selection rules
for IR light polarized perpendicular to the surface, notably the
“upright” non-hydrogen bonded OH bonds should be excitable.

[ll. Non-equilibrium NE-AIMD and
NE-AIMD/TCF approaches

A. AIMD calculations after vibrational excitation by ‘“‘velocity
swapping”’

In order to model the IR preexcitation and subsequent relaxation,
measured by time-resolved VSF, we employ a combination of
equilibrium and non-equilibrium AIMD methods. Specifically, a
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protocol illustrated in Fig. 2 is followed, consisting of the
following steps:

(1) Starting geometry and equilibration phase: a geometry
optimization at the PBE + D2 level of theory is done for the
initial HS + 2ML structure. From there, five canonical NVT/
AIMD trajectories at 300 K are run, each 24 ps long.

(2) Post-equilibration phase: starting from the end points of
phase (1), five microcanonical NVE/AIMD trajectories are run,
first for 10 ps, then for another 10 ps. The post-equilibration
phase is introduced to remove spurious effects caused by
coupling with the thermostat. The two different end times of
phase (2) are used to test the influence of the length of the post-
equilibration phase. We will loosely refer to phase (2) also as
the “equilibrium NVE” phase.

(3) IR excitation by “velocity swapping”, subsequent non-
equilibrium dynamics: the two end times of phase (2) (10 ps
and 20 ps after equilibration phase (1)), are used as starting
times for two sets of non-equilibrium AIMD simulations after
“IR excitation” (NEQ,;, NEQ,), called also ‘‘non-equilibrium
NVE” in what follows. Both for NEQ, and NEQ,, five NVE/AIMD
trajectories are run after “swapping” of nuclear velocities of
specific O-H bonds, all 10 ps long.

(4) Analysis: data are analyzed for energy relaxation.

Let us specify stage (3) of the scheme in Fig. 2, where atom
velocities of selected O-H bonds associated with interfacial
aluminols are “swapped”.”” This step is used to mimic an
experimental IR excitation in the pump-probe scheme. The
interaction of a single vibrational chromophore with IR light
involves the absorption of a vibrational quantum of energy,
hw,. In our AIMD scheme, this excess energy is assumed to be
fully converted into kinetic energy of atoms involved in excited
aluminols. In this way, swapping of atom velocities enables us
to perform non-equilibrium simulations, without the need of
more complex techniques (e.g., explicit coupling to an IR pulse).
The “kinetic energy-only model” used here does not include

Data Analysis for
Energy Relaxation

(1)-@’)_1-(3\’)_‘-1_@‘1)

Geometry Optimization

Post-equilibration

Velocities Swapping

Fig. 2 Schematic representation of non-equilibrium AIMD protocol: in
phase (1), first the initial HS + 2ML structure is optimized at the PBE + D2
level of theory. Then, canonical ab initio molecular dynamics (NVT/AIMD)
trajectories at 300 K are propagated until thermal equilibrium is reached
after 24 ps. At (2), AIMD trajectories are further propagated within the
microcanonical ensemble to remove any spurious effect caused by
coupling with the thermostat (NVE/AIMD). This phase results in a “post-
equilibration”. After a certain time (10 ps for NEQ; and 20 ps for NEQy),
nuclear velocities of specific O—H bonds are rescaled or “swapped”, at the
beginning of phase (3). Then, a “non-equilibrium" phase begins during the
course of which excited O-H kinetic energies are monitored, for 10 ps
(NE-NVE/AIMD). Finally, in step (4) data are analyzed to unravel details of
the vibrational relaxation process.
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any atom displacements initially, along (unknown) vibrational
coordinates. Of course, the excess energy stored in the O-H
bonds at the beginning of phase (3), will rapidly and periodi-
cally be transferred into potential energy, and then be redis-
tributed into other modes. For further features of the original
equilibrium/non-equilibrium AIMD model, see ref. 27, 47 and 48.

The velocity swapping itself proceeds as follows. First, as an
idealization we only swap velocities of H- and O-atoms asso-
ciated with an excited aluminol. This is achieved by choosing,
as swapped velocities 7(0) at time ¢ = 0 (the time at the end of
phase (2)):*’

¥1(0) = vy (0) + enfon(0) (1)
76(0) = ¥5(0) + eofou(0) (2)
Here,
ot — (p —Po); b = (p — M)
my mo

0 = o (71(0) — v6(0)) - For(0); p = (pi* + 2uonAE) .

