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CO/NaCl(100) at monolayer coverage is a weakly bound adsorbate system for which unusual phenomena
after infrared laser excitation of adsorbate vibrations have been observed. Among them are very long
vibrational lifetimes in the CO stretch mode (~4 ms), efficient vibrational energy pooling, and orientational
isomerization from a “C-bound” to an “O-bound” configuration. Here we use non-equilibrium ab initio
molecular dynamics (neg-AIMD), coupled with time correlation function (TCF) techniques, to study
vibrational relaxation dynamics and related processes after selectively exciting specific normal modes (CO
internal stretch, frustrated rotation) across submonolayer and monolayer coverages of this system. We are
mostly concerned with picosecond dynamics, and in one case we use recently proposed machine-learned,
AIMD-based potentials for CO/NaCl, to explore significantly longer timescales (~ns). To monitor the
dynamics, we present atom- and mode-resolved transient vibrational spectra, kinetic energies and
qualitative time-dependent local mode couplings. Time-dependent vibrational sum frequency (VSF) spectra
are reported for a flipping CO in the CO/NaCl(100) monolayer, following frustrated bending mode
excitation. Important highlights of this work are as follows: (i) localization of vibrational energy in the CO
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stretch modes on ps timescales and signatures of vibrational energy pooling on ns timescales; (i) sub- to
few-picosecond lifetimes of frustrated bending modes of both “C-bound” and “O-bound” CO adsorbates
resulting from two dissipative channels, namely, the surface phonons and neighbouring adsorbates causing
successive flipping, desorption and diffusion events; and (iii) identification of vibrational non-adiabatic
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1 Introduction

Vibrational energy transfer is an ubiquitous phenomenon
which mediates chemical reactions at gas/solid and gas/liquid
interfaces. The study of vibrational energy pathways can shed
light on adsorbate-adsorbate and adsorbate-surface inter- and
intra-molecular couplings. This has implications for interface
science in general. More specifically, the CO/NaCl(100) system
to be studied here has also been mentioned as a model system
for astrochemistry." In the context of astrochemistry (see, e.g.,
ref. 2-4), vibrational energy relaxation is widely recognized as a
necessary condition for the stabilization of newly formed
molecules under low-temperature conditions, such as those
encountered in dense molecular clouds and on interstellar dust
grains, where excess formation energy must be efficiently
dissipated into the surrounding condensed phase to prevent
prompt desorption or dissociation. Microscopic mechanisms of
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channels in metastable “O-bound” geometries following CO stretch excitation.

vibrational energy transfer involving mode-specific vibrational
excitation, desorption, diffusion and dissipation in astroche-
mically relevant systems have been thoroughly investigated, for
instance, in ref. 5-7.

Monolayer CO on NaCl(100), in its most stable, low-
temperature p(2 x 1) “tilted/antiparallel” (T/A) phase,® is a
condensed-phase system with weak surface-adsorbate interac-
tions and long vibrational lifetimes of the CO internal stretch (IS)
mode’ (~4 ms), compared to CO on other surfaces, like CO/
Pt(111)" or CO/Si(100)"" with vibrational lifetimes in the order of
picoseconds and nanoseconds, respectively. This is due to a much
slower relaxation to the predominant dissipation channel, i.e., the
phonon bath, in the former case, due to a ten-fold frequency
mismatch of the IS mode (~2125 cm ™', see below) with the
Debye frequency of NaCl (~220 cm™ ). The long lifetime leads
not only to narrow linewidths in vibrational absorption spectra,*?
which allow one to resolve Davydov splittings (of about 6 cm™* for
the T/A phase'®), but it is also responsible for the observability of
IR fluorescence signals,”> and a plethora of other interesting
processes found for this system. One example is vibrational
energy pooling (VEP) responsible for forming “base camps” of
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highly vibrationally excited CO molecules throughout the
monolayer."*'* What is the origin of such a pooling process?
Which molecules are prone to forming these base camps? Is it
surface-mediated? To address such questions, Corcelli and Tully
reported relevant vibrational energy flow pathways in this system
and calculated rate constants for processes such as resonant and
non-resonant excitation transfer within the CO monolayer, vibra-
tional relaxation via phonons and vibrational dephasing.'® They
demonstrated, using perturbation theory, that vibrational energy
transfer between the CO molecules occurs much faster compared
to vibrational relaxation to the surface phonons. The resonant
V-V energy transfer (i.e., energy transfer between high-frequency
stretch modes) was found to be the fastest, occurring on a ~15 ps
timescale, followed by non resonant V-V energy transfer on the
sub-microsecond timescale, and finally vibrational population
relaxation rates as well as single quantum vibrational energy loss
via fluorescence on sub-second timescales. Localization of vibra-
tional quanta was also found to occur via dephasing on a 10 ps
timescale.

Furthermore, rotational isomerization (from C-bound to O-
bound'® and vice versa') dynamics in CO/NaCl(100), succeeding
VEP, makes the vibrational dynamics in this system even more
interesting. One of the theoretical works in this direction is
reported by Guo and coworkers,"” where the isomerizing CO
molecules in highly excited vibrational states undergo “roaming”
behaviour. That is, the CO molecule surpasses the isomerization
saddle point, going farther away from the NaCl surface before
transitioning to the O-bound configuration, thereby highlighting
the importance of mode couplings in mediating such processes.
The “O-bound” configuration, once created, is metastable,
undergoing a back reaction even at low temperatures (~20 K)
to “C-down”."'® Mechanistically, for this process, a thermally
activated, phonon-assisted tunnelling-dominated mechanism
involving the low-frequency frustrated rotational mode has been
proposed.*® The low-frequency rotational mode has an energy of
~150 cm ™ for the “C-down” and ~80 cm™* for the “O-down”
configurations'® (see below) and, alongside the high-frequency
CO stretch mode, will be a major focus of the present work.

In order to analyze vibrational dynamics, we shall resort to
vibrational signatures and spectra, notably the vibrational
density of states (VDOS) and vibrational sum frequency (VSF)
spectra, and their time dependence. Similar information for
both “C-bound” and “O-bound” configurations was recently
already reported by us,'® which provided some insight into
mode couplings, for example, of this system, albeit under
equilibrium conditions. In order to identify vibrational energy
distribution pathways and transient spectra and mode couplings
within the system, we extend our study here to non-equilibrium
situations. Specifically, time-resolved pump probe spectra will be
calculated by probing the evolution of a vibrationally excited state
by a pair of pulses with a delay time, over which the transient
response of the system can be followed. Several examples show-
case the power of this tool, both experimentally and theoretically,
to study energy transfer in adsorbate-surface systems (see, e.g.,
ref. 20-23, and references therein). In this work, we utilize non-
equilibrium ab initio molecular dynamics (neq-AIMD) simulations
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and a velocity-swapping method (in the absence of an explicit IR
electric field) to pump energy into the desired vibrational mode
and probe its fate over fixed spectral windows as a function of a
delay time, At, signifying the action of a probe pulse. This
approach allows us to disentangle the effects of neighbouring
CO molecules and the NaCl phonons responsible for the vibra-
tional energy distribution from the pre-excited CO molecule on a
picosecond timescale. Adopting a recently developed machine-
learned potential for CO/NaCl,** we will also go to nanosecond
timescales in one example.

