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Although UV photon-induced CO ice desorption is clearly observed in many cold regions of the
Universe as well as in the laboratory, the fundamental question of the mechanisms involved at
the molecular scale remains debated. In particular, the exact nature of the involved energy transfers in
the indirect desorption pathway highlighted in previous experiments is not explained. Using ab initio
molecular dynamics simulations, we explore a new indirect desorption mechanism in which a highly
vibrationally excited CO (v = 40) within an aggregate of 50 CO molecules triggers the desorption of
molecules at the surface. The desorption originates first from a mutual attraction between the excited
molecule and the surrounding molecule(s), followed by a cascade of energy transfers, ultimately resulting
in the desorption of vibrationally cold CO (~95% in v = 0). The theoretical vibrational distribution, along
with the kinetic energy one, which peaks around 25 meV for CO with low rotational levels (v = 0, J < 7),
is in excellent agreement with the results obtained from VUV laser induced desorption (157 nm) of CO

(v =0, 1) probed using REMPL
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Carbon monoxide (CO) is known to be a primordial
tracer of the gas phase density and temperature of many
regions of the interstellar medium (ISM). In star and planet-
forming cold regions, gaseous CO undergoes a freeze-out
onto (sub)micron-sized dust grains, resulting in the for-
mation of solid CO layers [1,2]. This condensation is,
however, counterbalanced by nonthermal desorption proc-
esses, maintaining a certain budget of rotationally cold
carbon monoxide into the gas phase (e.g., [3]). The
desorption subsequent to the irradiation of the icy grains
by vacuum UV (VUV) photons (5-13.6 eV), has been for a
long time proposed as a dominant mechanism, for instance,
in protoplanetary disks [4]. Constraining the efficiency and
mechanisms of the CO UV-photodesorption became of
paramount importance since it may impact both the
location of the CO snowlines, thereby affecting the for-
mation dynamics and composition of exoplanets [5-7], and
the chemical richness in these cold media as CO ices are a
potential starting point for a complex chemistry leading to
methanol formation, and to a rich subsequent organic
chemistry [8,9]. For these reasons, the VUV-photodesorp-
tion of solid CO has been for decades the subject of a large
panel of experimental studies aiming to provide absolute
desorption yields to the astrochemical community [10-17].
Below 10 eV, the yield is of about 1 desorbed molecule per
absorbed photon, although it depends on the temperature at
which the ice was grown [15]. The desorption has been
shown to be triggered by the A'TI — X'S* transition in the
7-10 eV energy range [desorption induced by electronic
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transition (DIET) mechanism [13] ] and to involve the 2 to
5 outmost layers of the ice only (~7 to 18 A) [12,14,18].
The exact mechanism at the origin of the desorption is,
however, still largely unknown and its dependence on many
parameters is still debated. Probably the most striking
property of the mechanism is that it is mostly indirect:
synchrotron-based experiments have revealed that the
desorbing molecule is not necessarily the one which
absorbed the photon, but instead the dominating process
involves an energy transfer between the excited molecule
and a surface molecule [14]. This indirect desorption has
even been shown to be operative between an excited CO
and other coadsorbed molecules, such as N, or CHy
[18,19], making this mechanism particularly interesting
to predict photodesorption yields from composite, and thus
more astrophysically relevant, ices. However, none of the
above-mentioned experimental studies were able to pro-
pose a detailed desorption mechanism that would explain
all the observed properties, and, in particular, none could
bring a hint on the exact nature of the involved energy
transfer, mainly because none could access the total energy
balance of the process by probing the amount of transla-
tional and internal energy left in the desorbates. There is
only one detailed theoretical study concerning the photo-
desorption of pure CO ices performed by van Hemert et al.
[20]. They simulated the dynamics of large amorphous and
crystalline CO clusters after the UV excitation of a single
CO molecule by using molecular dynamics (MD) simu-
lations based on a classical force field. The proposed
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mechanism involves the excited molecule which, after
internal conversion, lands back to its fundamental elec-
tronic state in a very high vibrational state, thus leading to
its direct desorption or to an indirect desorption of a
neighboring molecule. Their simulation estimates the
probability of photodesorption to be a factor of 3 to 11
lower than the experimental one [13], and the indirect
pathway is rather minor compared to the direct one. This is
in contradiction with the experimental results described
above. In addition, their model also predicts an absence of
desorption when a CO molecule is directly vibrationally
excited in its electronic ground state.