. mumo .
In the equations above, pgy =_—H70 s the O-H bond
my + mo
VOH(O)

reduced mass and Fqp(0) the unit vector along the

lron (0)]
OH bond. The excess energy is represented by AE and in our
simulations this value is taken as Zw, = 3750 cm™ ' per excited
bond, in order to account for our computed frequencies (see
above). Velocities y(0) are those prior to swapping.

Only selected aluminol OH bonds are pre-excited in our
AIMD simulations. Specifically, due to IR frequency and dipole
orientation issues as described above, we excite only non-
hydrogen bonded, “upright” aluminols. This is achieved in
practice by analyzing at the end of phase (2), polar angles o of
all non-hydrogen-bonded aluminols. Then, if oy < 45° (the
angle roughly separating ‘“upright” from “parallel”’), the O and
H atom velocities of the considered aluminol are velocity
swapped, otherwise not. According to this method, not all
(four, see Fig. 1) non-hydrogen bonded aluminols are usually
excited at the beginning of phase (3).

B. Analysis of NE-AIMD results

In order to analyze the dynamics, two sets of calculations were
carried out. In a first set, we analyzed the time-dependent,
ensemble-average kinetic energies of atoms or atom groups
after excitation. Analyzing the kinetic energy of the excited
aluminol OH groups and fitting them to analytic functions,
defines a vibrational relaxation time. Analyzing the kinetic
energy content in other subsystems, such as hydrogen-
bonded aluminols, the water layer, or the alumina surface,
gives insight into the pathways of energy flow, i.e., into the
relaxation mechanism.

An alternative analysis method, is to employ “instantaneous
kinetic energy spectral densities” for non-equilibrium MD, as
proposed in ref. 27 and 48-50. These are obtained via Fourier
transforming mass-weighted velocity-velocity autocorrelation

Phys. Chem. Chem. Phys., 2021, 23, 7714-7723 | 7717
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functions in individual time windows along the AIMD trajec-
tories. Here we use a variant of this approach by considering
the Fourier transforms of non-mass weighted VVAFs, by which
we obtain Vibrational Density Of States (VDOS) curves as a
function of both frequency w and delay time At¢. The latter is an
approximation to a time-dependent vibrational spectrum. We
should point out that a similar procedure has been proposed by
Lesnicki et al. to study vibrational relaxation of water, with special
application for the liquid and the CaF,/H,O interface,’"** but
here the computed spectral densities are directly obtained by
VVAFs. The analysis based on VDOS(w,At) can also be done
atomwise or for various subsystems of HS + 2ML. Specifically,
the total VDOS(w,At) is calculated from real parts of the Fourier
transforms as

At

Cyw(t; At)cos(wr)w(r)de. (3)

VDOS(w, At) J
At=T

Here, At indicates the time delay since the beginning of phase (3)
from Fig. 1, while T is the time interval over which the correlation
function is computed at time Az. We employ 7'= 1 ps in this work
in order to balance an adequate spectral resolution with appro-
priate time sampling of AIMD trajectories. We also adopt a window
function w() for the Fourier transform, with w(z) = cos?(nt/2T).
Further, the VVAFs C,(t;Af), which indirectly depend on time At,
are computed as

N N,

Cw(1; A1) = NL% Zj Z it Ay, (4 + ::A0)). (4)

Here, N, is the number of timesteps employed to sample the
correlation function in the interval [At — T,Af] and N is the total
number of (moving) atoms. The time variable is ¢ = (j — 1)t, where
ot =0.2 fs as for all AIMD calculations here. Finally, (- - -) denotes an
ensemble average (over all trajectories). Since each total VVAF is
normalized for the given time interval T = 1 ps, their integral
remains constant. In what follows, we evaluate VDOS(w,At) during
phase (3) of our AIMD trajectories, at various snapshot times At
after “IR excitation”.