Our paper is organized as follows. Section 2 presents the
structural models of CO/NaCl(100) as well the AIMD and TCF
approaches used to obtain time-resolved vibrational spectra
and other analysis tools used for post-processing the vibra-
tional relaxation dynamics of the system. A brief description of
the velocity-swapping approach in the context of the present
system is also given. In Section 3, we present results pertaining
to (i) relaxation dynamics of vibrationally excited (Vsgreten = 1)
CO stretch modes of CO(s) in pure “C-bound”, “O-bound” and
mixed “C-bound”/“O-bound” CO(s) in monolayer coverages; (ii)
relaxation dynamics of the same mode in pure “C-bound” sub-
monolayer coverages; and (iii) relaxation dynamics of highly excited
frustrated bending modes for an “O-bound” and “C-bound” CO in
monolayer coverages. Time- and subsystem-resolved vibrational
spectra and kinetic energy traces are reported for the above cases;
additionally presenting an extension to the work of Melani et al.*®
from time-dependent VDOS to time-dependent VSF spectra. Other
quantities, such as time-dependent distance correlation matrices
used to highlight internal mode couplings in the system with
reference to some of the above cases of pre-excitation, are also
discussed. Finally, Section 4 concludes this work.

2 Models and methods

2.1 Adopted models and the electronic structure method

We mainly study four configurations, as shown in Fig. 1. The
models are all based on 2v/2 x 2v/2 x 3 supercells, with dimen-
sions of 8.017 x 8.017 x 30 A (~20 A vacuum along the z-axis, the
direction perpendicular to the surface), if not stated otherwise.
Specifically, we consider a submonolayer (@ = 0.5) coverage
comprising two CO molecules per cell (model A) in a tilted/
antiparallel (T/A) phase; the others being monolayer coverages
(© = 1), the T/A “all C-bound” form (model B), the most stable
monolayer configuration at temperature below 35 K,**° as well as
metastable T/A forms with one (model C) or all four (model D) CO
molecules within the unit cell inverted to the “O-bound” orienta-
tions. There, configurations were optimized using periodic DFT,
employing the PBE exchange correlation functional”” and a
projector wave augmented (PAW) basis,*® as implemented in the
Vienna Ab initio Simulation Package (VASP).>°”*! Additionally,
Grimme’s D2 correction®® was applied to account for van der
Waals interactions, with substitution of the van der Waals para-
meters for Na with those of Ne (to mimic Na' (ref. 33)). Further
details on optimization, energetics and frequencies obtained from
normal mode analyses (NMA) can be found in ref. 19.
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Fig. 1 Optimized (PBE+D2) structures for various adsorbate models for CO/NaCl(100) — see text. A is a half-coverage phase model (® = 0.5), and B-D

are high-coverage phase models (@ = 1). See also ref. 19.

2.2 Machine-learned potential for CO/NaCl(100)

In ref. 24, we have constructed various machine-learned poten-
tials for CO/NaCl(100), adopting an equivariant, graph neural
network (NN) approach, NequlP,** trained on AIMD trajectories
(canonical and non-equilibrium ones - the latter are analyzed
in detail and form a central part of the discussion in the present
work). While introducing only small additional errors, the
machine-learned NN potentials allow us in principle to treat
arbitrary coverages and significantly longer propagation times
in MD simulations - the latter being particular useful for long-
lived CO stretch modes. Below, we shall use the so-called
Generation 6 (Gen 6) version of the graph neural network
potential for CO/NaCl proposed in ref. 24 to study the relaxa-
tion of model B described above (monolayer T/A, ‘“all C-down”),
in which the CO stretch modes of carbon monoxide were pre-
excited over ns timescales (Section 3.1.3). (In the SI, Section
S11, model C is also considered.)

2.3 Non-equilibrium ab initio molecular dynamics (AIMD)

In general, we run AIMD simulations starting from each of
these models in three phases: (1) equilibrium, canonical phase
(NVT ensemble, typically at T = 30 K), (2) equilibrium micro-
canonical phase (called eq-NVE) in what follows, and (3) a non-
equilibrium microcanonical phase (neq-NVE), with the aim to
compute non-equilibrium transient vibrational spectra and
kinetic energies to obtain vibrational energy distribution path-
ways. Further details on the three phases can be found in SI
Fig. S1 and in ref. 19. Monolayer configurations were found to
be unstable at 300 K, displaying desorption, flipping and
roaming of the CO adsorbates. However, no flipping of CO
was observed for monolayer “O-bound” phases at 30 K in the
NVT trajectories since the available energy is much lower
(~21 em™ ') compared to the classical isomerization barrier
(~565 cm ™" or 0.15 eV'®?*) in the monolayer system. From
NMA performed in ref. 19, the characteristic frequencies of
interest in this work are as follows:

e CO stretch in 1 ML “C-bound” CO/NaCl(100) ~ 2125 cm ™"
(0.263 eV);

e CO stretch in 1 ML “O-bound” CO/NaCl(100) ~ 2116 cm ™"
(0.262 eV);

e CO frustrated bending in 0.25 ML “C-bound” CO/
NaCI(100) ~ 150 cm™" (0.019 eV);

e CO frustrated bending in 0.25 ML “O-bound” CO/
NaCl(100) ~ 80 cm™! (0.010 eV).

7150 | Phys. Chem. Chem. Phys., 2026, 28, 7148-7163

These numbers reflect a red-shift of stretch and rotational
modes upon “C-down” — ‘“O-down” inversion, the former in
agreement with experimental findings."

Within our model, IR excitation energies corresponding to
0.26 eV are expected to excite both the “C-bound” and “O-
bound” CO stretch modes by one vibrational quantum each.
Additionally, energies in the same order exclusively pumped
into the low-frequency bending/rotational modes can lead to
highly excited frustrated vibrations, which can thereby induce
flipping of the CO molecules (see below). Note that the 0.26 eV-
excited bending mode(s) may also be thought of as the result of
a (slow) transfer of a CO-stretch quantum into bending. Here,
we aim to excite mainly the CO stretch mode and one of the
frustrated bending modes of CO on NaCl(100), in one or
multiple CO adsorbates per unit cell, by one or more vibrational
quanta as specified below, neglecting any specific polarization
axis with respect to the NaCl surface.

2.4 Vibrational excitation by velocity swapping

In order to mimic IR laser excitation of a particular vibrational
mode such that the other vibrational modes are not directly
coupled to the laser and remain at equilibrium, we sampled
configurations from the equilibrium NVE AIMD trajectories at a
given temperature (7 = 30 K) and exclusively pumped excess
energy into two different modes of the CO adsorbate(s) as
mentioned. Specifically, we “pump” the CO stretch mode with
energy equivalent to vibrational quanta, vgyeten = 1, 2, 12, for
one or more CO adsorbate molecules, or pump multiple quanta
of energy equivalent to that of a CO-stretch quantum, 0.26 eV,
into the bending mode of one of the CO adsorbates in the
monolayer. In the latter case, for “O-bound”/“C-bound” CO,
since one vibrational quantum of the frustrated bending mode
is ~80/150 cm™", respectively, 0.26 eV corresponds to pumping
energy equivalent to about 26/14 quanta into the respective
bending modes. Details of the velocity-swapping approaches
utilized to pre-excite the CO stretch and frustrated bending
modes can be found in the SI, Section S2.

