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Abstract In an astrochemical and environmental context, this work consti-
tutes a step forward in understanding the photo-reactivity of polycyclic aro-
matic hydrocarbons (PAHs) with water molecules and in water ice under ir-
radiation with low energy photons. The role of charge transfer states PAHT-
H50™ has been proposed, motivating the study of the electronic excited states
up to about 6 eV of planar and bowl-shaped PAHs, namely pyrene C,;H;, and
corannulene CyyH,,, interacting with water clusters of different sizes and ori-
entations, using a time-dependent density functional theory approach. In the
case of pyrene, the systematic occurrence of low energy excitations from 7
orbitals to diffuse orbitals located on some water molecules, mixed with the
Rydberg orbitals (R/wat), was found. Such excitations are more numerous
and possess larger oscillator strengths when (i) the number of water molecules
increases up to representing a first layer of hexagonal water ice and (ii) for the
arrangements leading to the lower vertical ionisation potential values. In this
case, the /wat orbitals are located on the most external H atoms and they may
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also mix with 7* orbitals. This accounts for the efficient reactivity of pyrene
with water in water ice. In the case of corannulene, the main result is that, for
the CyoH;((H;0)3 isomer formed in a noble gas matrix, where (H,0)3 inter-
acts with the concave face of corannulene, no 7—R/wat transition is observed.
It is in line with the lack of reactivity of corannulene with water in a noble
gas matrix.

Keywords Electronic excited states - Charge transfer - Rydberg states -
TD-DFT - water clusters - polycyclic aromatic hydrocarbons

1 Introduction

The study of interactions between polycyclic aromatic hydrocarbon (PAH)
molecules and water aggregates is of tremendous interest in atmospheric sci-
ence, astrophysics and astrochemistry. Indeed, PAH molecules can be found
in our Earth atmosphere where they can become part of atmospheric aerosols,
which are known to have a significant impact on the Earth’s radiation [1].
PAH clusters can indeed be regarded as good models for such aerosols on
which small atmospheric molecules such as water condense and grow [2]. Such
aerosols play an important role in atmospheric chemistry, as they act as surface
catalysts for heterogeneous reactions [3,4].

Interstellar PAHs have been of significant interest since the proposal in the
eighties that they were the carriers of the Aromatic Infrared Bands (AIBs),
a set of mid-IR emission bands observed in many regions of the interstellar
medium (ISM) [5,6]. They would account for up to 20 % of the total car-
bon [7,8]. Although PAHs have been believed to be ubiquitous in the ISM for
decades, motivating experimental and theoretical spectroscopic studies in or-
der to identify a specific PAH molecule [8], it is only very recently that specific
PAH molecules, the two isomers of cyano-naphthalene, have been successfully
detected based on their rotational spectra [9]. In the denser regions of the
ISM, PAHs may freeze on the icy mantle of interstellar dust grains [10] where
they can interact with other molecules like water and undergo physical and
chemical processes induced by UV photons emitted by nearby stars such as
oxidation reactions [11].

Clusters in space or atmospheric conditions are difficult to study experimen-
tally due to low binding energy leading to the need to trap the species in low
temperature conditions. Water-PAH neutral clusters were studied in cryogenic
environments such as noble gas matrices [12-16]. They were also formed in the
gas phase and characterised by rotational spectroscopy experiments comple-
mented with ab initio calculations [17-19].

This work enters the general context of the need to understand the mechanisms
underlying the photo-reactivity of PAHs with water molecules in a cold envi-
ronment which can be a noble gas matrix or water ice. Photo-reactivity of pla-
nar PAHs, namely pyrene C,3H;, and coronene C,,H;,, with water molecules
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in a noble gas matrix and on ice, was experimentally observed under irradi-
ation with low energy photons (A > 235nm). This led to the production of
oxygen-containing PAH products such as ketones and possibly quinones [12,
13]. On the opposite, no photo-reactivty was observed in the case of the bowl-
shaped PAH corannulene Cy0H;: only (CyoHg)(Hy0),, (n=2,3) complexes
were formed and did not undergo any photo-reaction [16].

The experimental results on the photo-reactivity of PAH with water in noble
gas matrix led us to investigate the structures of PAH(H,0),, inside an argon
matrix, describing explicitely all the degrees of freedom at the mixed density
functional based tight-binding/force field (DFTB/FF) levels of theory [15,16].
Our results show that in the case of planar PAHs, the geometries with the
water molecules interacting via their oxygen atoms with the H of the PAH in
the plane of the PAH ("side isomers" with one or two water molecules) are
the most stable ones and are expected to be formed in the matrix [15]. On
the opposite, in the case of corannulene the most favorable situation is when
the water clusters (trimer and possibly dimer) interact via their H atoms with
the 7 cloud close to the symmetry axis of corannulene, namely "face" isomers
[16].

One hypothesis to account for the photo-reactivity of planar PAHs with water
is that it could be ion-mediated, even at low energy [20]. Experimental inves-
tigations combined with computational studies have shown that the ionisation
of PAHs adsorbed on water ice requires about 1.5 to 2.0 €V less energy than in
the case of isolated PAHs [21,22], and that the resulting PAH radical cations
would be particularly stable over time [23]. That could be accounted for by the
fate of the electrons released by the ionisation, that would not be free electrons
but would attach to H,O molecules or free radicals such as OH formed during
ice photolysis [23].

The physical and chemical processes underlying the lowering of the PAH ion-
isation energies in water ice motivated theoretical studies. We showed using
DFTB calculations with charge constraint that the vertical ionisation poten-
tial (VIP) of the PAH was modified by less than 0.8 eV upon adsorption on
different types of ices, and that the VIP variations depended on the local or-
ganisation on the water molecules at the ice surface interacting with the PAH
[24]. The interaction of the PAH with O-H dangling bonds (-H at the surface
of water ice) favors an increase of the VIP while the interaction of the PAH
with O atoms of the ice surface favors a decrease of the VIP. However, the am-
plitude of the VIP variations is not sufficient to account for the experimental
results. In order to do so, one must assume that the electrons will recombine
with water molecules or OH radicals. Theoretical studies, i.e. density func-
tional theory (DFT) study of water clusters and extrapolation law to infinite
size, have estimated the electron affinity of water ice to be in the 1.65-3.3eV
range ([25] and references therein) and that of OH trapped in ice to be 5.06 eV
(using the isodensity polarised continuum model) [22].



4 Nadia Ben Amor et al.

The role of a long lived excited electronic charge transfer (CT) state PAHT-
H,0" lower in energy than the PAH VIP by more than 2 eV could account for
the experimental results. If this hypothesis is correct, such a state is expected
to exist for planar PAHs but not for the bowl-shape corannulene, that does
not undergo any photo-reaction with water. This motivated the present inves-
tigation dedicated to the study of the electronic excited states of PAH(H,O),
systems, focusing on one planar and one non planar PAHs, namely pyrene
CigHyy and corannulene C,yH,, respectively. In the case of corannulene, we
studied the electronic states for up to three water molecules, such stoichiom-
etry being expected in a noble gas matrix [16]. In the case of pyrene, the
interaction with one water molecule in a matrix is expected, as it is a planar
PAH similar to coronene [15] and this stoichiometry is studied in the present
work as a model case system. Interestingly, the photo-reactivity of pyrene in
water ice is more efficient than in a noble gas matrix [13]. As a result, in the
case of pyrene only, we increased the size of the water cluster so as to mimic
its interaction with water ice. Due to the size of the systems, time dependent
(TD)-DFT methods were considered.

