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Electronic energy relaxation and transfer shapes the photochemistry in molecules and materials that are
exposed to UV radiation in areas ranging from astrochemistry to biology. The interaction between CO,
and polycyclic aromatic hydrocarbons (PAHs) specifically, is of paramount interest in astrochemically
relevant ices, the transition to renewable energy and the development of green chemistry. We
investigate the vacuum UV excitation of the naphthalene—CO, complex and observe excited states of
CO,, through a newly identified molecular electronic energy transfer ionization mechanism. We evaluate
the spectral development upon cluster growth with time-dependent density functional theory and show
that the photoionization spectrum of naphthalene—-CO, closely resembles the photon-stimulated
desorption spectrum of CO, ice. The molecular electronic energy transfer ionization mechanism may
affect the energy redistribution and charge balance in the interstellar medium significantly and therefore
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Introduction

Electronic energy relaxation plays a crucial role in determining
the dynamics and outcome of the photophysics and photo-
chemistry in molecules and materials. It is a key process to
understand in systems ranging from astrochemical grains to
biomolecules that are exposed to (solar) UV radiation.' Elec-
tronic energy transfer is central to Forster resonance energy
transfer (FRET), Penning ionization (ionization following colli-
sion of an excited molecule) and excitation transfer ionization
(ETI).>* Here, we report on the observation of ETI in a bimo-
lecular cluster which would aptly be called molecular electronic
energy transfer ionization (MEETI). The two molecules involved
are carbon dioxide (CO,) and naphthalene. CO, interacts with
organic molecules such as naphthalene in a wide range of
naturally occurring astrochemical objects as well as in terres-
trial applications.*® Insights into the interactions between CO,
and organic molecules will not only benefit our understanding
of the condensation of matter in space, but also aid in further
developing the use of (supercritical) CO, in green chemistry and
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we discuss its implications for astrochemical models.

various renewable energy solutions.”® Furthermore, graphene
based photocatalysts are receiving increasing attention for the
activation and chemical transformation of CO,.**

In astrophysics, it is well established that ices of small
volatiles such as CO,, in which larger molecules are embedded,
serve to bring reactants together and thereby allow for more
complex molecules to be formed. Vacuum ultraviolet (VUV)
photons, between ~6.0 and 13.5 eV, are the drivers behind these
processes, especially in photodissociation regions, but also in
more shielded objects where secondary photons originate from
penetrating cosmic rays.»*> These VUV photons initiate chem-
ical reactions by creating reactants in the form of radicals or
ions, that can subsequently react without a barrier towards
increasing complexity.”® If ices are subject to sufficient VUV
radiation, CO, even becomes the primary carbon carrier.">**
The two main events following VUV irradiation of interstellar
nebula are the photoelectric effect on PAHs and small grains
and the pumping and collisional de-excitation of molecular
hydrogen." It has been recognized that, especially when poly-
cyclic aromatic hydrocarbons (PAHs) are entrained within ice,
energy transfer is of fundamental importance in determining
which chemistry occurs within the grain and that PAH
concentration in ices influences the response to radiation.*>*®

The interaction of VUV light with CO, has been studied using
various experimental techniques focusing on the monomer,
through clusters and finally the (supercritical) condensed
phase.*'*"""*® A recent study using VUV absorption spectroscopy
of gas phase CO, at high (supercritical) densities, revealed that
the close proximity between CO, entities affects the vibronic
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spectrum.® Upon condensation, the VUV spectrum of CO, loses
the vibrational structure observed in the gas-phase, but main-
tains its general appearance with the first two bands blue shif-
ted by 0.3 and 0.6 eV to 8.8 and 9.9 eV. Finally, wavelength
resolved (V)UV photodesorption of CO, ices reveals a similar
spectrum and thereby points to an efficient indirect desorption
mechanism (DIET - Desorption induced by electronic transi-
tion) that involves energy transfer from CO,.**

At the basis of an indirect desorption mechanism such as
DIET, or more in general, for (V)UV electronic energy dissipa-
tion in ices, is the propensity either to transfer energy, to
molecular fragmentation or to down-convert radiation which
greatly affects the physical conditions in interstellar clouds. For
example, studies have shown that a PAH can be ionized in pure
CO, ice,»* creating free electrons that can induce chemical
reactions® or CO, can be efficiently dissociated, creating radical
species.* Both mechanisms are contrary to the energy dissipa-
tion mechanism by solely releasing heat. We demonstrate that
indeed the presence of a PAH can change the fate of electronic
excitation of CO, in a bimolecular cluster through MEETI and
discuss the implications for astrochemistry. The study also
reveals how electronic spectral properties of CO, change upon
condensation, thereby connecting the gas and condensed
phase.”