IV. Results and discussion
A. Time-dependent average kinetic energies and relaxation

In the following section results from the non-equilibrium AIMD
trajectories are reported, for the HS + 2ML system shown in
Fig. 1 with excited non-hydrogen bonded aluminols. We will
only refer to trajectory-averaged properties in time intervals
10 ps before and 10 ps after “IR excitation” and quantities
derived thereof. For this purpose, we average all ten trajectories
sampled during this time and do not distinguish between NEQ,
and NEQ, groups anymore. In fact, averaging separately over
the two groups gives very similar results.

We first show in Fig. 3(a), the total kinetic energy Fxi, (1) =

I N
EZ mv7(t) for phases (2) and (3). In this figure, ¢ = 10 ps refers
i

to the instant of “IR excitation”. We note that the velocity
swapping at ¢ = 10 ps, leads to a total kinetic energy gain by
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around 1.4 eV (from ~2.7 to ~4.1 eV), right after the excitation.
Given hwo = 3750 cm™ ' (0.46 eV), this corresponds to the
excitation of around three aluminols on average, with one
quantum each. Since only sufficiently upright non-hydrogen
bonded aluminols are excited, this reflects the fact that not
all four nhb-upright aluminols found in the static structure
of Fig. 1 are excited in average, due to their dynamical
fluctuations.>

A more detailed analysis of the time evolution of the kinetic
energy before and after velocity swapping is provided in panels
Fig. 3(b) and (c), for different subsystems of the HS + 2ML
model. In particular, we report averaged Ej;, values for four
different subsystems:

e the four non-hydrogen bonded aluminols, among them
the excited, “upright” OH bonds (“nhb-OH");

e the hydrogen-bonded aluminols (‘“hb-OH”);

e the water molecules forming the adsorbed layer (“H,0”);

e and the remaining surface atoms (“Al,05”).

0

(e)
9,
[e—y
(e)
[y
V)]
bl [}

20
w wn B

D
)

kinetic energy [eV]

1 lllllllllll

W

nhb-OH=system
—— bath

[\

VT

J—

kinetic energy [eV]

e 10

"m\m“'"w mw
Y T rlﬁh,m"fﬁm i ym“%-"Wl i

bl b

kinetic energy [eV]

time [ps]

Fig. 3 Analysis of kinetic energies during NE-NVE/AIMD simulations.
(a) Averaged (over ten trajectories) kinetic energy of the total HS + 2ML
system. (c) Analysis of the averaged kinetic energy of different subsystems,
"H,O" (the water layer), "ALOs" (the alumina surface), "hb-OH" (the
hydrogen-bonded aluminol OH groups), “nhb-OH" (the non-hydrogen
bonded aluminol OH groups). (b) Coarse-grained analysis of averaged
kinetic energies, showing kinetic energies of the “system” containing the

chromophores, £ = ERiP™©" and the “bath” consisting of the rest,

EPath — phb-oH | pH20 | pA0s 1 5 cases, the time t = 10 ps corresponds
to the time of "IR excitation”.
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A still quite coarse-grained picture of the relaxation
dynamics is provided in Fig. 3(b), showing the kinetic energy
of a “system” containing the non-hydrogen bonded aluminols

- “ » o b - H,0
only, Ef¥S = ER?©H and a “bath”, EPAh = ghb-OH 4 g0 4
EQLZO»’ comprising all the movable rest. The black curve in panel

(b) clearly reflects a quasi-exponential decay for excited alumi-
nols (the “system”), while the average “bath” kinetic energy
(red) follows an incremental trend which reaches a new steady-
state like condition within the last picoseconds of the non-
equilibrium AIMD. From the “system’ curve, we may extract a
vibrational relaxation time, 7, for the non-hydrogen bonded
aluminols, by fitting their average kinetic energy, Epw°", for
t > ty, with an exponential curve:

E{:ik;lbeH(t _ to) — Eﬂit;lb—OH(to)e—(t—to)/r + AE{:}}POH

(5)

Here, ¢, denotes the time of IR excitation of the chromophores.
Further, AERDP-OH represents the long-time limit of [ERhb-OH
A best fit give 7 = 2.0 + 0.37 ps and AEROH = 0.42 eV,
respectively.