2.5 Analysis of neq-AIMD trajectories

2.5.1 Instantaneous kinetic energy analysis. One quantity
useful in probing energy redistribution within the system is the
instantaneous kinetic energy, decomposed into different sub-

_ 1 &
system contributions, evaluated as Ey,(f) = 3 S mvi(t), where
i
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N is the total number of movable atoms in the model system. In
this case, the subsystems comprise individual CO adsorbates
and the phonon bath provided by the NaCl surface. For energy
flow from the pre-excited CO molecule (*CO), the respective
(envelope of the rapidly oscillating) kinetic energy trace is

fitted, for t > ¢,, as:

Ef:go(f — 1) —(=t0)/t1 4 AE#CO (1)

km ’

= E;Si(t0)e

where ¢, is the instant of time when pre-excitation occurs, 4 is
the relaxation time of the respective pre-excited normal mode
and AE;CC is the limit of E;$O within the time frame of our
non-equilibrium simulation phase. Relaxation rates, k, can be
evaluated from the lifetimes via k = 1/t;. Similarly, kinetic
energy traces for acceptance of energy by neighbouring sub-
systems are fitted via:

Els(llxlg)system( _ to) — Esubsystem( to)e,

a,kin

(t—to)/2 + AEls(lixrk‘)system’ (2)

where 7, is the corresponding vibrational excitation lifetime of
the subsystem. Subsystems to be considered below are neigh-
bouring CO molecules or the NaCl surface, respectively.

2.5.2 Time-dependent VDOS. In pump-probe spectro-
scopy, energy transfer to other degrees of freedom (DoF) or
subsystems can manifest as bleaching of the IR intensity of the
excited vibrational mode, and consequential spreading of the
spectral progressions (so called “spectral diffusion”).>> Analo-
gous to such pump-probe techniques, we evaluate time-
dependent vibrational density of states, spanning fixed time
windows over the timescale of neq-AIMD trajectories, for dif-
ferent pre-excitation scenarios. This corresponds to the so-
called “non mass-weighted” counterpart of instantaneous
kinetic energy spectral densities (KESDs), given as:

N
NN[J/ T;j

Nt

VDOS(w, 1) (1j 4 1)) cos(wr)dr,

i
6)

where T is the time window over which the velocity-velocity
autocorrelation function (VVAF) is computed at time ¢. N, is the
total number of timesteps sampled within [t — T, ¢] and
N is again the total number of moving atoms. Furthermore,

= (j — 1)3¢, with the timestep 8¢ = 0.5 fs. (---) indicates an
ensemble average. The VVAF in eqn (3) for the total system is
normalized for each time window T, chosen in the range
between 1 and 2 ps. Additionally, a Hann window function
w(t) = cos®(nt/2T) is multiplied with the correlation function
before the Fourier cosine transform.

Both Cartesian and internal VVAFs are evaluated, as in ref.
19. While the former is decomposed into molecular subsys-
tems, the latter are decomposed into internal DoFs, which then
yield molecule-/mode-resolved transient VDOS curves. Note
that although the VVCF (velocity-velocity correlation function)
approach to vibrational spectra is rigorously justified only for
equilibrium scenarios, its reliability for appropriate time win-
dows has been demonstrated earlier for calculation of physical
properties in non-equilibrium scenarios.>>*> However, we
prioritize statistical exponential fitting of subsystem energies
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for the calculation of vibrational lifetimes throughout the
manuscript; a comparison in some cases to lifetimes obtained
via fitting VDOS decay has been discussed for completeness.
A more distinct observation of the modulated intensities
and shifts in the spectral profiles as a result of vibrational
relaxation is provided by the integrated VDOS difference spec-
trum, as reported earlier in ref. 25, given as:
roo/n

AVDOS(A?) J [VDOS (@, At) —
0/

VDOS(w,0)]dw, (4)

where the delay time (At) represents the time delay between the
pump and probe. The integration limits are over the entire
frequency range (0,c0), or a frequency window [w4,w,] for partial
AVDOS curves evaluated for specific fingerprint regions, such as
the Vsgreten = 1 region. A rise/dip in integrated VDOS difference
curves would indicate flow into/from the corresponding sub-
system/internal mode, allowing for a clearer representation of
the changes in vibrational dynamics resulting from the redis-
tribution of excess energy. Details regarding the normalization
of the time-dependent VDOS can be found in the SI, Section S3.
(Note that At = 0 corresponds to the point of pre-excitation;
therefore our AVDOS (At = 0) curves always start from zero.)

2.5.3 Time-dependent VSF response. We also extend the
neq-AIMD/TCF approach for computing transient VDOS towards
modelling time-resolved VSF spectra based on the formalism of
Ohto et al*® for one of the interesting scenarios: flipping of “O-
bound” CO in monolayer CO/NaCl(100) (model C), following
frustrated bending mode excitation (Section 3.3.2). We are parti-
cularly interested in the xxz-polarized VSF response, governed by
the susceptibility tensor element Jee?, where z is the direction
perpendicular to the surface, and x is parallel to the NaCl surface.
The latter is computed within an ssVACF (surface-specific velocity
autocorrelation function) approach®® as

Xx,\'z(z) (w7 Z; Ting)
Q0,6 Tag)d 1
- iw?

[

xw,@>°mf@%§ifT$+ﬂ>em“‘

) (cos(O(+7) +¢) + )

(5)

Here, ¢’ = —0.889¢, a’ = 2.99a,>, b’ = 1.55 rad ™, e/ = —2.146
rad and d’ = 5.62a,> are parameters obtained from fitting
calculated dipole and polarizability derivatives, respectively,
as detailed in ref. 19. (e and a, are the elementary charge and
the Bohr radius, respectively.) v5y and vF© are the z-projected
bond velocity and bond-projected velocity vectors of the ith CO
molecule, rF° is the bond distance vector and f??(tj) is the
instantaneous bond unit vector component projected along the
z direction. The ensemble-averaged terms (---) (except the
orientational terms) are the aforementioned ssVACFs, which
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yield zero signal for centrosymmetric molecules and, in this case,
for molecules aligned parallel to the surface. Additionally, T’ is the
time window over which the ssVACF is computed at time ¢. Every
reported VSF is normalized for the given time interval 7' = 2 ps.
Again, t; = (j — 1)dt, where 8¢ = 0.5 fs in this work. The quantum
correction factor Q(w,T';T,y,) in the above expression, which is
normally given as Q(w) = fhw/(1 — exp(—phw)), with f = 1/ksT and
T being the temperature, now also depends on the chosen time
window T'. Therefore, an average temperature, Ty, is obtained
over each time window, T’, which is also ensemble averaged, and
then used for Q(w). Below, we shall plot the square of the total
response (|7 (@8 Tavg)|* = Re(e®)? + IM(1,0,?)?, as well as the
real (Re(/x.>)) and imaginary responses (IM((xe>)). |70e?|” is a
measure for the total VSF spectrum and Im(xm(z)) is expected to
yield orientational information about the adsorbates.