We benchmarked the approach focusing on the smallest aromatic carbon molecule
(benzene) [26]. In the latter work, the electronic spectra of a benzene CgHjg
molecule in interaction with water clusters of different structural organisa-
tions and different sizes, from one to fifty water molecules, were computed,
and a detailed analysis of the transitions up to ~ 8eV was performed. The
geometries were extracted from two benzene-hexagonal (Ih) ice configurations
leading to maximum (Geoyg; series) and minimum (Georgp series) ionisation
energies of the benzene-water clusters. For all systems, the electronic spectra
were computed at the TD-DFT level in conjunction with an appropriate basis
set containing diffuse and polarisation orbitals on the atoms and describing the
Rydberg states of benzene. The approach was carefully benchmarked against
multi-state complete active space perturbation theory at the second order
(MS-CASPT?2) [27] results for the smallest systems, up to six water molecules.
For the smallest systems, our results clearly showed the influence of the clus-
ters’ structures on the spectra. For the Geoygp series, we found low energy
7 —Ry/wat transitions of non negligible intensity describing the promotion
of one electron to a Rydberg orbital having an important contribution on the
water molecule whose oxygen points towards the H atom of CsHg. For larger
systems, m —Ry/wat transitions below 7eV were observed for all configura-
tions but more numerous for those from the Geo;gp series. The difference with
the small systems is that the Rydberg orbitals become mainly developed on
the H atoms of the water molecules at the edge of the cluster. Such 7 —Ry/wat
transitions, that can be regarded as CT states, were found more than 2eV be-
low the IP of CgHg. As a result, such states could be formed upon irradiation
of the systems with low energy photons as achieved in the photo-reactivity
experiments [12,13]. In the present article, we aim to investigate whether such
states are present in the case of pyrene, which is photo-reactive [12], and not
in the case of corannulene, which remains unreactive upon irradiation [16].
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Fig. 1 Geometry of bare corannulene

The computational approaches are described in Section 2. The results are
reported and discussed in Section 3.

2 Computational methods

2.1 Geometries

Corannulene

The corannulene geometry is optimised in an argon matrix at the DFTB/FF
level of theory [16] consistently with the other systems studied in this work.
The DFTB/FF hybrid scheme was developed in order to provide a good de-
scription of water-hydrocarbon clusters inside a noble gas matrix with an ex-
plicit description of all the atoms. The water -hydrocarbon clusters are de-
scribed using an improved self-consistent-charge (SCC)-DFTB hamiltonian
using charge model 3 (CM3) charges instead of Mulliken charges in the orginal
SCC-DFTB hamiltonian, and including a dispersion empirical term. The in-
teractions between the atoms of a noble gas matrix are described at the FF
level. Further details regarding the development and benchmark of the hy-
brid DFTB/FF scheme can be found in references [28,29] and applications to
PAH-water clusters in references [15,16].

As can be seen in Fig. 1, corannulene CyoH,, presents a concave and convex
face. Water molecules can then interact with the concave or convex face or
with the H atoms on the side of corannulene. These positions are respectively
named "cav", "vex" and "side" in the rest of the manuscript. For two or three
water molecules, combined situations may occur, with one water on the side
and one or two water molecules on the concave or convex face. These situa-
tions are designated "cav-side" or "vex-side" in the rest of the manuscript. All
possibilities of interactions between one to three water molecules with coran-
nulene in a noble gas matrix were previously investigated at the DFTB/FF
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level of theory and local optimisations were performed [16]. The most stable
conformers obtained for each situation are reported in Fig. 2 along with their
relative energies for a given stoichiometry. From the comparison between ex-
perimental and theoretical results, we showed that the 3-cav geometry was
formed in a noble gas matrix [16] while the 2-vex and 2-cav ones could not be
excluded. The noble gas atoms were removed for the TD-DFT studies.

Pyrene

The geometry used for the benchmark on bare pyrene was optimized at the
DFT level of theory (B3LYP/6-314+-G*) and taken from a previous study on
the valence excited states for this molecule which were performed using this
geometry [30].

In order to get insight into the influence of the orientation of one water
molecule on the electronic spectrum of pyrene, we investigated the electronic
excited states of two model isomers for C,5H;,(H;0);): one for which the wa-
ter molecule interacts with the face isomer of pyrene (namely GEO1 IP4.)
and one for which it interacts on the side of the pyrene molecule (namely
GEO1_IPj;p). The geometries were locally optimized at the DFTB level of
theory using CM3 charges and dispersion correction, as in the case of corannu-
lene. In the case of pyrene, no optimisation in a matrix using the DFTB/FF
hamiltonian was performed. However, from our previous study of coronene-
water clusters inside a noble gas matrix, coronene being a planar PAH similar
to pyrene, the GEO1 1Py, "side" geometry is the one expected to be formed
in a noble gas matrix [15].

As mentioned in the introduction, the photo-reactivity of pyrene occurs in
a rare gas matrix, but is reinforced when pyrene is embedded in water ice.
Therefore in the case of pyrene, we aim at investigating the influence of the
number of water molecules and their arrangements up to reaching a cluster
size mimicking the water ice. The geometries of pyrene interacting with two
or three molecules were then retrieved from two structures of pyrene adsorbed
on crystalline hexagonal (Ih) water ice, treated as a finite size large cluster
(see Fig. 3) optimized at the DFTB level of theory [24]: one structure, namely
GEO_1IPj4, in Fig. 3, for which the VIP is maximum (8.07 eV [24]) and
second one, namely GEO_IP,, in Fig. 3, for which the VIP is minimum
(6.15 eV [24]). Regarding the DFTB hamiltonian employed for such clusters,
the default (Mulliken) charges originally employed in the SCC-DFTB scheme
were improved and replaced by "Weighted Mulliken Charges" and an em-
pirical dispersion term was added. This led to a significant improvement of
the description of intermolecular water-water interactions both for small wa-
ter clusters and large ones mimicking water ice, and PAH-water interactions.
This was validated against the results of MP2 calculations as described in ref-
erence [24]. From the original large optimized clusters, only the closest water
molecules to pyrene were retained, leading to two series of structures reported
in Fig. 4, GEOn_IPj;,, and GEOn_IP 4, where n is the number of water
molecules (n=2,3, 15 or 16). In the case of the GEOn_ IPj;;,, series, for n=2
(n=3 respectively), we imposed that one water molecule (two respectively)
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(a) 1-side (0.0) (b) 1-vex (+0.5) (c) 1-cav (+1.8)

(b) 2-cav-side (+2.3) (c) 2-cav (+2.5) (d) 2-vex-side (412.9)

(a) 3-cav (0.0) (b) 3-vex (+4.1) (c) 3-vex-side (+7.1) (d) 3-cav-side (+9.3)

Fig. 2 Adapted from ref. [16] Geometries of (CyqH;()(H,0),_5 isomers and energetic order
in the noble gas matrix (relative energies are expressed in kJ/mol in parenthesis.)
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interacted via their oxygen atoms with the hydrogen atoms of pyrene in order
to analyse the differences of the electronic transitions with those of the corre-
sponding GEOn_IP /4, (n=2,3) isomers. The distances between (Hy0),—23
and pyrene are given in the SI.
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(a) GEO_IPpjq. (8.07 €V) (b) GEO_IPsin (6.15€V)

Fig. 3 Adapted from ref. [24]. Geometries of C,3H;, adsorbed on Ih water ice. Left: IP
max and right: IP min) In parenthesis, the vertical IP values obtained at the DFTB/CI level
from ref [24] are reported. At this level of theory, that of pyrene was found to be 7.41¢eV.

2.2 Methods and basis sets

The basis set used for the TD-DFT studies is, as in our previous study|[26], the
Split Valence Polarization (SVP) bases of Dunning-Hay [31], to which a diffuse
function was added for each atom. In presence of Rydberg states, specific
diffuse Gaussian basis sets are used and placed at the center of charge of the
cation [32]. These functions are limited to 2s2p2d1f and correspond to the
diffuse functions defined by Dunning for the carbon atom, with an additional
f function (exponent 0.012). In the following, the Rydberg basis set is named
Ry, the combination with the PAH basis set DunRy. Additional calculations
are performed enlarging the basis set of the pyrene atoms to 6-311++G(2p,2d)
[33,34]. Since for the pyrene molecule the TD-DFT results are compared to
MS-CASPT?2 ones, the same Atomic Natural Orbitals (ANO) [35] basis sets
are also used for the TD-DFT calculations. However, since the effect of the
basis sets is small (< 0.06 e€V), these results are only given in the SI, as are
the basis sets used.