In Fig. 3(c), we further disentangle the kinetic energy flow
from the “system” into various ‘“bath” subsystems. From the
three subsystem curves shown there, we note that both neigh-

H,O

bouring water molecules (Ekm ) and hydrogen-bonded alumi-

nols (ERRCH) are quite effective channels for accepting
vibrational energy from the non-hydrogen bonded aluminols:
the average kinetic energies of the water layer and the hb-OH
bonds increase rapidly within the first 2-3 ps after vibrational
excitation of the chromophores, reaching a new plateau corres-
ponding to a “hot ground state” after 5 ps. In contrast, surface

FALO;

atoms ( in ) seem to increase their kinetic energy more

slowly, time-delayed (after 5-6 ps), and to a lesser extent.
Within the present model at least, a direct energy transfer from
the excited aluminols to the alumina surface phonons is of

(a)

L L L L B B IR R R

(a)
—— NVT/AIMD (300 K)
L —— NE-AIMD, At=1 ps -
—— NE-AIMD, At=10ps

VDOS(w) [arb. u.]

[y - = S
0 500 1000 1500 2000 2500 3000 3500 4000
frequency ® fem™]

10 ps
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minor importance for the relaxation process, in contrast to
more ‘“lateral” transfer to neighbouring water molecules or
aluminol groups. This is consistent with the mismatch of
frequencies, with O-H vibrations being much more energetic
than surface phonons. It is also in line with test AIMD calcula-
tions according to which excited aluminol O-H vibrations,
within the present model at least, on a hydroxylated but
otherwise water-free alumina surface, showed no signs of
vibrational relaxation up to timescales of ten picoseconds
whatsoever (not shown here).

B. Time-dependent vibrational densities of states (VDOS)

The second analysis tool mentioned earlier is the time-
windowed VDOS according to eqn (3). In what follows, we
evaluate VDOS(w,At) during phase (3) of our AIMD trajectories,
at ten snapshot times At = 1, 2,..., 10 ps after “IR excitation”.
The VDOS curves are shown in Fig. 4. For comparison, we will
also refer to VDOS curve obtained from equilibrium NVT/AIMD
calculations (300 K) done in ref. 23, and a NVE/AIMD spectrum
for At = 0, i.e., from prior to the excitation step.

Looking first at the equilibrium situation, which is shown in
Fig. 4(a), black curve, we find the narrow, “upright” nhb-aluminol
peak at 3750 cm~' mentioned earlier, while hydrogen-bonded
aluminol and water-OH groups form a broad band from about
3000 to 3600 em™'. At around 1600 cm ' we see the water
bending modes and below ~1200 cm™* water librational, OH
bending, substrate phonons and water layer vibrations, all
similar to those found from NMA. The assignment comes from
NMA and also from atomic or subsystem analysis of the VDOS,
as outlined in ref. 23. Note that the low-frequency band has the
highest VDOS, followed by the higher-frequency regions.

Let us look now at the time evolution of VDOS(w,At) in the
non-equilibrium situation, shortly after “IR excitation” of selected
nhb-aluminol chromophores, at At = 1 ps. The corresponding
VDOS is also shown in Fig. 4(a), blue curve, and also in Fig. 4(b)
when zoomed into the O-H stretching range [3000, 4000] cm ™. In

Ops
1ps
2ps
3ps
4ps

5ps
6ps

%

|
7ps -1 8
8ps * »

00

9ps s 10

Time [ps]

0 3200 3400 3600 3800 4000

w[em™]

Fig. 4 Vibrational density of states, VDOS, for the total HS + 2ML system. (a) The VDOS from an equilibrium NVT/AIMD (300 K) calculation (black) in
comparison to VDOS curves obtained from NE-NVE/AIMD, with time delays At = 1 ps (blue) and At = 10 ps (red), respectively, all in the full frequency
range [0, 4000] cm™. (b) VDOS spectra from NE-NVE/AIMD simulations at various delay times, in the O—H stretching region [3000, 4000] cm™™. Time is
with respect to the beginning of phase (3), i.e., after "IR excitation” in all cases. At = 0 in (b) refers to the situation right before excitation, giving a spectrum

very similar to the NVT/AIMD (300 K) one.
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this case, we note the very intense peak around 3600 cm™". This
peak in the VDOS at A¢ = 1 ps arises from the vibrationally excited
non-hydrogen bonded aluminols and is now most intense. Its
position at a lower frequency compared to the room temperature
equilibrium situation, not centered around 3750 cm ™', can be
explained by taking into account both the anharmonicity of the
pre-excited O-H bond and the classical motion of nuclei.””** In
contrast, at room temperature without O-H pre-excitation, the
trajectories explore predominantly the harmonic, low-energy por-
tion of the O-H potential curve.