Results & discussion
Photoionization efficiency of naphthalene CO, clusters

The photoionization efficiency curves (PIE) of mass-selected
naphthalene and the naphthalene-CO, complex produced in

T T T T T
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naphthalene - CO, derivative
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9 10 - 11 12 13
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Fig. 1 PIE curves of naphthalene and naphthalene-CO, cluster
showing the enhancement in ionization efficiency below the IE of CO,.
Inset shows the structure of naphthalene—CO, optimized using DFT in
this work. The black dotted line corresponds to the calculated
absorption spectrum of pure CO, using TDDFT at the LC-BLYP/daug-
cc-pVTZ level. The green solid line shows the derivative of the naph-
thalene—CO, PIE, revealing peaks that correspond to the CO,
excitations.
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a continuous molecular beam are shown in Fig. 1. Detailed
methods are described in the ESI.f The PIE of naphthalene
compares well with previously recorded ones of naphthalene*
and, as expected, the ionization efficiency increases in a rela-
tively featureless manner with higher photon energy. The slight
dip in both spectra at around 11.8 eV is due to the strong
absorption by argon used in the gas filter to remove residual
higher harmonic radiation emanating from the synchrotron
based undulator.”® In contrast, the PIE of the naphthalene-CO,
complex has significantly more structure compared to naph-
thalene. Three large peaks at 11.1, 12.0 and 13.35 eV are clearly
discernible and smaller ones emerge at 8.5, 9.2 and 10.0 eV. The
difference between the PIE of the naphthalene-CO, complex
and the naphthalene monomer, visible as the red shaded area,
is likely the result of absorption of CO, and hence compares
well to the black dotted line that corresponds to the calculated
spectrum of CO,. These new features and the increase in
intensity with respect to the naphthalene PIE, visible in Fig. 1,
are below the ionization energy (IE) of the CO, monomer (13.8
eV).”” This suggests that the photo-excited CO, monomer (and
possibly clusters) transfers electronic energy to the naphthalene
moiety, with a lower IE of 8.1 eV (ref. 25) which subsequently
ionizes and hence leads to an ion that can be detected in our
mass spectrometer. The absorption spectrum of CO, is thus
imprinted on the naphthalene-CO, PIE as a result of the elec-
tronic energy transfer after absorption of CO,. This likely arises
since the vibronic states of naphthalene, nicely overlap with the
excitation spectrum of CO,.”® In Fig. 1, we show a calculated
VUV photoabsorption spectra (vide infra) of the CO, monomer
and allow for comparison to the derivative of the naphthalene-
CO, PIE to illustrate this point. From our results, it is not
possible to estimate the efficiency of energy transfer-ionization,
as only the naphthalene-CO, ions that have undergone this
process are actually detected.

Comparison of experimental and calculated spectra for
excited state CO, clusters

Since the co-expansion of naphthalene with CO, produces
multiple sized naphthalene—(CO,), (p = 1-6) complexes which
are mass selected, the VUV absorption spectra of a series of
(CO,),, (n = 1-6) is indirectly obtained. Fig. 2 displays a zoom-in
of the naphthalene-(CO,), (p = 1-6) PIEs in the region where
significant CO, absorption is expected. The spectra are
normalized to the second peak at 12.1 eV to facilitate compar-
ison. It can be noted that the first peak around 11.1 eV increases
in relative intensity, whereas the third peak around 13.4 eV
decreases in intensity and is no longer distinguishable for
clusters larger than the trimer. The absorption energy of the
first and second peak is relatively constant, whereas for the
third peak, the central photon energy is difficult to determine.
In order to assign the observed features and trends in these
indirectly obtained (CO,), (n = 1-4) cluster absorption features
we turn to time dependent density functional theory (TDDFT)
calculations. Typically, TDDFT is only suitable below the ioni-
zation energy, or more conservatively, below the first Rydberg
state. However, previous studies on CO, excited states in this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Lines represent the PIE of naphthalene-(CO;), (p = 1-6)
clusters showing the three main peaks associated with the excited
states of CO,. The shaded curves are calculated absorption spectra of
pure CO; clusters (n = 1-4) using TDDFT on the LC-BLYP/daug-cc-
pVTZ level. Corresponding structures are displayed in ESI Fig. 2+ and
a full scale plot in ESI Fig. 3.1 Theory is redshifted by 0.6 eV, matching
the experimental band at 12 eV. Theory and experiment are normalized
at 12 eV.