Due to the size of the studied systems, TD-DFT is the most suitable method
since it has, moreover, given satisfactory results in our previous study on
benzene-water clusters [26]. Some tests were performed in order to validate
the functionals on the pyrene and corannulene bare molecules. The presence
of Rydberg states and CT states between PAH and water molecules placed
the B3LYP[36—-39] functional in difficulties and more suitable ones were tested:
CAM-B3LYP [40], M06-2X [41] and wB97X [42]. In order to reach the CT
state(s), 20 excited states were computed. The oscillator strengths are reported
only if they are larger than 1073,
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(a) GEO1_IP /4, (7.48¢6V) (b) GEO1_IP sy, (6.976V)
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(c) GEO2_IP sy (7.60€V) (d) GEO2_IP pzip, (7.47€V)
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(g) GEO15_1IP /0y (7.976V) (h) GEO16_IP i, (6.546V)

Fig. 4 Geometries of (C;4H;()(Hy0)y isomers, n=1-3,15 or 16 from top to bottom, for
which the electronic excited states were computed. The geometries on the left-hand side
correspond to GEOn_ IP 74, structures and those to the right to GEOn_IP pz;,, structures
(see main text in section 2 for explanations.) The VIPs computed in this work are reported

in parenthesis.
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Complete Active Space Self Consistent Field (CASSCF) [43] and MS-CASPT2
[27] methods were used in a previous work [30] for the determination of the
excitation energies of the pyrene valence states. These calculations were per-
formed in the Dy; symmetry group and based on the ANO basis sets [35].
In the present study, as the goal is to study also the Rydberg states, it was
necessary to add diffuse functions as it was the case for the TD-DFT calcu-
lations. The details of the procedure are developed in the SI. The TD-DFT
results concerning the valence states are compared to the already published
MS-CASPT?2 calculations [30]. However, comparison of the TD-DFT results
using the different basis sets can be found in the SI.

Concerning the Rydberg states, the first three, alBlg (s), a'Bs, (py), and
atA, (pz) were determined by using Restricted Active Space SCF (RASSCF
[44,45]) and PT2 (RASPT2 [46,47]) methods. In the RASSCF, the active
space is separated in three subspaces: i) RAS1 with doubly occupied orbitals
in which a limited number of holes is allowed, ii) RAS2 corresponds to the
standard complete active space, iii) RAS3 is the subspace containing virtual
orbitals where a given number of particles could be created. In the present case,
no orbital is placed in subspace RAS1 while the orbitals included in the RAS2
subspace are the 16 7 orbitals, at the limit of the possibilities of this type of
calculations. However, thanks to the symmetry of the pyrene molecule, it has
been possible to add one Rydberg orbital (s, py or pz) in the RAS3 subspace
where one electron can be created. This procedure allows the description of a
Rydberg excited state as a 7 excitation to a Rydberg orbital. As a consequence,
three different sets of active spaces are defined following the Rydberg orbital
included, and the excitation energies are given by calculating the difference of
the ground and excited states energies obtained with the same set of active
spaces.

These reference data will allow to benchmark TD-DFT calculations.

The energies of the cations at the geometries of the corresponding neutral
clusters were also computed using the CAM-B3LYP functional and the DunRy
basis set. The VIPs as reported in this article consist in the energy difference
between this energy and that of the optimized neutral cluster at the same level
of theory.

The RASSCF/RASPT?2 calculations were carried out with the 7.8 MOLCAS
package [48-50]. The TD-DFT calculations and the Natural Transitions Or-
bitals (NTOs) [51] were performed using the Gaussian16 suite of programs [52]
and drawn with the associated software Gaussview6.

3 Results and discussion
3.1 Benchmarks

The spectra of the electronic excited states of bare pyrene C,4H;, (Figure
5) obtained with the different functionals B3LYP, M06-2X, CAM-B3LYP and
wB97X are compared to MS-CASPT?2 results for 1 — 7* states [30] and to
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RASPT?2 ones for Rydberg states (see Table 1). The 7 — 7* MS-CASPT?2 ex-
citation energies are in good agreement with the experimental data (maximum
deviation = 0.2€V).

Due to the size of the active space, the number of determinants is very large,
more than 20 millions, therefore only the coefficients of determinants greater
than 0.05 are considered for the evaluation of mono- or di-excited character
of the wave function. Four excited states have a weight on the mono-excited
determinants lower than 0.6: a'A, (0.43), b*A, (0.53), ¢'Bs, (0.48) and c*A,
(0.58). If we compare the TD-DFT excitation energies to the MS-CASPT?2 val-
ues, the first point to be mentioned is that B3LYP functional gives the closest
excitation energies for the valence m — 7* states, with a maximal deviation
of 0.5eV for the c'Bg, state. Five states deviate by 0.2€V or more: the four
states with a pronounced di-excited character and the a'Bg, excited state.
The latter is the first excited state at the B3LYP level but this corresponds
to an inversion of the two first excited states that does not occur with the
other functionals. However, all the other functionals present a larger deviation
with a maximum difference of 1V for CAM-B3LYP and M06-2X (a'A,) and
1.35eV for wB97X (c'A,). Considering now the Rydberg states, B3LYP is
not the most accurate functional as the comparison with the RASPT2 values
shows an underestimation of 0.35-0.5eV. The wB97X functional overestimates
the values (= 0.6 e€V). Finally, the smallest difference is shown for the other
functionals, 4. e. less than 0.1 eV for CAM-B3LYP and less than 0.2 eV for
MO06-2X. Globally, the mean absolute error (MAE) over all states amounts to
0.46 eV for CAM-B3LYP, 0.5 eV for M06-2X, 0.28 eV for B3LYP and 0.78 eV
for wB97X.

These functionals were also used for bare corannulene C,yH;, (Table 2) and
the same trends were observed for the excitation energies of the m — 7* states
compared to experimental values. Unfortunately, the number of 7 orbitals is
now too large to allow the use of CASSCF/CASPT2 methods. In conclusion,
even though the MAE is lower for BSLYP funtional, the necessity to describe
as accurately as possible the charge transfer processes and the Rydberg states
led us to adopt the CAM-B3LYP functional for the study of the electronic
states of PAHs in interaction with water clusters.

The benchmarks on the basis sets are presented in the SI as the effect is small
(<0.06 eV).

3.2 Results for corannulene

Regarding corannulene, the inherent difference with pyrene is that, due to its
bowl shape, it possesses low energy super atom molecular orbitals (SAMOs).
[61-66] These were first characterized for buckminsterfullerene Cgq [61].

The nature and the energies of the transitions up to ~ 6 eV for (CyH; ) (H50),
are reported in Tables 3,4 and 5 for n=1,2 3 respectively and compared to the
results for bare CyqH;y. The VIPs are also reported as well as the number
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Fig. 5 Geometry of bare pyrene

of distances shorter than 3A between the H (resp. O) atoms of the water
molecules and the C (resp. H) atoms of corannulene, designated Nb(H-C)
(resp. Nb(O-H)) in Tables 3,4 and 5.

As can be seen in these tables, the first eight states of bare and corannulene-
water systems correspond to m—7* excitations and present very similar exci-
tation energies. The following two states also correspond to m—7* excitation
with a small contribution of a 7— D (Diffuse) excitation, at the exception of
the bare corannulene, and of the 1,3-vex and 3-cav-side configurations, where
the transitions remain pure m—7* excitations.