With increasing delay time At after pre-excitation, we see
from Fig. 4 that the 3600 cm ™" peak looses intensity, and is being
blue-shifted towards a vibrational frequency of ~3740 cm™'. In
the classical dynamics picture, the blue-shift arises from the fact
that O-H vibrations loose energy and amplitude, and the corres-
ponding trajectories then also start to probe the harmonic low-
energy regions of the O-H potential curves. The ~3740 cm™"
signal is rather stable in position and intensity, after a few ps.
Some, smaller modifications of VDOS curves can be also
noticed for the hydrogen-bonded modes, located between
3000 and 3500 cm™ ', as seen in Fig. 4. Further, the distinct
H,0 bending-mode peak around 1600 cm ™" and the low-frequency
modes below 1100 ecm ™" change in intensity while their position
remains largely unaffected.

The VDOS spectrum at A¢ = 10 ps closely reflects all the
features of the equilibrium 300 K spectrum, as can be most
clearly seen from Fig. 4(a). This spectrum is also similar to the
non-equilibrium, pre-excitation spectrum at A¢ = 0, which has
been added in Fig. 4(b) (in red). Remaining differences between
VDOS(w,At = 10 ps) and the equilibrium 300 K spectrum can be
due to the fact that shorter time-intervals have been used for
Fourier transformation in the At¢-resolved case, and also since
the system contains more energy and thus has a higher effective
temperature after excitation. Altogether, the time-resolved spec-
trum reflects the approach to thermal equilibrium, following
the excitation.

All of these findings are also qualitatively consistent with
what has been found above for the relaxation process, from
kinetic energy distributions. In order to directly address the
spectral changes due to vibrational energy redistribution in
time, we define the following function, AVDOS(A¢), by integrating
for a given At over frequency, and referring to VDOS(0), which is
the VDOS sampled within the last 1 ps of the equilibrium-NVE
phase (2), i.e., right before velocity swapping:

00
AVDOS(Ar) = J [VDOS(w, At) — VDOS(w,0)]dw.  (6)
0
Again, this quantity can be decomposed into atomic or subsys-
tem contributions.

In Fig. 5, we report the integrated VDOS curves for different
delay times, i.e., AVDOS(At) in eqn (6). We employ again a
constant time interval of 1 ps. The analysis is done for the total
HS + 2ML system, but also for subsystems. In particular, we
consider hydrogen- and non-hydrogen bonded aluminols (‘“hb-
OH” and “nhb-OH”), their sum (“aluminols, (nhb + hb)-OH”),
the water layer (“H,0”), and the surface (“Al,03”).
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: e—e aluminols, (nhb+hb)-OH
+—= nhb-OH
4—4 hb-OH
v—v H,0

AVDOS [arb.u.]

delay time At [ps]

Fig. 5 Time-evolution of the integrated change of VDOS curves,
AVDOS(At), from non-equilibrium AIMD simulations, averaged over all
ten trajectories. The analysis is done for the total system and for various
subsystems.

Since each total VVAF is normalized, the integrated total
spectral density doesn’t change as a function of time, so that
the total AVDOS(t) remains constant at 0 (dashed black curve).
On the other hand, spectral densities of individual subsystems
manifest significant changes during the 10 ps of propagation.
The AVDOS(A¢) of non-hydrogen bonded aluminols (red), sud-
denly increase between 0 (end of phase (2)) and 1 ps, then
progressively decay by at least 85% within the 10 ps propaga-
tion time. As we would expect, the integrated spectral densities
of hydrogen-bonded aluminols (blue), water layer (magenta)
and surface atoms (in green) have an increasing behaviour
within at least the very first 2 or 3 ps after 1 ps. This can be
interpreted as a vibrational energy flow into these subsystems,
which are all part of the “bath”. We also see that the water layer
seems most affected, followed by the hydrogen-bonded alumi-
nols and the surface, which shows only very small changes in
AVDOS(A¢). While the inactivity of the surface atoms in relaxa-
tion is obvious, the relative importance of individual water
molecules vs. hydrogen-bonded aluminols is debatable,
because there are more water atoms than hydrogen-bonded
aluminols. At longer times, for the various bath subsystems, we
see oscillatory behaviours. These are probably due to energy
exchange within different dissipating channels, but also finite
size effects cannot be excluded.