Here, we make a new proposition for the microscopic
mechanism involved in the solid CO photodesorption, with
the specific aim to finally characterize the indirect desorp-
tion and the nature of the energy transfer between the
excited molecule and its neighbors. The methodology we
employ is based on a coupled experimental and theoretical
strategy. New VUV photodesorption experiments, that
provide vibrational and translational energy distribution
of the photodesorbed CO molecules, are performed. The
obtained results are compared with ab initio molecular
dynamics (AIMD) simulations performed with the Vienna
ab initio simulation package (VASP) based on density
functional theory (DFT) [21,22]. For these calculations
we use the Perdew-Burke-Ernzerhof (PBE) [23] exchange-
correlation functional, together with the DFT-D3(BJ)
dispersion correction [24,25].

The experiments were performed using an ultrahigh
vacuum setup (base pressure of ~107!° Torr). A pure
CO ice (~100 ML) was deposited onto a polycrystalline
oxygen-free high-conductivity copper substrate cooled
down at 15 K by a closed-cycle Helium cryostat. VUV
photons were generated by four-wave frequency mixing in
Xe [26,27], resulting in a pulsed VUV beam (10 Hz,
duration of 10 ns, 10% photons per pulse) that was tuned to
the A-X (0,0) transition of CO (157 nm) and focused at the
CO ice. The individual rovibrational states of photode-
sorbed neutral CO (v, J) were probed by a resonance-
enhanced multi-photon ionization (REMPI) technique
using a tunable pulsed laser (OPO, 200-700 nm) focused
a few millimeters in front of the ice surface. After resonant
ionization of 'Z* CO (v, J) states, the ions are detected by
mass spectrometry using a quadripolar mass spectrometer
equipped with an ion extractor. The Q branches of the
REMPI(2 + 1) B'E"(v/ = 0or 1) « X'Z*(v” = 0or1)
bands near 230 nm [28] were used to probe the distribution
of rovibrational states populated after desorption. The
search for vibrationally excited CO in the » =2 (near
230.5 nm), 16 (near 224.9 nm), and 19 (near 246.4 nm)
states was also carried out, but no ionization signal was
found. The kinetic energy distribution of photodesorbing
CO molecules was estimated by monitoring the variations
of the ion signal with the time delay between the VUV
pulse (desorption event) and the ionizing pulse (probe

event), referred to as the time-of-flight (TOF) of the
photodesorbing molecules. TOF spectra are then converted
to give one kinetic energy distribution following the
Zimmermann et al. approach [29]. More details about
the experimental technique can be found in the
Supplemental Material [30], and in [57].

The AIMD simulations focused on the description of the
vibrational energy redistribution when an excited CO
molecule transfers its electronic energy to a high vibrational
state of its ground state. This phase corresponds to the part
of the DIET mechanism after the internal conversion.
Particularly, the first three bands A'TI(v' =0,1,2) <
X'£(v” = 0) of the absorption spectrum correspond to
an internal energy ranging between 8§ and 8.4 eV, which can
promote the molecule to the electronic ground vibrational
levels v = 39-41. Aggregates of 50 CO molecules were
generated, optimized, and finally thermalized (15 K) using
canonical AIMD calculations. The aggregate phase space
configurations obtained after the thermalization process
were modified to vibrationally excite a single CO molecule
(v = 40 in this work) located in the central core of the
aggregate (further details in [30]). Following a standard
procedure in gas-surface dynamics simulations [37-45] a
random aggregate prepared as mentioned above, was
selected for each trajectory to run constant energy
AIMD calculations. Finally, under these conditions, 100
AIMD trajectories were propagated using VASP. The maxi-
mum propagation time was 5 ps with a time step of 0.5 fs.
Two possible exit channels were taken into account, called
desorption and nondesorption: a molecule was considered
desorbed when the distance from the CO center of mass and
the aggregate surface exceeded 3 A and not desorbed when
after 5 ps no molecule fulfilled the above condition. The
total energy was well conserved for each trajectory with a
standard deviation of ~30 meV. The energy distributions
of the molecules along the dynamics were obtained using
the standard semiclassical determination method for the
translational, vibrational, and rotational energies [58].