A precise characterization of the diffuse orbitals (designated D in the Ta-
bles) was difficult. The SAMO vs Rydberg distinction, based on their spatial
extension and shape was difficult to disentangle. These orbitals have no con-
tribution on the water molecules except in very few cases (see NTOs on Fig. 6)
where this contribution is minor, except for the 1-side conformer. In the 1-side
case, the transition at 5.64 €V involves a diffuse orbital on the water molecule,
designated /wat in the rest of the manuscript. In the 2-cav-side, 2-vex-side,
3-cav-side and 3-vex-side configurations, the diffuse orbitals appear to have
small coeflicients on the diffuse orbitals of the H atoms of the water molecules
interacting via their H atoms with the 7 cloud of corannulene. The 7—D /7*
transitions involve several excitations and the weight of the main NTO does
not exceed 75 %. Interestingly, for the stable 3-cav stable configuration very
likely to be formed in noble gas matrices [16], the diffuse orbitals do not in-
volve the water molecules. It is also the case of the 2-cav, while regarding the
2-vex, only a very minor contribution was found for transitions 15 to 17. The
presence of the 2-cav and 2-vex aggregates in a noble gas matrix can indeed
not be excluded [16].
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Table 1 Bare pyrene: effect of the DFT functional. Experimental data, and TD-DFT, MS-
CASPT2/RASPT?2 excitation energies (V) and oscillator strengths from the ground state

Valence m — 7* states

State CAM-B3LYP  MO06-2X B3LYP wB97X MS-CASPT2  Exp [?]
DunRy DunRy DunRy DunRy ANO-RCC|[?]
alBay 3.92 3.95 (1073) 3.71 4.01 3.43 (1073) 3.34-3.42
a'Biy 3.94 (0.340) 4.00 (0.355)  3.64 (0.271)  4.10 (0.369)  3.82 (0.38) 3.65-3.85
alBs, 4.68 4.7 4.26 4.90 4.15 4.12-4.23
b'Bay, 5.00 (0.427) 5.00 (0.417)  4.55 (0.271)  5.27 (0.538)  4.44 (0.48) 4.55-4.69
alAy 5.45 5.45 4.89 5.75 4.47 4.54-4.61
b1Bsg 5.03 5.09 4.57 5.28 4.53 4.29
blA, 5.62 5.65 5.12 5.85 4.94 5.16
c'Bag 5.89 5.93 5.52 6.17 5.07 4.94
clAy 5.99 6.03 5.54 6.44 5.09
b'B1, 5.61 (1.024) 5.65 (1.041)  5.32 (0.791)  5.77 (1.154)  5.28 (1.29) 5.15-5.40
Rydberg states
State CAM-B3LYP  MO06-2X B3LYP wB97X RASPT?2
DunRy DunRy DunRy DunRy ANO-RCCJ¢]
a'Big (Rs) 5.11 5.02 4.70 5.66 5.05
alBs, (Rpy) 5.39 5.27 4.95 6.00 (1073) 5.44
a'A, (Rpz)  5.43 5.30 4.92 6.07 5.41
c!'Ba, (Rpx) 5.69 (1073) 5.57 (1073)  5.30 6.16
b'Biy (Rd)  5.81 5.68 5.28 6.34
a'Bagy (Rd)  5.83 5.68 5.33 6.43
“Refs [53-59]

Y ANO-RCC basis set [4s3p2d] for C and [2s1p| for H. CAS(16,16) with all 7 orbitals[30]
¢ANO-RCC basis set [3s2pld]|/[2s1p] for C/H and Ry basis set at the center of charge of
the cation. RAS2(16,16) with all 7 and RAS3 with one Rydberg orbital

Pure np—n* states are not present when there is only one water molecule while
the excitation energies of these no—7* states appear slightly below 6 eV only
for the 2-cav and 2-side configurations. For the CyH;,(H,0)s3 stoichiometry,
the np—7* states are found above 6 eV in the case of the 3-cav configuration.
In the other cases, these excitations are mixed with m—a* ones.

Interestingly, as can be seen in Tables 3 to 5, the interaction with water
molecules leads to an increase of the VIP except in the case of the 1-side
isomer. This increase correlates with a larger Nb(H-C) and smaller Nb(O-H).
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Table 2 Bare corannulene: effect of the DFT functional on the excitation energies. D stands
for "diffuse orbitals" that can be Rydberg orbitals, SAMOs or mixed.

CAM-B3LYP MO06-2X B3LYP wB97X Exp
™ — T 3.83 ™ — T 3.83 ™ —7*  3.47 T — 7  4.03
™ — T* 3.86 T — T 3.88 ™ —7*  3.50 T — 7  4.03
™= * 3.86 T — * 3.88 T — 7 3.50 T — 7 4.04
T = * 4.12 T = * 4.17 T —= 7 3.75 T — 7 4.32
T * 4.12 T — * 4.17 T — 7  3.75 T —7*  4.32
- m* 455 (0.02) | 7 — n* 454 (0.02) | 7 — * 3.97 (0.01) | 7 — n* 4.88 (0.03) | 3.71
™ — T 4.81 (0.44) | @ — ©* 4.81 (0.43) | m —» n* 4.27(0.24) | # — «* 5.11 (0.59) | 4.36
T 4.81 (0.44) | 7 — 7 481 (043) | 7 — 7 427 (0.25) | @ — 7*  5.11 (0.69) | 4.36
T — m* 5.53 (0.49) | m —» 7 5.54 (048) | # - n* 5.12(0.31) | # - 7* 5.76 (0.53) | 4.97
T — m* 5.54 (0.49) | @ —» 7~ 554 (0.48) | #m —» ©* 5.12(0.30) | # —» ©* 5.76 (0.53) | 4.97
w— /D 5.79 T — D 5.81 T — 7 5.23 T — 7  6.19
m— /D 5.79 ©—D 5.81 ™ —7* 523 T =7 6.20
™ —D 5.91 ™ — /D 5.90 ™ —D 537
T —D 5.91 ©— /D  5.90 T —D 5.38
™ — /D  5.94 m— D (p) 6.02 ™ —D 548
™= T* 6.10 (0.01) | m — 7~ 6.11 ™ —=D 549
e 6.10 (0.01) | m —» 7~ 6.11 ™ —7*  5.53

aref [60]

In the case of the 1-side isomer, there is one Nb(O-H) for zero Nb(H-C), which
is in line with a decrease of the VIP. There is then a correlation between the
orientation of the closest water molecules to corannulene and the VIP varia-

tion with respect to bare corannulene: a large Nb(O-H) favors a decrease of
the VIP, a large Nb(H-C) favors an increase of the VIP.

3.3 Results for pyrene

The nature and the energies of the transitions up to ~6eV for bare C;gH;,
and (C,5H;,)(H,0),, are reported in Tables 6, 7 and 8 for n=1,2 and 3 respec-
tively. Some representative NTOs are also reported in Fig. 7.

As can be seen in the first column of Tables 6 to 8, the first five transitions

for CgH,, are m—7* transitions, followed by a 7—Rs transition at 5.11€V.
Focusing first on the model systems (n=1), upon interaction with one water
molecule whatever the conformation ("side" GEO1 IP s, or "face" GEOL IPjpsq.),
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Table 3 Corannulene + H2O. TD-DFT CAM-B3LYP excitation energies (¢V) and, in parenthesis, oscillator
strengths. Excitations with small contributions are given in parenthesis. The VIP values (in €V) and the number
of bonds shorter than 3A between the H (resp. O) atoms of the water molecules and the C (resp. H) atoms of
corannulene (Nb(H-C) (resp. Nb(O-H) ) are also reported. D stands for "diffuse orbitals" that can be Rydberg
orbitals, SAMOs or mixed.