2.5.4 Distance correlation matrices and distribution prob-
abilities. Another quantity that can aid in identifying transient
mode couplings between internal DoFs of CO adsorbates dur-
ing neq-AIMD simulations is the time-dependent distance
correlation matrix between the internal DoFs, a and b, of two
individual CO adsorbates (inter) or for the same molecule
(intra), evaluated over fixed-time windows analogous to the
transient VDOS and VSF spectra. Following ref. 19, the differ-
ence distance correlations are computed as:

AR(a,b;At) = R(a,b;At) — R(a,b;At = 0), Va,b € {r,0,0,X,Y,Z},

(6)

where R(a,b;At) is the distance correlation over a time window
At, and R(a,b;At = 0) is the distance correlation just before the
pre-excitation of the adsorbate(s) over a time window of 2 ps.
The definition of the distance correlation matrix can be found
in ref. 19. Note that the difference distance correlation matrices
are of dimension 6 x 6 (owing to the six internal DoFs of each
CO) and are evaluated over fixed time windows of 2 ps. This
quantity is also ensemble-averaged, similar to the VVAFs in the
evaluation of spectra.

Quantities like the angular distribution probabilities, P(6),
P(¢), and the joint angular distribution probabilities, P(0,¢),
which are defined in ref. 19 and in the SI, Section S4, are also
reported occasionally for some of the studied scenarios.

3 Results and discussion

Except for the long-time runs using NN potentials in Section 3.1.3,
all results discussed below follow from the analysis of the non-
equilibrium AIMD trajectories, 5 ps before and 10-20 ps after
excitation of the corresponding vibrational modes. Results
shown are averaged over three trajectories if not stated other-
wise. We mainly discuss the following scenarios: (i) vibrational
relaxation of the CO internal stretch of one or more “C-bound”’/
“O-bound” CO adsorbates in monolayer and submonolayer
coverages over the NaCl(100) surface, (ii) vibrational relaxation
from highly excited vibrational levels (Vsireten > 10) of the CO
stretch mode of a single “C-bound”/“O-bound” CO in the
monolayer, and (iii) vibrational relaxation of a frustrated
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bending mode of a “C-bound”/“O-bound” CO in a monolayer
coverage.

3.1 Vibrational relaxation of the CO stretch mode in
monolayer CO/NaCl(100)

3.1.1 Vibrational relaxation from low vibrational states

3.1.1.1 Monolayers with “all C-down” orientation. We first
consider the post-excitation picosecond dynamics of monolayer
T/A “all C-down”” (model B in Fig. 1) for two cases where we pre-
excite the internal stretch mode(s) of (i) one CO by one vibra-
tional quantum (0.26 eV), and (ii) all COs in the monolayer by
one quantum each (1.04 eV). For both, we find an energy gain
equivalent to the amount of vibrational quanta pumped into
the system.

Fig. 2 displays the instantaneous kinetic energies of the total
system as well of the individual subsystems (CO molecules and
NaCl surface) for both eq-NVE and neq-NVE phases, for both
cases (i) and (ii). We find for both, after pre-excitation, there is a
periodic to and fro transfer of the excess kinetic energy into the
potential energy of the system and a neglible amount of energy
transfer from the adsorbates to the NaCl surface.

For the case of excitation of a single CO adsorbate by one
quantum (case (i), Fig. 2(a)), the energy stays more or less
localized on the pre-excited molecule, 'CO, with small amounts
of energy exchange with the CO adsorbates, >CO-*CO. This is
also manifested as a rise and dip in the integrated AVDOS
curves, as shown in Fig. 3(a). Energy inflow results in a redis-
tribution of the VDOS of the total system, causing an enhanced
intensity in the pre-excited molecule VDOS and a mitigated
intensity for all other subsystems initially. The molecular VDOS
of the pre-excited CO (not shown) shows a red-shifted peak (Aw
~ 40 cm™') with respect to the equilibrium CO-stretch fre-
quency due to vibrational heating of the molecule leading to
mode softening, which then blue-shifts over time, indicating
energy outflow from this molecule. Consequently, at certain At
values, we see spectral broadening of the CO stretch peaks and
the appearance of similar red-shifted shoulder peaks for the
neighbouring adsorbates as well.

Now coming to the case where we excite all four CO
adsorbates per cell in the monolayer by one vibrational stretch
quantum each (case (ii), Fig. 2(b) and 3(b)), we still find a
negligible transfer of energy to the NaCl surface, with signifi-
cant energy exchange only among the CO adsorbates. The
extent of excitation in each CO adsorbate can be determined
either from the change in magnitude of their integrated AVDOS
curves (¢f. Fig. 3(b)), or the intensity of the respective red-
shifted peak observed in the CO stretch region (c¢f. SI Section
S5 and Fig. S3). SI Section S5 also provides further details for
case (ii), among them, a slight population of the vgyewen = 2 in
the VDOS curves, indicating an onset of VEP.

Summarizing, on the ps timescales shown, we have no
significant energy transfer from CO stretch to surface phonon
modes. Even on nanosecond timescales, there is no such
energy transfer (see Section 3.1.3). This is in agreement with
the experimental long (~ ms) lifetimes mentioned above. How-
ever, there is rapid exchange of energy between the adsorbed

This journal is © the Owner Societies 2026
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CO molecules. In fact, by computing the AVDOS curves accord-
ing to eqn (4) in a characteristic energy window [w,, ®,] =[2050,
2200] cm ™" centered around the CO stretch frequency only, we
find a near-exponential post-excitation decay of AVDOS curves
for individual molecules, giving a lifetime of a localized CO
stretch vibration of 3.0 ps due to intermolecular vibrational
energy transfer, for the case when all four molecules were
excited by one quantum, cf. SI Section S5 and Fig. S4 there.
Note that from the Davydov splitting 4p,, ~ 6 cm™* for T/A
1 ML CO/NaCl(100) mentioned earlier, one expects a Rabi
oscillation time of t = 2nA/4p,, ~ 5.5 ps, which is of the same
order of magnitude. This timescale is also consistent with the
resonant V-V energy transfer (within ~15 ps) between two CO

This journal is © the Owner Societies 2026

molecules adsorbed on NaCl(100) computed by Corcelli and
Tully,?” albeit for the *C**0/NaCl(100) system.

Similarly, using an energy window characteristic for libra-
tional modes (¢, 0), one finds that these modes are energy-
accepting, and a characteristic “lifetime” of 1.23 ps is found for
the latter; see also Fig. S4. Note that the above lifetimes are
extracted from VDOS decay curves and should therefore be
regarded as preliminary estimates, as they may depend on the
finite time window chosen for the transient VDOS analysis.

It is interesting to compare the above observations with
NEMD simulations of Ferrari et al. in ref. 38 to study vibrational
energy transfer processes in crystalline and amorphous CO
clusters. In their study, the CO stretch mode was found to
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couple predominantly to the CO stretch vibrations of neighboring
CO molecules, with essentially no direct energy transfer to low-
frequency rotational or translational modes, highlighting the
inefficiency of direct multiphonon dissipation pathways, in con-
cordance with our results. The V-V transfer (resonant and non-
resonant) was found to occur, albeit on much longer timescales
from sub-nanoseconds to a few nanoseconds, respectively.