Among the 100 trajectories, 88% resulted in the desorp-
tion of CO molecule(s). The average desorption time was
2 ps and interestingly, the desorption was not observed
before 700 fs, suggesting that more complex mechanisms
than a fast release of the excited molecules into the gas
phase must take place. An example of the time evolution of
a typical trajectory for which desorption takes place is
presented in Fig. 1. By closely examining this trajectory we
can conclude that the dynamics of the desorption process
can be described in three fundamental steps: (1) First, the
excited molecule vibrates inside the aggregate while
retaining the initially deposited vibrational energy. No
significant energy transfers to other modes (translational
or rotational) are observed. (2) The excited molecule and
one (~75%) or two (~25%) CO molecule(s) in its vicinity
begin to be mutually attracted and accordingly gain trans-
lational energy, thus leading to their collision via a “kick
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FIG. 1. Upper panel: Snapshots of a typical desorbing trajectory. The excited (blue), kicked (magenta), and desorbed (green)

molecules are highlighted. Lower panel: Vibrational, translational, and rotational energy of the excited, kicked, and desorbed CO
molecules along the trajectory depicted in the upper panel. The numbers 1 to 3 refer to the three fundamental steps of the desorption

process.

event.” At this time, sudden intra- and intermolecular
energy transfers from the vibration to the translational,
rotational, and vibrational modes of the colliding molecules
occur. (3) The colliding molecules begin to move and
interact with other molecules within the aggregate leading
to a cascade energy transfer effect; i.e., the translational and
rotational energy acquired in step 2 is transferred to surface
CO molecule(s) thus giving it (them) enough kinetic energy
to exceed the binding energy of the aggregate (around
100 meV in our case).

The analysis of a typical trajectory where no desorption
is observed (see Fig. S2 in [30]) shows that a smaller
fraction of the vibrational energy of the excited molecule is
transferred to the other energy modes during the kick, in
contrast to events where desorption occurs. The amount of
translational energy gained by the colliding molecules is
not sufficient to observe the cascade energy transfer effect
explained above. Therefore, the kick event plays a funda-
mental role to achieve sufficient energy transfers and to
observe desorption.

To further investigate the colliding molecules kick event,
we present in Fig. 2 some interaction energy curves
between two CO molecules (A and B). The curves were
obtained under the previously described computational
conditions by fixing the bond lengths of A to its equilibrium
geometry (1, = 1.14 A) and B to the calculated outer
turning point of the vibrational state v =40 (13 =

1.98 A). The two molecules were then placed in the xy

plane with the two C facing each other in a displaced-
stacked manner at fixed distances of 0.5, 1.5, 2.0, and 2.5 A
between the two molecules’ centers of mass in the y
direction (see Fig. 2). These particular geometries aim to
mimic the disposition of the colliding molecules in the
aggregate. The interaction energy E,p = E\ot — E4 — Ep
between molecules A and B was then scanned while
approaching them along the x axis. The results show that
there exists an attractive potential energy well between the
two molecules which is not observed for configurations
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FIG. 2. Interaction energy evolution between two CO mole-

cules (A and B) as a function of the distance between their centers
of mass for fixed Ay values. The CO molecules bond lengths are

settory = 1.14 and rz = 1.98 A.
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where the two molecules are taken at the equilibrium bond
lengthry, =15 =1.14 A (see Fig. S3 in [30]). In general,
starting from geometries where the molecules are far apart
(Ay =25 A) to those where they are closer (Ay = 0.5 A),
the position of the well shifts towards smaller distances and
its depth increases. In particular, the closest conformation
to the kick event geometry (red curve, at distance
around 3 A in Fig. 2) exhibits the strongest interaction
(E4p ~ —0.8 eV). The existence of such attraction is likely
explained by the particular evolution of the CO dipole
moment upon bond stretching in the rcg range explored in
our simulations. As has been previously shown (e.g.,
[54,59-62]), the CO displays a dipole moment of
~0.12 D [62] in the direction C®~O°" at equilibrium,
but it reverses to C®T0% and increases at larger oo up
to its maximum value of ~1.45 D for reo ~ 1.95 A [62].
Hence, a highly attractive dipole-dipole interaction is
created between two CO molecules when one of them
starts to vibrate, especially at high ». It should be
mentioned that a similar electrostatic behavior when the
CO stretch is excited has already been highlighted in
several studies on the CO-NaCl system, e.g., [63-65].
The agreement between past experiments, notably [14],
and theory is remarkable since in both cases, the large
majority of UV excitations (experiments) or vibrational
excitations (simulations) of CO molecules results in a
desorption event. The high probability, observed in our
simulations, in the indirect desorption channel is in dis-
agreement with the results of van Hemert et al. [20] that
show a very small contribution of the indirect pathway.
However, in order to directly compare these results with our
calculations, it is necessary to note that our study was
focused on the second part of the DIET mechanism, so it
did not take into account the configuration space explored
by the molecule in the excited electronic state potential
energy surface (PES) after the UV excitation. Nonetheless,
our simulation provides very valuable information about
the mechanism of vibrational deexcitation of the CO
molecule within the aggregate. Indeed, our results clearly
indicate that the transfer from vibrational to translational
energy modes inside the CO aggregates is essential in the
desorption mechanism. The significant discrepancy regard-
ing the role of vibrational energy transfer between our
theoretical results and those obtained by van Hemert et al.
[20], could be related to the different methods used to
describe the interactions in the simulations. The analytical
PESs used in [20] (ground and excited states) are pairwise
potentials based on CO dimers interaction. The site-site
PES, frequently used to study this kind of system, may,
however, present difficulties to describe the multibody
effects in complex systems. Our results indicate that the
discrepancies primarily stem from the limited sampling of
their analytical ground state PES, which only includes the
first three vibrational levels of the CO ground state. The
lack of points describing higher vibrational levels seems to