Bare 1-vex 1-cav 1-side
T 3.83 T 3.84 T 3.86 T—* 3.81
T* 3.86 T 3.86 T—m* 3.88 T—* 3.83
T 3.86 T 3.88 T 3.89 T 3.85
T 4.12 T 4.10 T 4.13 T 4.11
T 4.12 T 4.14 T 4.13 T 4.14
T 4.55 (0.02) | 77" 4.54 (0.03) T 4.56 (0.02) | m—7* 4.52 (0.02)
TsT* 4.81 (0.44) | mosm* 4.82 (0.44) PR 4.82 (0.45) | w—s7* 4.82 (0.45)
T 4.81 (0.44) | mom* 4.82 (0.46) PR 4.82 (0.44) | w—7* 4.82 (0.46)
T 5.53 (0.49) | wsm* 5.56 (0.47) rosa* (D) 5.53 (0.47) | m—x* (D) 5.50 (0.40)
PR 5.54 (0.49) | mosm* 5.56 (0.44) rosn* (D) 5.57 (0.47) | m—x* (D) 5.53 (0.43)
T—n* /D 5.79 T—m*(D)  5.82 rT—n* /D 5.81 T—=D (%) 5.64 (0.10)
T—n* /D 5.79 T—r*(D)  5.84 T—n* /D 5.82 =D (m*) 5.72 (0.03)
=D 5.91 (0.02) | 7—D 6.00 (3-1073) | 7—=D/n*  6.05 ©—Rs (1*)  5.79 (0.02)
=D 5.91 (0.02) | 7—D 6.01 r—D/x*  6.07 r—Rs/m*  5.81 (0.03)
nD/n*  5.94 N 6.03 (210°%) | 7—D 6.11 n—s7* (Rs)  5.89 (0.01)
©—=D/m* 5.94 T—D 6.03 (3-1072) ©—D (Rp) 6.11 =" (Rs) 5.91
T 6.10 (0.01) | 7—=w* 6.08 (0.03) T 6.15 (0.03) | w—Rs/Rp 5.95 (0.01)
Tr* 6.10 (0.01) | 7—7* 6.08 (0.03) mT—m* 6.17 (0.02) | 7—D (Rs) 5.99
7—D (Rs)  6.04 (2:107%)

VIP 7.98 8.19 8.17 7.75
Nb(H-C) 6 11 0
Nb(O-H) 0 0 1

the Rydberg s (Rs) target orbital becomes mixed with a diffuse molecular or-
bital developed mainly on the non-interacting hydrogen atoms of the water
molecules (/wat) (see Table 6). Such virtual orbital involved in the NTOs is
named wat/Rs or Rs/wat orbital in the tables depending on the respective
weight of the diffuse/Rydberg orbitals. This leads to two m—wat/Rs transi-
tions at 4.80 and 5.06 €V for GEO1 IP sy, the NTOs corresponding to the
lowest energy one are reported in Fig. 7. Interestingly, the lowest energy tran-
sition of this type (4.80€V) is lower in energy than the third 7—7* transitions
and than all other 7—R transitions as well. In the case of GEO1 _IP;,., such
transition is not observed, but the lowest 7—Rs/wat excitation, that is to say
where the target orbital involves water but has mostly a Rydberg character,
is found at 5.22€V. A similar transition is found at lower energy (5.06¢V) in
the case of GEO1 IP ;. The NTOs for these transitions are also reported
in Fig. 7. The m—wat/Rs transitions at 4.80¢eV can be regarded as a PAH™-
H,0~ CT state. However, it has a null oscillator strength and therefore can
not explain the photo-reactivity observed in the noble gas matrix [13]. The en-
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Table 4 Corannulene + 2 HoO. TD-DFT CAM-B3LYP excitation energies (V) and, in parenthesis, oscillator strengths. Excita-
tions with small contributions are given in parenthesis. The VIP values (in €V) and the number of bonds shorter than 3A between
the H (resp. O) atoms of the water molecules and the C (resp. H) atoms of corannulene (Nb(H-C) (resp. Nb(O-H) ) are also
reported. D stands for "diffuse orbitals" that can be Rydberg orbitals, SAMOs or mixed.

Bare 2-vex 2-cav 2-vex-side 2-cav-side
T 3.83 T 3.79 T 3.86 T 3.84 T 3.87
T 3.86 T 3.86 T 3.86 T 3.86 T 3.88
(107%) (107%)
T 3.86 T 3.94 T 3.89 T 3.88 T 3.89
(107%)
T 4.12 T 4.09 T 4.12 T* 4.11 T 4.12
(107%)
T 4.12 T=* 4.13 T 4.16 T* 4.12 T 4.15
(107%)
T 4.55 T 4.53 T 4.56 T 4.54 T 4.56
(0.02) (0.04) (0.02) (0.02) (0.02)
T 4.81 T 4.80 T 4.82 T 4.80 T 4.82
(0.44) (0.44) (0.42) (0.43) (0.44)
T 4.81 T 4.81 T 4.82 T 4.80 T 4.82
(0.44) (0.48) (0.43) (0.49) (0.44)
T 5.53 T 5.54 m—m* (D) 5.53 m—m* (D) 5.48 T—n* (D) 5.52
(0.49) (0.47) (0.45) (0.40) (0.45)
T 5.54 T 5.59 rT—m* (D) 5.57 m—m* (D) 5.50 T—n* (D) 5.56
(0.49) (0.38) (0.47) (0.43) (0.45)
T—=7* /D 5.79 T 5.81 rT—m* (D) 5.82 =" /D 5.75 T—7* /D 5.78
(0.01) (4-107%) (3-107%)
T—7* /D 5.79 T—=* 5.83 m—m* (D) 5.85 m—m* /D 5.75 T—7* /D 5.82
no—m* (0.001) (1073) (0.02) (10~3)
=D 5.91 no—m* 5.84 no—m* 5.85 T—=D /7" 5.91 T—=D/7* 6.00
(0.02) (1073) (6.10—3)
T—D 5.91 no—m* 5.95 no—m* 5.95 T—=D/m* 5.92 T—=D/7* 6.02
(0.02) (2-107%) (1073) (0.04) (3-107%)
T—=D/7m* 5.94 ©—D 6.01 T—=D 6.11 m—m*/D/Rp 5.97 T—=D/7* 6.04
(5:1073%) | m—x* (5-107%) (1073) (3-107%)
no—m*
T—D/n* 5.94 m—D/m* 6.03 ©—D 6.11 m—D/m* 5.99 T—D/7n* 6.06
(0.01) T—* (5-107%) (1073) (4-107%)
no—m*
T 6.10 =7 /D 6.05 ©—D 6.20 —=D/7* 5.99 no—m* 6.09
(0.01) (0.03) (3-1073) (1073) T (0.03)
T 6.10 T—D 6.08 T—D 6.21 T 6.09 no—mn* 6.14
(0.01) (3-1073) (7:1073) | no—=w* (0.01) T (0.02)
VIP 7.98 8.30 8.36 8.05 8.16
Nb(H-C) 8 15 6 15
Nb(O-H) 0 0 2 2
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Fig. 6 Examples of NTOs for (CyoH;)(H50)p isomers, n=1,2 from top to bottom. Unless
specified, an isovalue of 0.02 was used for both hole and particle orbitals.

vironment is likely to play a role on the oscillator strength for such transition,
as will be detailed in the following.

Concerning (C,5H;,)(H50),, with n>2, the NTOs show that the holes are
mainly created in 7 orbitals but are slightly developed on the np orbitals of
the oxygen atoms of the water molecules pointing towards the PAH (this is
reminded quoting (+np) in the first line of the tables). This contribution is
therefore more noticeable (but remains small) for the GEOn_IP /., series. As
in the case of the model systems (n=1), the Rs orbital becomes mixed with
a diffuse molecular orbital developed mainly on the non-interacting hydrogen
atoms of the water molecules (Rs/wat) for n=2 and 3 and for all clusters,
and there is a low energy m—Rs/wat transition. In the case of GEOn_IP
(n=2,3), the lowest energy transition of this type is found at 5.11 eV for n=2
and decreases to 4.93 eV for n=3. Interestingly, the oscillator strength of such
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Table 5 Corannulene + 3 HoO. TD-DFT CAM-B3LYP excitation energies (V) and, in parenthesis, oscillator strengths . Excita-
tions with small contributions are given in parenthesis. The VIP values (in €V) and the number of bonds shorter than 3A between
the H (resp. O) atoms of the water molecules and the C (resp. H) atoms of corannulene (Nb(H-C) (resp. Nb(O-H) ) are also
reported. D stands for "diffuse orbitals" that can be Rydberg orbitals or SAMOs or mixed.