3.1.1.2 Monolayers with “O-down” CO orientations. Next, we
examine how the orientation of the CO adsorbates (‘“O-down”
or “C-down”) influences VET dynamics in the monolayer CO/
NaCl(100) system. A pre-excited Vgyeten = 1 “O-down” CO in a
one-“O-bound” monolayer (model C, Fig. 4(a)) follows similar
dynamics as the “C-down” CO in a monolayer discussed above,
at least when the negligible energy transfer to the surface is
concerned. However, closer inspection shows there is much
less VET to the neighbouring CO(s) than before due to the red-
shifted stretch mode of the inverted CO.

Next, energy equivalent to one vibrational quantum (0.26 eV)
is pumped into the CO stretch mode of an “O-bound” CO in an
all-“O-bound” monolayer configuration (model D), Fig. 4(b). We
note that this configuration is a metastable minimum in itself
and even at equilibrium conditions, during the last phase of the
eq-NVE simulations, adopts a configuration where one of the “O-
bound” CO molecules becomes nearly parallel to the NaCl sur-
face. Inspecting non-equilibrium conditions after pre-exciting
one of the tilted “O-bound” CO adsorbates, the instantaneous

View Article Online

Paper

kinetic energies (KE) in Fig. 4(b) illustrate a rapid outflow of
energy from the pre-excited molecule during the initial 5 ps,
beyond which the fluctuations in the KE stabilize. Approximately
30% of the excess energy undergoes decay, primarily channeling
to the NaCl surface and neighbouring CO adsorbates. After
about 3 ps of the CO excitation, the surface phonons remain
vibrationally “hot”. A complementary perspective is provided by
the integrated AVDOS curves reported in Fig. 5(b), indicating a
stronger dynamic involvement of the NaCl surface in this case. A
further glance into the molecule-resolved, integrated, but
internal-mode-resolved AVDOS reported in SI Section S6 and
Fig. S6 illustrates a vibrational energy flux between the CO IS
mode and the frustrated librational modes (¢, 6).

Since, in the case of model D, excitation of a single CO stretch
mode leads to a clear time evolution in the kinetic energies Ejy (%)
of various subsystems, we can perform a single exponential fit of
Eyin(?) for the excited molecule, 'CO, according to eqn (1); ¢f
Fig. S7(a) in the SI There it is demonstrated that the fit gives a de-
excitation lifetime 7; = 0.89 ps with residual excess energy AEy,
of 0.08 eV for the relaxing 'CO. (Fitting the AVDOS for the pre-
excited molecule given in Fig. 5(b) yields a similar effective
lifetime of ~0.95 ps.) Using the fit function (2) for Ey,(¢) of the
accepting subsystems reveals that the surface, NaCl, accepts
energy with an excitation lifetime of 7,(surf) ~ 1.3 ps, and the
neighbouring (unexcited) CO molecules do so with a lifetime of
1,(rest CO) ~ 3.7 ps; ¢f. SI Fig. S7. Note also that 1/t; ~ 1/
1,(surf) + 1/7,(rest CO) (one finds 1/(1/1.3 + 1/3.7) ps = 0.96 ps).

0.35 Tota 0.30
= 0.30 surface % 0.25
2, 0.25 —
> 3 0.20
g 0.20 g
& 0.15 ° 0-15
3 0.10 B 0.10
o £
c I N 1 3 4 X 0. :
SR Vi, AN ) TR SRR mo_SocP® & 0:09

0.00 | T o0 0.00

1 1 1 1 1 1 1 1 1 ?\/?u'o | | L f f i i i 1
0 2 4 6 8 10 12 14 16 18 2p GO#(}# 0 2 4 6 8 10 12 14 16 18 20
Time [ps O i
[ps] Iy} 0 Time [ps]

0-40 0.30 T T T T T T 11 T T

0.35 = CcO ——
= 5 025 200 —
3, 0.30 . 20
§ 0.25 % 0.20 surface
2 0.20 & 0.15
o e
i i £
£ : Mo <
g o0 % W < 05

0.00 ?-0-9-0 0.00

L A 1 1 A =l )

Q-0

6 8 10 12 14 16 18 20
Time [ps] I

Fig. 4 Kinetic energy analysis of the neq-NVE-AIMD simulations, averaged

6,r\
©

1 1 1 1 1 1 1

i,

0 2 4 6 8 10 12 14 16 18 20

Time [ps]

over three trajectories in the case where one “O-bound” CO molecule is

pre-excited by one vibrational quantum (0.26 V) in the presence of “C-bound” neighbouring adsorbates ((a), corresponding to model C), and (b) in the

presence of neighbouring “O-bound” adsorbates (corresponding to model

D). The left and right panels showcase the averaged kinetic energies of the

two subsystems—CO molecules and the NaCl surface—and the averaged kinetic energies of the individual CO adsorbate molecules, respectively. Note:

1CO was perturbed after the initial 5 ps of the NVE run.
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Given our limited sampling, and following the methodology of
ref. 38, we performed an individual analysis of the nonequili-
brium trajectories by fitting the time-dependent energies,
Eyin(f), over different time windows. This procedure yields a
range of de-excitation and excitation lifetimes for the subsys-
tems discussed above. We obtain de-excitation lifetimes of [0.2,
1.5] ps for the initially pre-excited CO, with flipping observed in
33% of the trajectories, and excitation lifetimes of [1.4, 1.8] ps
and [0.7, 3.3] ps for neighboring CO molecules and the surface,
respectively.

In summary, for low vibrational excitation energies, “O-
down” excitation leads to similar dynamics as for ‘“C-down”
if the neighbours are still “C-down” (albeit with slower CO-CO
VET), whereas if the neighbours are also “O-down’, another
relaxation channel (to the surface) may open on the ps time-
scale, in addition to VET to CO neighbours. At higher vibra-
tional excitation energies (>3 eV), as discussed in the next
section, “O-down” configurations may be transiently trapped in
metastable minima geometries similar to those found in gas
phase CO within the initial few picoseconds, unlike all “C-
down” configurations where only localization of energy on the
pre-excited molecule is observed. Orientation of the CO mole-
cules can therefore have a strong impact on isomerization rates
as well as on relaxation pathways depending on the energetic
landscape around the isomerizing CO. We are aware, however,
that our predictions are based on methods and sampling that
need to be improved in the future to make fully quantitative
statements for comparison with experiments to come.

In the SI, Section S10, we look at neq-NVE-AIMD trajectories
more closely. For the above-studied case of an internal CO
stretch mode of an excited “O-bound” adsorbate in an all “O-
bound” monolayer, we observe, as a result of the VET, subse-
quent flipping of the pre-excited molecule, followed by flipping
of neighbouring adsorbates. Flipping events are found to occur
predominantly via roaming and lateral displacements of the CO
molecule, with instances of vibrationally induced desorption (¢f.
SI Fig. S14 in one of the initially unexcited molecules [which still
weakly interacts with the surface and could adsorb back on it]).

Further analysis of time-dependent distance correlation
matrix elements AR(a,b) as defined in eqn (6) sheds light into

This journal is © the Owner Societies 2026

the transient mode couplings and illustrates possible intra- and
inter-molecular vibrational non-adiabatic channels of energy
transport (see the SI, Section S9 and Fig. S12), with energy flux
between the high-frequency (HF) CO IS mode and low-
frequency (LF) librational modes.