region have shown that the TDDFT LC-BLYP method performs
well compared to equation-of-motion coupled-cluster with
single and double excitations (EOM-CCSD) for the excited states
of CO, in the region between 10.0-13.7 eV.°® Moreover, TDDFT
allows us to relatively effectively calculate the excited state
spectra of different geometries of higher order clusters. The
spectra of the dimer, trimer and tetramer are an average of
spectra for different geometries likely to be present in our
experiment and are displayed in Fig. 2 as shaded areas.**®
Individual spectra and their geometries are presented in ESI
Fig. 1 and 2,7 respectively. For comparison, in this case, the
theoretically calculated spectra are redshifted by 0.6 eV (a shift
that is consistent with previous benchmarking studies®’) and
normalized by the peak around 12.1 eV. The three features
observed in the experiment are reproduced by theory. Whereas
experimentally, the first peak around 11.1 eV does not show
a significant shift for larger clusters, theory predicts a small
blueshift and reveals this first peak could consist of a doublet.
In the experiment, the relative intensity increases with larger
clusters, which is reproduced theoretically with an average 25%
increase in integrated intensity per CO, molecule added. The
second peak does not show a shift in frequency, in line with
experiment. Most notable is the change in the third peak with
increasing cluster size, which spectrally diffuses and blue-
shifts. This spectral diffusion is consistent with our experi-
mental observation, namely the disappearance of the third peak
for higher order clusters.

Fragmentation of CO, clusters decoded via mass spectrometry

The indirectly obtained CO, experimental spectra through
MEETI could be affected by fragmentation, distorting the size

© 2024 The Author(s). Published by the Royal Society of Chemistry
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selectivity in our experiment, since the binding energy of CO, is
small (on the order of 0.6 eV (ref. 8)) relative to the photon
energy. Clusters can lose one or more CO, moieties after photon
absorption, leading to a smaller than the neutral ‘absorbing’
cluster in the mass spectrometer. There are conflicting
reports'>* in the literature on the extent of fragmentation in
this spectral region for CO, (clusters). Hence, we performed an
analysis based upon dissociative photoionization, to tease out
the extent of this fragmentation and, thus, the best estimate of
the size of the original neutral cluster.

For that purpose, we determine the abundance of the pure
CO, clusters detected in our mass spectrometer, relative to the
abundance of the CO, dimer. The dimer is chosen as a reference
because from the dimer onwards, the PIEs only change
marginally.*® Fig. 3 shows the ion count of pure CO, clusters
relative to that of the dimer as function of photon energy (see
ESI Fig. 4t for a full-scale plot). At higher photon energies
(>~13.5 eV), fewer larger clusters are detected compared to
lower photon energies (<13 eV). The size distribution at the
ionization energy should best reflect the distribution of neutral
clusters in our beam. As can be seen from the figure, this holds
true in our experiment, where a peak in clusters larger than
(CO,), is visible at 13.2 eV, the previously determined IE of
(CO,),. The peak reflects the lowest probability of fragmentation
and hence we use the distribution here to estimate the neutral
CO, cluster sizes. The CO, trimer abundance is distorted by the
naphthalene monomer ion signal, which is close in mass and
affects the experimental baseline and should therefore be
ignored in this analysis. The absorption of photons by the
naphthalene moiety at low photon energy can result in frag-
mentation in these heterogeneous clusters, hence, we have to
focus on the pure CO, clusters. However, the pure CO, cluster
size distribution should reflect the size of clusters that
condenses on naphthalene in the cluster beam.

Fig. 4 shows the mass spectra at 13.2 eV, determined in the
previous section as the photon energy where the ions best
reflect the neutral size distribution of CO, clusters in our
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Fig. 3 PIE of pure CO, clusters divided by (CO,), as function of
photon energy showing the relative abundance of higher order clus-
ters. As a reference, the (CO,), cluster PIE curve is plotted (pink, dotted
line), showing that the cluster size peaks at around the appearance
energy. (Note that the AE of (CO,), n > 1 are very similar).
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Fig. 4 Mass spectra at 13.2 eV photon energy (black) where least
fragmentation of pure CO, clusters is expected (see Fig. 3). Indicated
are the pure CO; clusters (dark blue), the naphthalene clusters (green)
and the naphthalene—CO; clusters (red). A Lorentz fit of the pure CO,
cluster size distribution (light blue), not including the monomer, indi-
cates a mean cluster size of 5.6 CO, units.

experiment. We find that a Lorentzian with a mean at 5.6 CO,
units provides a good description of the CO, clusters distribu-
tion, not including the monomer. The mass bias of our spec-
trometer should be of minimal influence in the mass range
relevant to this experiment. The heterogeneous clusters with
naphthalene show a different distribution at 13.2 eV, with
nap—(CO,); being the most prominent. Assuming that the
original nap—(CO,), clusters have a similar CO, size distribution
as the pure CO, clusters, some CO, units would have desorbed
at 13.2 eV, most likely because the heterogeneous complexes
have a lower IE (more analogues to the IE of naphthalene) than
the pure CO, clusters and excess energy leads to desorption.
The desorption energy of CO, on graphene was determined to
be 0.26-0.31 eV, which is on the order of the amount of excess
energy supplied.” Examining the CO, cluster size distribution
at slightly higher photon energy (13.4 eV, see ESI Fig. 51), reveals
that the mean has shifted to smaller sizes of 3.3 CO, units on
average. It appears that the excess energy readily leads to
dissociation of the cluster (the CO, dimer having a binding
energy of about 0.06 eV (ref. 8)).