Bare 3-vex 3-cav 3-vex-side 3-cav-side
T 3.83 T 3.82 T 3.79 T 3.79 T 3.81
T 3.86 T 3.85 T 3.83 T 3.86 T 3.84
T 3.86 T 3.91 T 3.85 Tt 3.92 T 3.87
T 4.12 Tt 4.10 T 4.13 m—r* 4.09 T—* 4.12
(2:107%) (1073)
T 4.12 Tt 4.15 T 4.13 m—* 4.12 T—* 4.15
(107%)
T 4.55 Tt 4.53 T 4.52 m—* 4.52 T—* 4.53
(0.02) (0.04) (0.02) (0.02) (0.02)
T 4.81 Tt 4.83 T 4.81 T 4.80 T 4.81
(0.44) (0.44) (0.41) (0.46) (0.42)
T 4.81 Tt 4.83 T 4.82 T* 4.80 T 4.82
(0.44) (0.46) (0.42) (0.50) (0.47)
T 5.53 T 5.57 rT—m* (D) 5.53 w—7* (D) 5.50 T 5.53
(0.49) (0.47) (0.45) (0.39) (0.47)
T 5.54 T 5.60 rT—m* (D) 5.57 =7 (D) 5.54 T 5.55
(0.49) (0.43) (0.46) (0.38) (0.51)
T—7* /D 5.79 T 5.85 rT—m* (D) 5.87 T—7* /D 5.78 T—=D/7* 5.83
(0.02) (5-107%)
T—n* /D 5.79 T 5.87 rT—m* (D) 5.90 =7 /D 5.80 T—=D/7* 5.84
(1073) (3-1073) (2:107%)
m—D 5.91 T—D 6.02 no—m* 6.12 T—=D/7* 5.89 T—=D/7* 5.85
(0.02) T (6-107%) (0.04) (6-107%)
T—D 5.91 T—D 6.03 no—m* 6.13 —=D/7* 5.94 T—7* /D 5.87
(0.02) (1073) T (4-1073) (0.03)
=" /D 5.94 7—D 6.05 no—m* 6.24 77" /D 5.98 =D /m* 5.92
(4-1073) (4-1073)
=" /D 5.94 7—D 6.06 no—m* 6.25 T—7* /D 6.00 =D /m* 5.94
(5-1073) | mom* (2:1073) (3:1073)
T—D
T 6.10 T 6.08 T 6.26 T 6.08 T 6.12
(0.01) (0.03) no—mn* (1073) no—m* (0.03) no—m* (7-107%)
T 6.10 T 6.11 no—m* 6.27 T 6.10 T 6.13
(0.01) (0.03) (1073) no—m* (0.02) no—mn* (1073)
VIP 7.98 8.18 8.42 8.02 8.08
Nb(H-C) 8 11 3 6
Nb(O-H) 0 0 1 2

transition increases with the number of water molecules (3-1073 for n=2 and
9.1072 for n=3). The NTOs for these transitions are reported in Fig. 7 as
NTOs 6 and 4 for n=2 and 3 respectively. In the case of GEO2 IP sy, low
energy transitions from 7 orbitals to mixed Rpy/wat/7n* are also observed
at 5.38 and 5.46 eV with small oscillator strength also (2:107% and 5-1073
respectively). Regarding GEO3 1P/, two other m—R/wat transitions are
found at 5.33 and 5.37 €V with an oscillator strength of 1072 (see Fig. 7 NTO
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8 for instance). Interestingly, the lowest energy m—Rs/wat transition of the
GEOn_IP /4, isomer is systematically higher in energy and with a lower os-
cillator strength than that of the corresponding GEOn_IP s, isomer.

From these results, the configurations of the GEOn_IPj;;, with at least one
water molecule having its oxygen atom close to a hydrogen atom of pyrene,
are expected to favor the formation of a PAHT-H,O~ CT state all the more
as the number of water molecules increases.

Regarding the higher energy transitions not relevant to interpret the photo-
reactivity, the interaction with water molecules modifies the energies of the
other 7—7* and 7—R transitions. In the electronic spectrum of bare pyrene,
7—Rp transitions are found at higher energies (5.39, 5.42 and 5.69¢V). When
n=1, these transitions, similar to those involving the Rs orbitals, are lower in
energy for GEO1 IPjs;, and higher in energy for GEO1 IPas,,. The tran-
sitions towards the Rd Rydberg orbitals, higher in energy, follow the same
trends: they are lower in energy for GEO1 1P, and higher in energy for
GEO1 1IPjpsq,. When the number of water molecules increases, the Rp Ry-
dberg obitals mix with 7* orbitals in the case of both GEOn_IPs;, and
GEOn_IP /., series, and with diffuse orbitals located on the H atoms of the
water molecules in the case of the GEOn_IP);, systems.

Globally, the energies of the transitions towards the orbitals mainly of Rp and
Rd nature tend to decrease in the GEOn_IP;;;, systems although it is not
observed for n=2 and tend to increase for the GEOn_IP /., series. The oscil-
lator strengths of these transitions tend to increase upon interaction with the
water molecules.

Regarding m—n* transitions that remain pure upon interaction with water
molecules, they are slightly affected.

In order to study the influence of the number of water molecules on the elec-
tronic spectrum of pyrene and hence to investigate the trends when going from
a small number of water molecules to a cluster that can be considered as a first
shell of Th ice, the electronic states for GEO16_ 1Py, and GEO15 1P, -
size of the solvation sphere of 3.82 A - were computed and analysed (see Ta-
ble 9). Interestingly, increasing the number of water molecules leads to sev-
eral occurrences of low energy transitions involving 7—R/wat excitations for
GEO16_IP);,. The diffuse orbitals /wat are mainly developed on the free
hydrogen atoms (also called "dangling" H for ice) for the most external water
molecules. This is very similar to what was found for benzene-water com-
plexes [26]. Furthermore, one transition found for GEO16_IP s, at 5.40eV
from a mixed 7/np to a diffuse orbital /wat corresponds to the first excited
state of (H20)16 (5.42 €V) in the same geometry (see Figure 8). In the case of
benzene-water clusters, these excitations were more numerous as more states
were investigated. Interestingly, the water cluster excess electron occupying
such diffuse /wat orbital is in line with the cavity model used to described the
excess electron in liquid water [67]. In GEO16 TP sy, the oscillator strengths
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Fig. 7 Examples of NTOs for (C,4H,,)(H;0), isomers, n=1-3 from top to bottom. An
isovalue of 0.02 was used for both hole and particle orbitals.

of m—R/wat excitations are small (see NTO 3 on top of Fig. 9). When mixing
with 7—7* excitations, the oscillator strength increases (see NTO 6 on top
of Fig. 9 and the two main excitations for transition 7 (NTO 7)). In the case
of GEO15 IP /4., the multi-determinantal character of the low energy tran-
sitions was found to be enhanced with respect to GEO16_IPj;,. The first
lowest energy transition involving a 7—R /wat excitation was found at 5.45 eV
(see NTO 6 at the bottom of Fig. 9). Globally, much fewer low energy transi-
tions involving 7—R/wat excitations than for GEO16 _IP ;, were found and
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Fig. 8 Left: NTO corresponding to 15" transition for GEO16 IPasin; right: corresponding
NTO for the bare water cluster at the same geometry. An isovalue of 0.02 was used for both
hole and particle orbitals.

all with small oscillator strength.

Pure np—7* transitions are found for GEO15 _IPj;,., occurring above 6.00 eV.
They are neither found for GEO16_IPy;, nor for a smaller number of water
molecules in the case of pyrene, contrary to corannulene.