3.1.2 Vibrational relaxation from higher vibrational states.
Next, we studied a scenario where we pump energy equivalent
to ~12 CO stretch quanta (3.12 eV) into an “O-bound” CO in a
one-“O-bound” monolayer (model C) configuration; cf. Fig. 6.
In the figure, the excitation time is again at 5 ps.

From Fig. 6(b), one first of all notes that, in this high-energy
scenario, significant lengthening and large fluctuations of the
CO bond length r of the excited (inverted, “O-down”) molecule
occur, while the neighbouring (“C-down”) molecules are not as
strongly affected on the ps timescale shown. One thus observes
a localization of energy in the pre-excited molecule and large
oscillations in the time-dependent kinetic energy curves, also as
a consequence of large-amplitude motion. Inspecting the joint
angular probability distributions P(6,¢), as mentioned in Sec-
tion 2.5.4 (Fig. 6(c) and (e)), and CO-surface distances Z (cf.
Fig. 6(a)) reveals another interesting finding: the pre-excited CO
molecule gets somewhat “trapped” in a metastable minimum.
The mean value of the dynamic tilt angle of the excited CO
shifts from 140° to 90° with a decrease in azimuthal disorder.
The metastable configuration looks similar to what could be a
saddle point during the transition from the “O-bound” to ““C-
bound” isomer (¢f. Fig. 6(d)). This scenario is reminiscent of
the energy transfer dynamics observed in highly vibrationally
excited CO molecules in the gas phase studied by Guo and
coworkers,** who found new minima structure(s) of CO mole-
cules emerging when one of the CO molecule(s) was in a highly
excited vibrational state (Vsgreten = 10) and the other was in the
vibrational ground state; they attributed it to the formation of
collisional complexes owing to enhanced dipole moments at
higher vibrational excitation energies. Such metastable struc-
tures observed here could, therefore, be important in the
isomerization dynamics for such highly excited CO molecules
on the monolayer of NaCl(100).

3.1.3 Vibrational relaxation of the CO stretch modes:
nanosecond dynamics. As mentioned, we also considered, for
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quanta. (d) A metastable configuration in which the system is trapped after pre-excitation.

the 1 ML T/A CO/NaCl(100) model B, long(er)-time dynamics
using the machine-learned potential Gen 6 of ref. 24, con-
structed from the short-timescale AIMD simulations of this
work. In Fig. 7, we show kinetic energies of the surface and
individual CO molecules on a ns timescale (left panels), and on
shorter, ps timescales (right), in the case where initially all four
CO molecules were excited by one vgyeren quantum of energy
each. This corresponds to the situation shown in Fig. 2(b).
The striking result we observe here is that, particularly on
longer timescales of hundreds of ps to several ns, individual CO
molecules can pool vibrational energies (left panels of Fig. 7). For
example, molecule >CO has acquired a vibrational energy of about
three quanta after around 1 ns, whereas the other three CO
molecules lost a significant portion of their initial vibrational
energy. As the dashed lines in the CO panel (left) indicate, one
may even anticipate seeing some vibrational energy quantization
in the accepting molecule. No significant vibrational energy trans-
fer to the surface is observed, even on the ns timescale, as
expected. While the conclusions that can be drawn from single
trajectories are limited, Fig. 7 indicates the occurrence of VEP from
classical MD on a ns timescale. Note that the extent of pooling is
limited by the finite simulation cell size, as only four vibrational
quanta are available from the four CO molecules adsorbed per unit
cell in our simulations. Making the simulation cell larger would
therefore relax the finite-size bottleneck on VEP by increasing the

7156 | Phys. Chem. Chem. Phys., 2026, 28, 7148-7163

number of available vibrational quanta and enabling intermole-
cular coupling pathways beyond nearest-neighbour COs, thereby
potentially altering both the extent and timescale of pooling.

The NN potentials used here offer a way to a more systematic
study, on extended spatial domains and even longer propaga-
tion times, to consider this and related phenomena in a time-
and atom-resolved fashion, while still based solely on ab initio
information.

3.2 Vibrational relaxation of the CO stretch mode in
submonolayer CO/NaCl(100)

We now study the relaxation dynamics of a pre-excited “C-
bound” CO in a submonolayer coverage (0.5 ML, model A in
Fig. 1). In this case, VET occurs from the pre-excited CO
molecule (termed as >CO here) to the neighbouring CO mole-
cule predominantly after 8 ps of the simulations, on average.
Fig. 8(a) illustrates the molecule-resolved Cartesian AVDOS. In
addition, mode-resolved AVDOS for the different CO adsor-
bates are reported in Fig. 8(b)-(d). The initial transfer of energy
from the CO stretch mode of *CO to 'CO is slow, followed by a
gradual increase in the VET. Some excitation also transfers to
the frustrated azimuthal mode (¢) of both adsorbates. Inspect-
ing the integrated AVDOS curves (Fig. 8(c) and (d)), we find that
the vibrational energy flows into the angular DoF (¢) of the
neighbouring CO molecule between 8-10 ps. This energy flows
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minorly from the CO IS mode of the same molecule and majorly
from the CO stretch mode of the pre-excited molecule. The IS
mode of the neighbouring molecule also simultaneously accepts
energy. There is also a very small amount of energy transfer
between the other internal DoFs such as the tilt angle (6) and
perpendicular CO-surface mode (Z) of the unexcited molecule.
Again, the surface phonons do not exchange energy with the
adsorbates, similar to the all-“C-bound” monolayer case.
Time-dependent difference distance correlation matrices
evaluated for this case (Fig. 13 in the SI) also hint at vibrational

This journal is © the Owner Societies 2026

non-adiabatic energy redistribution channels similar to the
earlier reported scenario of a relaxing “O-bound” CO in an all-
“O-bound” monolayer, albeit with no CO flipping observed for
the present case within the few-picoseconds timescale.

3.3 Vibrational relaxation of a frustrated bending mode in
monolayer CO/NaCl

3.3.1 Vibrational relaxation dynamics. So far, additional
energy was pumped exclusively into the CO IS mode for
different “C-down” and “O-down” CO molecules adsorbed on
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a NaCl(100) surface. Despite the excitation energy always exceed-
ing the barrier for “C-down” < “O-down” inversion, only in one
such case (all-“O-bound”-CO monolayer on NaCl(100), model D)
was flipping of the CO adsorbates observed. Now we study direct
pre-excitation of the frustrated rotational mode, which induces
flipping dynamics as we shall see. For this purpose, we performed
a direct excitation of a frustrated rotational mode of one of the CO
adsorbates in the monolayer system, and follow the energy flux in
the system. High-lying vibrational states of a frustrated rotational
mode of a “C-bound” or “O-bound” CO surrounded by “C-bound”
adsorbates are excited (models B and C, respectively), such that the
injected energy overlaps with one vibrational quantum of the CO
internal stretch mode (0.26 eV). This situation can also be seen as a
model when a decaying CO stretch vibration has already trans-
ferred all its energy into frustrated rotations. Results pertaining to
both scenarios, exciting “C-bound” or “O-bound” molecules, are
discussed below. Note that the results are ensemble-averaged over
six trajectories due to two different pre-excitation approaches being
utilized (see SI Section S2.2 for further details).