Due to the relative inactivity of the surface atoms, the blue
AVDOS curve, which is associated with both non-hydrogen
bonded and hydrogen-bonded aluminols, is close to a mirror
image of the integrated spectral density of all water molecules
(magenta). This reinforces the hypothesis that vibrational
energy relaxation happens by coupling to modes of energy between
3000 and 3500 cm ™', which are located in the hydrogen-bonded
VDOS band. Further, when looking at the black solid and the
magenta AVDOS curves, we also notice that spectral densities of
hydrogen-bonded aluminols and water molecules evolve almost
symmetrically, which may indicate an efficient energy exchange
between these two, strongly hydrogen-bonded subsystems.

Finally, by inspection of Fig. 5, we could also deduce that the
main relaxation happens within the first 4 ps or so, and shows
signatures of non-exponential behaviour. This timescale is
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somewhat slower than the one derived from kinetic energy
analysis (~2 ps). In passing, we note that preliminary experi-
mental results for this system suggest indeed O-H relaxation
times in the order of a few picoseconds.>® All of this indicates
that the present situation with an O-H chromophore which is
relatively weakly coupled to a surface and water environment,
will lead to lifetimes between ‘short” (sub-ps) and “long”
(many ps or even longer), the latter two for strongly and very
weakly coupled systems, respectively.

V. Summary and conclusions

To summarize, the analysis of both kinetic energy and vibra-
tional state densities provides qualitative and partially quanti-
tative tools to unravel the energy redistribution of excited
upright non-hydrogen bonded aluminols, which were the focus
of this work. Our calculations suggest that the latter subsystem
of the HS + 2ML surface is characterized by a vibrational band
located between 3700 and 3800 cm™*, outside the other high-
frequency bands which are associated with hydrogen-bonded
modes. The analysis of non-equilibrium AIMD trajectories
shows that, once the non-hydrogen bonded, upright aluminols
are excited, they relax rapidly within the first picoseconds of
propagation. Relaxation times obtained either via an exponen-
tial fit of their average kinetic energy, or by looking at the time-
evolution of the frequency-integrated spectral densities, both
suggest a “lifetime” between 2 and 4 ps. Compared to other
studies reporting on O-H vibrational dynamics, especially the
analysis of Borguet et al.,”™” our findings indicate an inter-
mediate relaxation timescale for an O-H chromophore with
weak coupling to its aqueous environment. Our tools also allow
us to disentangle the role of various other subsystems of the
HS + 2ML model for the relaxation process. Indeed, we can identify
as main dissipative channels both hydrogen-bonded aluminols
and, in their sum even more important, water molecules in the
adsorbed water layer. In general, hydrogen-bonded modes with
frequencies between 3000 and 3500 cm™ " act as efficient pathways
for the redistribution of the initial excess of kinetic energy in
quasi-free, high-frequency O-H aluminols.

Methodologically, here we combined non-equilibrium AIMD
methods with time-dependent correlation function techniques.
The vibrational excitation is simulated by employing a ‘“velo-
cities swapping” method, which allows for a mode-selective
perturbation by adding a given excess of kinetic energy, i.e. a
vibrational quantum in our approach, all within the framework
of classical dynamics. The relatively high increase of kinetic/
thermal energy, accompanied with the inherent structural
fluctuations of AIMD trajectories, while causing on one hand
an overall heating of the system, higher than in the actual
experiments, can also account for multi-photonic excitations as
the ones due to spectrally-broad exciting IR pulses.

On a more general level, it shall be underlined that while the
AIMD approach is “costly”, it has the advantage of also allowing
to treat reactive processes, and it is completely general, i.e., not
restricted to a system class for which a force field, say, has been
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parametrized. Further, the NE-AIMD/TCF methodology opens
the way to real, time-resolved vibrational spectra, e.g., time-
resolved IR or VSF spectra. In this case, dipole-dipole auto- or
dipole-polarizability cross-correlation functions need to be
determined, which can also be done with the help of velocity—
velocity autocorrelation functions.”>**** Work along these lines
is in progress in our laboratory.
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