Globally, the presence of low energy m—R/wat transitions is in line with low
vertical ionisation energies. As in the case of corannulene, a correlation was
established between a large Nb(C-H) value and an increase of the VIP with
respect to that of bare pyrene. On the opposite, a large number of Nb(O-H)
is in favor of a decrease of the VIP. It is clear for n=1 and for n=15,16. For
the intermediate numbers of water molecules (n=2,3) and the GEOn_IP
series, there are more Nb(C-H) than Nb(O-H) and the VIP remains higher
than that of bare pyrene.
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Table 6 Pyrene + HoO. TD-DFT CAM-B3LYP excitation energies (eV) and, in parenthesis,
oscillator strengths. Excitations with small contributions are given in parenthesis. /wat means
that the MO also involves H and, to lesser extent, O diffuse atomic orbitals of the water
molecules. The VIP values (in €V) and the number of bonds shorter than 3A between the H
(resp. O) atoms of the water molecules and the C (resp. H) atoms of pyrene (Nb(H-C) (resp.
Nb(O-H) ) are also reported. R stands for "Rydberg orbitals". The transitions to states

developed on both /wat and Rydberg orbitals are reported in bold characters.

Bare GEO1_IPpzip (side) GEO1_IP 4, (face)
T—* 3.92 T* 3.91 (0.30) T—* 3.91 (0.35)
Tt 3.94 (0.34) T 3.93 (0.06) T 4.00 (2:1073)
T 4.68 T 4.64 T 4.64
T 5.00 (0.43) m—wat/Rs 4.80 ToT* 4.99 (0.34)
Tt 5.03 T 5.00 (0.36) Tt 5.05 (0.06)
T—Rs 5.11 T 5.02 (0.02) m—Rs/wat 5.22
©—Rpy 5.39 m—Rs/wat 5.06 T 5.43 (2:1073)
m—Rpz 5.42 w—Rpy,pz 5.23 7—Rpy 5.55 (107%)
T 5.44 T 5.36 m—Rpz 5.56
m—* 5.61 m—Rpx 5.46 (2-1073) Tt 5.63 (0.03)
T* 5.61 (1.02) m—Rd 5.48 m—* 5.64 (0.92)
m—Rpx 5.69 (10~%) T 5.59 (3-1073) m—Rpx 5.85 (10~%)
m—Rd 5.81 m—Rd 5.60 T—Rd 5.87
T—Rd 5.82 T—Rd 5.63 T 5.90
m—Rd 5.83 T 5.64 (0.98) 7(+n0O)—n* 5.96
T 5.88 7—Rd 5.79 (2:1073) 7—Rd 5.96
T 5.99 n—wat/Rs 5.86 (10~ %) T—m* 5.99
VIP (eV) 7.28 6.97 7.48
Nb(H-C) 0 7
Nb(O-H) 2 0

4 Discussion

We showed in section 3.2 that, in the case of corannulene-water clusters, no
m—R/wat transition is observed for the 3-cav geometry formed in the matrix,
neither for the 2-cav, and with an extremely minor contribution for the 2-vex,
whose presence could not be excluded in the matrix [16]. This can account for
the absence of reactivity. As explained in section 3.2, some virtual orbitals of
the NTOs appear to have small contributions on the diffuse orbitals of the H
atoms closest to corannulene, mostly for the "side" conformations, but their
weight appears much smaller than in the case of pyrene. Therefore in the case
of corannulene, for the conformers formed in the matrix, the population of
PAHT-H,0~ CT states is not expected under low energy irradiation (A > 235
nm or AE < 5.28 V).

On the opposite, as shown in section 3.3, 7—R/wat transitions are observed for
all CygH;(H50),, clusters. Contrary to the case of corannulene, the geometries
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Table 7 Pyrene + 2H20. TD-DFT CAM-B3LYP excitation energies (¢V) and, in paren-
thesis, oscillator strengths. /wat means that the MO also involves H and, to lesser extent,
O diffuse atomic orbitals of the water molecules.. The VIP values (in €V) and the number
of bonds shorter than 3A between the H (resp. O) atoms of the water molecules and the
C (resp. H) atoms of pyrene (Nb(H-C) (resp. Nb(O-H) ) are also reported. R stands for
"Rydberg orbitals". The transitions to states developed on both /wat and Rydberg orbitals
are reported in bold characters.

Bare GEO2_IPaipn (side+face) GEO2_IPprq. (face)
T—* 3.92 7w (+np)—n* 3.90 (0.34) w(4+np)—n* 3.89 (0.34)
T 3.94 (0.34) T 3.92 (2:1073) T 3.92 (5-1073)
T 4.68 T 4.61 (2:107%) T 4.65 (2:107%)
T 5.00 (0.43) T 4.97 (0.41) T 4.96 (0.34)
T 5.03 T 5.04 (0.02) T 5.00 (0.07)
©—Rs 5.11 m—Rs/wat 5.11 (3-107%) | 7—Rs/wat 5.30
n—Rpy 5.39 r—Rpy/wat/7* 5.38 (2.107%) | 77" 5.44 (2-1073)
T—Rpz 5.42 r—Rpy/wat/7* 5.46 (5:10°%) | 7—7*/Rp 5.61 (0.33)
T 5.44 ©—Rpz 5.58 (1073) T—m* /Rp 5.62 (0.11)
T 5.61 T 5.61 (0.06) T—m* /Rp 5.63 (0.51)
m—T* 5.61 (1.02) T—sT* 5.65 (0.90) 7—Rpz 5.66 (0.01)
m—Rpx 5.69 (107%) | m—Rpx 5.78 (3-1073) T 5.88 (2:1073)
m—Rd 5.81 7—Rd 5.87 7—Rpx 92 (1073)
m—Rd 5.82 T 5.88 (1073) T 5.95 (8-1073)
m—Rd 5.83 m—Rd 5.94 (1072) T—Rd 6.06
T—* 5.88 Tt 5.96 (5-1073) m—Rd 6.07
T 5.99 7—Rd 6.02 7—Rd 6.10
VIP (eV) 7.28 7.47 7.60
Nb(H-C) 5 8
Nb(O-H) 2 0

of pyrene in interaction with small water clusters have not been optimised
inside the matrix. The case n=1 is a model case, showing that a low energy
m—wat /R transition is found for the "side" GEO1 _IPj;, isomer below 5 eV.
However, for our model system, the oscillator strength is zero. Nevertheless,
from our study on coronene, a planar compact PAH slightly larger than pyrene,
such side isomers are expected to be formed in the matrix [15] and to be photo-
reactive [12]. So it may be expected that more than one water molecule could
interact with pyrene in the matrix and/or that the influence of the environment
would lead to an increase of the oscillator strength, in favor of the formation
of a PAHT-H,O~ CT state. Indeed, for the "side" GEO1_IP /4, isomer , the
oscillator strength is zero, but for GEO3 _IPj/;,, there is one "side" molecule
and the presence of two other molecules leads to an increase of the oscillator
strength of a transition whose main /wat contribution is located on the "side"
water molecule (see NTO 4 on Fig. 7). So the formation of a low energy PAH™-
H>0O~ CT state becomes more favorable for three water molecules, one of them
having a clear "side" interaction with pyrene.
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Table 8 Pyrene + 3H20. TD-DFT CAM-B3LYP excitation energies (¢V) and, in paren-
thesis, oscillator strengths. /wat means that the MO also involves H and, to lesser extent,
O diffuse atomic orbitals of the water molecules. The VIP values (in €V) and the number
of bonds shorter than 3A between the H (resp. O) atoms of the water molecules and the
C (resp. H) atoms of pyrene (Nb(H-C) (resp. Nb(O-H) ) are also reported. R stands for
"Rydberg orbitals". The transitions to states developed on both /wat and Rydberg orbitals
are reported in bold characters.