When a frustrated bending mode of an “O-bound” CO in a
one-“O-bound” ML configuration (model C) is pre-excited with
0.26 eV, corresponding to ~26 quanta, the kinetic energy
curves in Fig. 9(a) show significant energy transfer to the NaCl
surface within the first 5 ps, beyond which the phonons are in a
“vibrationally hot” state. This results from the efficient cou-
pling of the vibrationally excited frustrated bending modes with

7158 | Phys. Chem. Chem. Phys., 2026, 28, 7148-7163

the NaCl phonons. Consecutive flipping of the pre-excited CO
molecule in all trajectories is observed in the initial ~3 ps,
accompanied by roaming dynamics: the CO molecule under-
goes precessing motion, flipping to the other isomer while
moving away from the surface with lateral translation, and
eventually returning nearly on top of the same Na' site; cf. Fig.
S15(a) in the SI, Section S10.

The VET dynamics can be further followed from the time-
dependent VDOS curves reported in Fig. 10. One can see a
modulation in the phonon VDOS; for instance, the emergence
and shift of the shoulder peak around 150-180 cm . In
Fig. 10(a), a low-intensity broad peak is observed for the pre-
excited molecule in the CO stretch region around 2100 cm™ " at
At =2 ps, spanning over 200 cm ™, reflecting spectral diffusion.
One can discern here the excitation of the higher vibrational
states of the librational modes, which overlap and subsequently
transfer excitation to the CO stretch mode, further affirmed by
the integrated (internal) AVDOS curves reported in SI Fig. S8. At
later delay times, the reduction in the spectral width of the CO
stretch peak can be attributed to the loss of excitation of the
frustrated bending modes, leading to a narrower and well-
defined spectral profile, now arising from the disentangled r
mode. Further microscopic insights obtained via the internal
AVDOS can be found in SI Section S7.

We also performed an exponential fit to the instantaneous
kinetic energy (cf. SI Fig. S10) of the pre-excited molecule.

This journal is © the Owner Societies 2026
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(*CO) is pre-excited by 14 vibrational quanta (0.26 eV) in the presence of “C-bound” neighbouring adsorbates (model B). The top and bottom panels
showcase averaged kinetic energies of two subsystems—CO molecules and the NaCl surface—and the averaged kinetic energies of the individual CO
adsorbate molecules, respectively. Note that pre-excitation occurs at 5 ps.
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Fig. 10 Time-dependent decomposed Cartesian VDOS, averaged over six trajectories of 20 ps each, for (a) the pre-excited CO molecule, 'CO, as well
as (b) the NaCl surface after pre-excitation of a bending mode of one “"O-bound” CO in a one-"O-bound” monolayer CO/NaCl(100) by ~ 26 vibrational
quanta (0.26 eV, model C). Here At = O refers to the time (t = 5 ps) at which the pre-excitation is done.

Considering the statistical spread of the fit, this yields an
effective relaxation lifetime in the range of [0.5, 4] ps for the
frustrated bending mode. A single exponential fit to the inte-
grated AVDOS of the pre-excited CO gave an effective relaxation
lifetime of 0.4 ps, which is smaller compared with that obtained
from the instantaneous energy fitting. Again, for the energy-
accepting subsystems, neighboring CO and the NaCl surface,
energies can be fitted in individual trajectories over different
time segments, yielding [0.5, 7] ps and [0.5, 3] ps, respectively.
See also SI Fig. S10, where average lifetimes are reported.

This journal is © the Owner Societies 2026

In addition, note that we also utilized the recently developed
NN Gen 6 potential®* to simulate the present scenario for an
extended time period of 200 ps and found similar dynamics of
the relaxing “O-down” CO, albeit with a de-excitation lifetime
of 2.6 ps. More details can be found in SI Section S11.

Similar observations are found when pre-exciting a frustrated
rotational mode of a “C-bound” CO in an all-“C-bound” mono-
layer (model B) by (about) 14 vibrational quanta, corresponding
also to 0.26 eV excitation energy. The instantaneous kinetic
energy curves reported in Fig. 9(b) illustrate a loss of nearly 80%
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of the excess kinetic energy pumped into the CO molecule
within the first ps of the simulation. In this scenario, the excess
kinetic energy is primarily accepted by the NaCl surface, with
some energy transfer to neighbouring CO molecules, similar to
the previous scenario involving pre-excitation of the bending
mode of an “O-bound” CO. Also, a portion of the excess kinetic
energy is sourced into the potential energy at the time of pre-
excitation, and therefore effects arising from reconstruction of
the geometry cannot be neglected.

Flipping of the pre-excited “C-bound” CO is observed in almost
all trajectories (recall the “C-bound” to “O-bound” isomerization
barrier of ~0.15 eV***%). Some trajectories involve single or multi-
ple flipping events, where sometimes the flipped “O-bound” CO
configuration is retained, and other times it flips back to the “C-
bound” configuration. Roaming is again prevalent in all the
flipping trajectories (see Fig. S15(b) in the SI), with CO-surface
distances reaching as high as 7 A in some of them.

The relaxation time of the pre-excited “C-down” CO, obtained
from the instantaneous kinetic energy curves (see Fig. S11), spans
the range [0.1, 3.2] ps, compared to the “O-bound” CO bending
mode relaxation, with effective lifetimes in the range of ~[0.5, 4]
ps. Comparatively, the excitation time constant of the NaCl sur-
face, [0.5, 5.3] ps, as well as that of the neighbouring CO molecules
([0.3, 5.2] ps) is in a similar range. (Note that from fitting the
AVDOS of 'CO, an effective lifetime of 3.6 ps is obtained.)

In summary, when exciting CO molecules in the frustrated
rotation/bending by 0.26 eV, we find relaxation times on the ps
timescale, caused by energy transfer both to the NaCl surface and
to neighbouring CO molecules. The relaxation time of “C-bound”
molecules is in a similar range compared to that of “O-bound”
molecules, and is dominated by energy transfer into the NaCl
surface. Further, excitation of both “C-bound” and “O-bound”
molecules in the rotational mode(s) leads to roaming dynamics
and inversion, ie., “C-bound” — “O-bound” and “O-bound” —
“C-bound”, respectively. The picture emerges that if the bottle-
neck of energy transfer from an excited CO stretch mode to
frustrated rotations has been passed, subsequent relaxation
processes (also to the surface) and reactions (e.g., inversion)
can proceed fast, on a ps timescale. The situation is similar to
other systems, e.g., H/Si(100)*" and CO/Si(100),**> where the slow
relaxation of high-frequency modes (the H-Si stretch or CO
stretch mode) proceeds indirectly via low-frequency adsorbate
modes (e.g., bending), which then couple efficiently to the low-
frequency phonon bath of the surface. Again, for CO/Nacl, this is
still a preliminary prediction from theory, which needs to be
confirmed by experiment. One possible way to do so could be
time-resolved VSF spectroscopy.