Comparison of excited state CO, clusters with solid state (ice)
CO, spectra

These results allow us to discuss another remarkable observa-
tion in our work, that an isolated naphthalene—-(CO,) spectrum
in the gas phase is very similar to spectra observed in condensed
CO, ices. The gas-phase VUV photo absorption spectrum of
CO,, changes dramatically upon complexation with naphtha-
lene becoming diffuse and all the rich vibronic structure
disappears completely. Instead, between about 10.5 and
13.6 eV, three peaks are distinguishable that are similar to
features observed at the same photon energies in the photon-
stimulated desorption (PSD) spectrum of '?CO, ice
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maintained at 10 K. A smaller feature in the PSD spectrum at
9.9 eV may be associated with the step at 10 eV in the naph-
thalene-CO, spectrum. The resemblance of the gas-phase and
PSD spectra may originate from a similarity in energy transfer
process that in the first case leads to dissociative ionization and
in the latter to desorption. The electronic energy transfer in
astrophysical ices, DIET - desorption induced by electronic
transition, is thought to be dominant in desorption of light
volatiles in interstellar ices between 7 and 12 eV.** Our study
suggests that the presence of a PAH and MEETI energy transfer
to it, can also be important for the energy dissipation in ices, in
this case by emitting an electron. A lower resemblance to direct
absorption spectra of solid phase CO, (Fig. 5) supports the
hypothesis that energy transfer has a large effect on the
appearance of the naphthalene-CO, spectrum. The largest peak
in the solid phase direct absorption spectrum at 10.7 eV is not
observed in the naphthalene-CO, spectrum; and the intensity
significantly drops at 11.8 eV in the solid phase whereas the
naphthalene-CO, contains a peak at 11.9 eV. The molecular
electronic energy transfer ionization (MEETI) appears to affect
both the PSD as well as the naphthalene-CO, spectrum in
a similar manner. This is also consistent with our hypothesis,
because both photodesorbed and photoionized species detec-
ted in the two experiments are (at least partially) the result of
electronic energy transfer.

The spectral region investigated here overlaps well with the
radiation that is thought to drive chemical conversion (between
6 and 13.5 eV) in photodissociation regions in the interstellar
medium and radiative transfer is largely regulated by smaller
dust grains, making our study of particular interest to astro-
chemistry.” The process we identified, namely the photoioni-
zation of a PAH following electronic energy transfer from CO,
may be a yet unconsidered route for energy relaxation in ices.
Although the efficiency of this process is yet to be determined
and in general, photoionization is a minor pathway following
(V)UV absorption, the free electrons and ions generated may
facilitate barrier-less reactions towards increasing complexity,
much more than heat generated from collisional de-
excitation.">**™** Electronic energy transfer has been considered

T T T T T T
[~ gas-phase PIE naphthalene-CO,
solid phase PSD spectra of
I COo,10K

solid phase 25 K
solid phase 53 K

8 9 10 11 12 13
Photon energy (eV)

Fig. 5 Comparison of the PIE curve of naphthalene—CO, with solid
phase photon-stimulated desorption (PSD) spectrum of *C0,,2° CO,
gas-phase spectrum®® and CO, solid phase absorption spectra.*°-42

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to some extent, however, mostly from a condensed phase point
of view as the photoelectric effect rather than the molecular
point of view that we provide here.”® In a generic way, photo-
ionization of small grains and PAHs molecules has been
included in astrochemical models for heating and charging of
interstellar gas. There, it was recognized that some photon
energies may not directly lead to ionization, and that PAHs
strongly affect photoionization yields.* It is important to extend
such models and include chemical information of specific ices.
As we show, resonances and ionization energies, which are
highly specific chemical properties, can play a role in MEETI
and relaxation. This has been recognized before in the literature
albeit for different processes, by the observation that photo-
desorption mechanisms in the condensed phase are highly
molecule specific, and also in heterogeneous systems in terms
of co-desorption.**

Conclusion

In this work we observe molecular electronic energy transfer
ionization (MEETI) in weakly bound naphthalene-CO,
complexes by molecular beam vacuum-UV photoionization
mass spectrometry and follow the development of excited states
upon CO, cluster growth. We find that the spectrum of a small
number of CO, molecules condensed on naphthalene already
closely resembles the photon-stimulated desorption spectrum
of CO, ice and speculate on the origin of the observed spectral
features. Finally, we discuss the astrochemical implications,
such as the creation of free electrons, that sets in motion
reactions towards more complex chemistry and influence the
charge distribution in the interstellar medium.
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