Bare GEO3_IPain (side+face) GEO3_IPjrq. (face))
T—* 3.92 m (+np) —n* 3.90 (0.34) m (+no)—n* 3.91 (0.33)
T 3.94 (0.34) T 3.92 (3-1073) T 3.92 (6-1073)
T 4.68 T 4.59 (1073) T 4.63
T* 5.00 (0.43) m—Rs/wat 4.93 (0.09) T 4.97 (0.43)
T 5.03 T 4.99 (0.34) T 5.01 (3-1073)
m—Rs 5.11 T 5.06 (107%) n—Rs/wat 5.35 (1072 )
n—Rpy 5.39 r—R/wat 5.33 (107%) m—m* (+Rp) 5.43 (107%)
m—Rpz 5.42 m—R/wat 5.37 (1073) m—m* /Rp 5.59 (0.01)
T 5.44 =" /R 5.44 (1073) T 5.61 (0.83)
T—T* 5.61 T—T* 5.58 (0.01) 7—Rp 5.63 (0.09)
T 5.61 (1.02) T—T* 5.64 (0.92) T—Rp 5.75 (2-1073)
m—Rpx 5.69 (107%) | 7#—=R 67 (0.03) 7 /wat—m* 5.87 (107%)
m—Rd 5.81 T—Rd 5.74 (5-1073) w/wat—m* 5.93
m—Rd 5.82 T—R 5.81 m—Rpx/wat 5.98
m—Rd 5.83 T 5.88 (2:1073) T—Rd 6.13
T—* 5.88 Tt 5.96 (3-1073) m—Rd 6.17 (107%)
T 5.99 m—Rd 5.91 m—Rd 6.17
VIP (eV) 7.28 7.34 7.71
Nb(H-C) 5 10
Nb(O-H) 3 0

Although this study does not fully rationalize the photo-reactivity of pyrene
with water in a noble gas matrix, it clearly shows that its interaction with
a cluster mimicking water ice leads to the presence of low energy transitions
with reasonable oscillator strength (below 5 €V) that can be regarded as PAH™-
HO~ CT states. Indeed, an increasing number of 7—R/wat transitions can
be found when the number of water molecules increases for the GEOn_IP 4,
series. When the number of water molecules becomes large (GEO16 TP p74,,),
the transitions mixing 7—R/wat and 7—7* excitations are low in energy and
possess a large oscillator strength. Such transitions could be involved in an ef-
ficient charge transfer. It is in line with the increase of the reactivity efficiency
from matrix experiments, where a few water molecules are involved, to water
ice systems where the enhanced efficiency of the PAH reactivity with water
in porous amorphous ice was interpreted by the favorable interaction of PAH
with water molecules at the surface of cavities [11].
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Table 9 Pyrene + nH20 (n=15,16). TD-DFT CAM-B3LYP excitation energies (¢V) and,
in parenthesis, oscillator strengths. /wat means that the MO also involves H and, to lesser
extent, O diffuse atomic orbitals of the water molecules. The VIP values (in €V) and the
number of bonds shorter than 3A between the H (resp. O) atoms of the water molecules and
the C (resp. H) atoms of pyrene (Nb(H-C) (resp. Nb(O-H) ) are also reported. R stands for
"Rydberg orbitals".

Bare GEO16_IPasrin GEO15_IPfax

T 3.92 T 3.82 (0.35) T 3.91 (0.30)

T 3.94 (0.34) | m—m* 3.89 (4-1073) | mom* 3.96 (0.04)

T 4.68 ©—R/wat 4.19 (0.0) T 4.60 (0.0)

T—* 5.00 (0.43) m—Rpx/wat 4.48 (0.0) m—m* 4.97 (0.38)
(+7*)

Tt 5.03 Tt 4.52 (0.002) | 77" 5.07 (3-107%)
(+R/wat)

m—Rs 5.11 m— 7w /wat 4.55 (0.002) m—r* 5.45 (5-107%)

R/wat

m—Rpy 5.39 ﬂ*—)R/wat + 4.89 (0.18) r—wat/R 5.47 (0.0)
s

T—Rpz 5.42 ﬂ*—)R/wat + 4.90 (0.15) 7" 5.61 (0.89)
s

T 5.44 m—R/wat 5.05 (0.001) T—* 5.62 (0.02)

T 5.61 T 5.07 (0.05) n—Rp/wat 5.75 (10~3)

T 5.61 (1.02) | m—R/wat 5.15 (0.0) PR 5.90 (0.0)

T—Rpx 5.69 (107%) | 7—R/wat 5.22 (0.02) PR 5.95 (0.0)

r—Rd 5.81 m—R/wat 5.24 (0.002) | m—Rp/wat 5.98 (10~2)

T—Rd 5.82 Tt /wat 5.30 (3-107%) | no— «* 6.00 (0.0)

m—Rd 5.83 w/no—/wat 5.40 (0.05) m—Rd 6.06 (0.0)

T 5.88 TR 5.44 (2.1073) | m—Rd 6.18 (0.04)

T 5.99 T 5.46 (0.05) no—m* 6.29 (0.0)

VIP (oV) 7.28 6.54 7.97

Nb(H-C) 7 16

Nb(O-H) 6 1

Another difference between the electronic spectra of corannulene and pyrene
in interaction with water clusters is the presence of np—7* transitions in the
case of corannulene, that do not occur for pyrene, except for GEO15 IP jr45-
Such states, that are also observed for benzene-water clusters [26], can be
regarded as CT states from water to PAH, which is once again not in favor of
the formation of a PAHT-H,0~ CT state.

Finally, this study shows, for a planar PAH:

- in the case of the interaction with one water molecule, the correlation between
the low VIP and a "side" interaction with a water molecule close to the PAH
(minimum O-H distance of 2.25 A for GEO1 _IP ps4n)

- in the case of pyrene in interaction with an increasing number of water
molecules up to reaching a piece of Ih water ice, the correlation between low
(resp. high) VIPs, low (resp. high) energy excited states involving 7—R/wat
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transitions, and the presence of large number of O-H (resp. H-C) interactions.

5 Conclusion

The electronic excited states of corannulene and pyrene in interaction with
water molecules and clusters in different arrangements and of various sizes.
were investigated at the TD-DFT level of theory up to ~6€eV. All geometries
were obtained at the DFTB level using an adapted hamiltonian. This study
demonstrates the dependence of the shape of the PAH, of the arrangements
of the water molecules and of the size of the clusters on the electronic spectra.

In the case of pyrene C,3H;,, a planar PAH, two geometries of C,4H;,—H,0
were locally optimised, a "face" isomer and a "side" isomer. Only in the latter
case, where the water molecule interacts in the plane of pyrene via its oxygen
atoms (also called o isomer), a low energy transition involving electron transfer
from a 7 orbital to a diffuse orbital, mainly developed on the water molecule,
was found. Such transition can be regarded as a PAHT-H,O~ CT state but
it has no oscillator strength. Although such conformation is expected to be
the one formed in a noble gas matrix matrix, the photo-reactivity of pyrene
can only be explained if the oscillator strength is sufficient, which might occur
inside the matrix, which has not been explicitly into account in the present
work.

The other geometries of CgH;,—(H,0),, were extracted from pyrene-ice struc-
tures, one series leading to a decrease of the VIP (n=2,3,16), the other to an
increase of the VIP (n=2,3,15), with respect to pyrene. In the former case,
for all geometries, low energy states involving electron transfer from the 7
orbitals of pyrene to a mix of Rydberg atomic and diffuse molecular orbitals,
located mainly on the most external hydrogen atoms of the water clusters, are
found. The number of 7—R/wat CT states and the corresponding oscillator
strengths increase with the size of the water cluster up to n=16, where the
water clusters represent a piece of hexagonal ice leading to a decrease of the
VIP value with respect to pyrene. Interestingly, these transitions are found
more than 2eV below the VIP of pyrene. Such states could be involved in the
photo-reactivity of planar PAHs that were observed to react upon irradiation
with low energy photons, and even more efficiently in an icy environment.

Regarding corannulene interacting with water clusters, 7—R/wat CT states
states were not identified for the 3-cav isomer expected to be formed in the
matrix. Such transition was only clearly identified for the 1-side isomer, which
is not expected to be formed in the experiment. For the others, the contri-
bution of the water molecules to the diffuse orbital (SAMO or Rydberg or
mixed) is minor and is mostly observed for the "side" isomers not expected
to be formed in the experiments. This is in line with the absence of observed
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photo-reactivity in the case of corannulene.

The results reported in the present paper contribute to the interpretation of
experimental results of photo-reactivity of planar vs bowl-shaped PAHs with
water in a noble gas matrix or in water ice, and constitute a step forward in
understanding photochemical processes for large systems of astrophysical and
environmental interest.
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