be the cause of the difficulties for the mentioned PES to
correctly describe the interactions between a highly vibra-
tionally excited CO molecule with its pair at the equilib-
rium bond length. This is confirmed by the interaction
energy curves (see Fig. S4 in [30]) obtained using the
aforementioned PES that do not correctly describe the
attractive potential energy well observed in our calculations
(see Fig. 2), which is responsible for triggering the collision
between the excited CO molecule and the surrounding CO
molecule(s).

Finally, the remarkable quantitative and qualitative
agreement between our simulations and experiments is
confirmed by comparing the vibrational and kinetic energy
distributions of the desorbed molecules. Experimentally,
the photodesorbed CO molecules were found to be mostly
in their ground vibrational level (~96% in the v = 0 level)
while the population of the v =1 level is estimated to
~4%. Tt should be mentioned that the chosen REMPI
transition (near 230 nm) allows only to detect vibrationally
cold CO (v =0, 1). However, our simulations show also
that the desorbed molecules are predominantly vibration-
ally cold (~95% of v = 0) and desorption of molecules
with » > 0 is observed only in the rare cases where the
excited molecule kicked a molecule close to the surface,
resulting in desorption of the latter. Figure 3 shows the
experimental (derived from TOF spectra, see Fig. S5 in
[30]) and theoretical translational energy distributions of
the desorbed molecules in the v =0 and J < 7 states. A
non-Boltzmann kinetic energy distribution has been
observed in both cases, with the maximum of the distri-
butions located around 25 meV, and very few molecules
were detected with translational energies higher than
200 meV. Therefore, only a small fraction (~2%) of the
vibrational energy initially deposited is finally transferred
to the desorbed molecule(s). In fact, even if the initial
vibrational energy dissipates within the aggregate in its
different modes, only a minimum translational energy is

0.012 —s— Experimental distribution
EEE AIMD simulations
2 0.008
C
>
£
(0]
0.004
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Etrans / MmeV
FIG. 3. Experimental kinetic energy distribution derived from

the TOF spectra [30] (black curve) and theoretical kinetic energy
distribution of the desorbed CO molecules (red bars).
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required to separate a molecule from the aggregate. This
minimum energy is acquired by the future desorbed
molecule(s) through a final collision. In particular, our
simulations show that this type of event transmits between
100 and 300 meV to the molecule(s) translational mode.
This kinetic energy is mainly used to overcome the
desorption barrier (~100 meV) and the remaining energy
(between ~5-200 meV) is used by the molecule(s) to move
away from the aggregate.

In summary, we performed both experiments on UV
photodesorption from CO amorphous ice and AIMD
simulations on the vibrational excitation (v = 40) of one
CO within an aggregate of 50 CO molecules. A detailed
analysis of the energy transfers taking place in the
aggregate was conducted in the simulations to explain
the desorption mechanism. We have shed new light on the
UV-induced photodesorption mechanism of CO from pure
CO ice by highlighting the essential role of molecular
vibration in triggering desorption. In particular, the theo-
retical analysis of the energy redistribution after the vibra-
tional excitation shows that sufficient energy transfers
between the excited molecule and neighboring one(s)
occur, leading to the indirect desorption of CO molecule
(s) in almost all trajectories after a kick event. We have
shown that this kick can be explained by a strong attractive
interaction created between two CO molecules when one of
them starts to vibrate. Finally, the vibrational and kinetic
energy characteristics of the desorbed molecules obtained
from the experiments and the simulations have been found
to be remarkably consistent, thus providing substantial
support to the fundamental role of vibrational deexcitation
in the desorption mechanism. The methodology imple-
mented here is easily applicable to more complex ice
mixtures, more relevant to their field of study. Indeed, the
fate of the energy transfers, potentially leading to indirect
desorption, when an electronically excited CO molecule is
surrounded by other diatomic (e.g., N,, O,, NO) or larger
(e.g. CH30H) molecules is a fundamental question of high
interest for several fields (e.g., astrophysics, terrestrial
atmosphere).
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