3.3.2 Time-dependent VSF xxz spectra. To make progress
in this direction, we finally report on the time-dependent VSF
response of the CO adsorbate(s) for one of the above scenarios,
namely vibrational relaxation of a frustrated bending mode in
an “O-bound” CO in a one-“O-bound” monolayer (model C).
The transient xxz VSF response is computed following the
parameterized ssVACF approach, as outlined in Section 2.5.3
and eqn (5), after the “O-down” molecule had been excited with
~26 bending modes (0.26 eV). Note that only non-parallel and

7160 | Phys. Chem. Chem. Phys., 2026, 28, 7148-7163
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less orientationally disordered molecules are expected to yield a
non-zero VSF intensity, and therefore, unlike VDOS curves,
capture phase/orientation effects. Being a directly measurable
quantity, theoretically computed transient VSF spectra, therefore,
offer an advantage over the transient VDOS curves reported
above. We emphasize again that our VSF spectra primarily model
the CO stretch response, without intermolecular coupling effects.
In Fig. 11, we report the transient VSF intensity (|7 ?|), as well
as real and imaginary responses (Re{)x. >}, Im{z>}), the latter
capturing phase effects, for individual CO molecules after the
pre-excitation. In addition, in SI Fig. S16, trajectories are analyzed
with the help of distribution functions.

From Fig. 11 it is observed that, within a few picoseconds of
pre-excitation, a broadened peak in the VSF intensity plot appears
for the pre-excited molecule, which can be attributed to the
spectrally diffused CO stretch peak. Note that insignificant VSF
intensity in the initial few ps results from the orientational and
translational disorder (roaming) induced in the respective CO
adsorbate ('CO). After At =12 ps, a faded and narrowed CO stretch
peak, with a blue-shifting tail, is found to appear due to dissipation
of excitation from this molecule. Consequently, red-shifted trails
along the time axis signify the gain of excitation by neighbouring
molecules. The loss/gain in intensity therefore depends on the
following factors: (i) the overall angular orientation adopted by the
molecules, (ii) their perpendicular distance from the surface, (iii)
their lateral motion along the surface, and (iv) finite temperature
effects. Additionally, all the neighbouring molecules display a
negative imaginary response, corresponding to “C-bound” orienta-
tions, while the pre-excited “O-bound” molecule shows a positive
imaginary response. One can even find some negative low-
intensity peaks on either side of the positive peak of 'CO in the
first 8 ps after pre-excitation. Both real and imaginary responses
contribute to the resulting lineshape in the intensity plots.

4 Conclusions and outlook

In this work, we studied picosecond-timescale (and, in one
example, nanoscond-timescale) relaxation/vibrational energy
transfer dynamics exhibited by monolayer/sub-monolayer cov-
erages of CO/NaCl(100) when non-equilibrium vibrationally
excited states of the system at particular energies (targeting
internal stretch and frustrated rotational modes) are generated.
We obtain a somewhat detailed picture of the CO vibrational
dynamics on an insulating substrate, disentangling effects from
different inter/intra-molecularly coupled degrees of freedom, as
well as the moving surface atoms. We do so via quantities like
averaged time-dependent internal DoFs, such as CO-surface
distances, lateral displacements, angular probabilities, time-
dependent vibrational density of states and VSF responses of
the CO stretch, as well as the transient difference distance-
correlation maps. Specifically, the transient (internal) VDOS
curves aid in pinpointing energy flow into various internal
modes and track the path of this excess energy pumped into
the vibrational mode in the frequency domain. The main
findings are as follows:

This journal is © the Owner Societies 2026
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Fig. 11 Molecularly decomposed transient vibrational sum frequency response spectra, obtained from 7,2, of the CO stretch in a one-"O-bound” CO/
NaCl(100) monolayer system (model C), where a frustrated rotational mode of the *CO ("O-bound”) is pumped with energy equivalent to 26 vibrational
quanta (0.26 eV) at At = 0 ps. VSF intensity (|7x=2|%), and the imaginary and real parts of 7,2 are plotted in the upper, middle and lower panels,

respectively. The spectra are averaged over six trajectories.

e There is no significant energy flow to the surface phonons
from the CO stretch modes of a “C-down” and “O-down” CO,
particularly not within the few-picoseconds timescale, in the
presence of only “C-down” neighbours. VET occurs predomi-
nantly between the CO stretch modes of neighbouring CO in
the monolayer in this case, on a few-ps timescale.

e We see signatures of vibrational energy pooling when
exciting CO stretch modes, notably on longer (ns) timescales.

e We predict that exciting the frustrated bending modes to
higher levels (with an energy corresponding to a CO stretch
quantum) leads to significant, direct energy transfer to the
surface phonons, resulting in flipping and desorption events,
most often via roaming trajectories. Relaxation times for the
corresponding, highly excited frustrated rotations are on the
order of a few ps, with the “C-down” CO exhibiting similar
relaxation dynamics to those of an “O-down” CO.

e Vibrationally non-adiabatic energy channels are more likely
to be prevalent in metastable configurations like the “all-O-
bound” monolayer, when energy leaks from the CO stretch
mode to low-frequency frustrated librational modes, and also
in sub-monolayer coverages, where the flipping threshold is in
general known to be lower.

e Metastable geometries found upon pre-excitation of a CO
adsorbate in the monolayer to high CO stretch vibrational levels
(>10) may be important in the isomerization and pooling
dynamics of CO/NaCl(100).

This journal is © the Owner Societies 2026

e Time-dependent difference non-linear correlation matrices
can offer valuable insights into inter- and intra-mode couplings
and the resulting dynamics.

As an outlook, we propose to study in greater detail the
dynamics of the CO adsorbates on the NaCl surface on nanose-
cond timescales and beyond and in larger unit cells/domains,
using the NN potential,>* in order to derive further microscopic
insights into the isomerization and vibrational pooling dynamics
of the CO/NaCl(100) system. Using larger supercells will provide
more diversity of oriented configurations and the possibility to
investigate VET between non-neighbouring CO(s). While CO ices
relevant for astrochemistry are not the focus of the present study,
we note that benchmark studies*® have shown that CO-CO
intermolecular interactions (which are dominated by dispersion)
and anharmonic couplings relevant for V-V energy transfer are
sensitive to the choice of exchange-correlation functionals. In
particular, range-separated hybrid meta-GGA functionals includ-
ing explicit dispersion corrections provide a more reliable
description than PBE+D2, which in turn neglects higher-order
dispersion effects beyond two-body dipole-dipole interactions
and may lead to systematically too-weak CO-CO interactions.
While the PBE+D2 approach employed here is computationally
efficient and benefits from partial error cancellation, allowing
semi-quantitative insight and the evaluation of probable trends
in V-V transfer mechanisms, more quantitative predictions will
require more accurate electronic-structure methods. Therefore,
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for future studies at higher coverages, further refinement of our
NN PES via A-machine learning approaches (currently in progress),
as well as the potential energy surfaces developed by Guo et al. in
ref. 17 and 39, combined with a many-body expansion framework,
offers a promising route toward substantially improved quantita-
tive accuracy for vibrational energy pooling and intermolecular
energy transfer. Another direction would be to also extend this
study to include buried monolayer configurations with distinct
overlayers (CO/N,) as done in experiments,"'®'® to investigate
isotope-specific VET between overlayer and monolayer molecules.
Finally, at low temperatures/energies, reactions such as “O-down”
— “C-down” have been suggested to be tunnel-dominated."
Quantum effects, which can also cause large isotope effects,' thus
appear to be important at low temperatures, perhaps also for
vibrational relaxation and VET. Some work in these directions is
currently underway in our group.
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