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Abstract

In dense interstellar media, Polycyclic Aromatic Hydrocarbons (PAHs) are likely to
condense onto or integrate into water ice mantles covering dust grains. Understanding
the role of ice in the photo-induced processes involving adsorbed PAHs is therefore
a current key issue in astrochemistry. This implies beforehand -(i)- the knowledge of
PAH-ice interactions, i.e. PAH-ice adsorption energies and local structure at the PAH-
ice interface, as well as -(ii)- the understanding of the fate of electrons in the PAH-ice
system upon excitation. Regarding -(i)-, in this work, we determined the lowest en-
ergy structures of PAH-ice systems for a variety of PAHs ranging from naphthalene
to ovalene on three types of ices, crystalline (Ih and Ic) and amorphous (low density),
using an explicit description of the electrons and a finite-size system. The electronic
structure was determined using the Self Consistent Charge Density Functional based
Tight Binding (SCC-DFTB) scheme with modified Mulliken charges in order to insure
a good description of the studied systems. Regarding -(ii)-, the influence of the inter-
action with ice on the Vertical Ionization Potentials (VIPs) of the series of PAHs was
determined using the constrained SCC-DFTB scheme, that was benchmarked against
correlated wavefunction results for PAH(H20),, (n=1-6,13) clusters. The results show
a deviation smaller than ~ 1.4 eV of the VIPs of PAH adsorbed on ice with respect to
the gas phase values. This is discussed in the light of experimental results and other

theoretical data.

1 Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) have received considerable interest in astrochem-
istry since they were proposed, in the mid-eighties, as the carriers of the Aromatic Infrared
Bands (AIBs), a set of mid-IR emission bands observed in many regions of the interstellar
medium.? This “Astro-PAH” population would constitute a reservoir of interstellar car-

bon as it is generally admitted that they would contain about 10 to 20 percent of the total



elementary carbon.®* However, despite a longstanding synergy between astronomical obser-
vations and laboratory investigations, no specific PAH molecule has been identified yet.?
Astro-PAHs may also play an important role in the chemistry of the interstellar medium.
A current important topic is the investigation of astro-PAH energetic processing (see Simon
and Rapacioli® and references therein), which involves studies aiming at probing the possi-
ble relationship between astro-PAHs and recently observed carbonaceous molecules such as
fullerenes, Cgo™® and Cg,,%'? and at investigating the potential catalytic role of astro-PAHs

in the formation of Hy,*™ ! the most abundant molecule in space.

In dense interstellar clouds, where temperatures are low (< 50 K), molecular PAHs
may condense onto or integrate into icy mantles on dust grains.!? As explained hereafter,
both spectroscopic diagnostics for their presence, and their photoprocessing, are expected to
be different from that of the gas phase.

First, let us specify that the precise structure of interstellar ice remains unclear, although it
is generally agreed that it is amorphous upon formation.!® Indeed, on dense clouds, water ice
can be detected by its IR absorption band at 3.1 um, assigned to the OH-stretching mode,
that has been shown to be broad and largely featureless. ! PAHs condensed on or integrated
in ice are also identified by their IR absorption spectra,’” ! IR emission being quenched
by non-radiative relaxation channels such as energy transfer into the phonons of the grain.
For instance, the 3.3/3.25 pum feature in icy dust environments was assigned to aromatic
C-H stretch.?%2! This motivated experimental investigations of the absorption IR spectra of
PAHs in water ice.?? 24 In such experiments, the assignment of the bands is difficult because
first, the PAH’s bands and those of water ice fall in the same domain and second, the PAH
is diluted in the water ice, therefore leading to weaker bands than that assigned to water.

UV irradiation or energetic particle collisions of dust surface in space may lead to ener-
getic processes that will modify the chemistry at the surface of grains.?> This motivated,

in particular, experimental studies dedicated to the investigations of the photoprocessing of



PAHs in water ices after UV irradiation in different conditions (energy of incident photons,
temperature...). At VUV high energy (light distribution centered at 121.6 nm and 160 nm, )
irradiation, it seems that the dominant process at low temperature is the formation of PAH
cations, 26728 but also that photochemistry is initiated, involving PAH oxidation in particu-
lar.2® When increasing temperature, a richer photochemistry occurs, leading to formation

26.29.30 with the observation of regiochemistry®® and this

of alcohols, quinones and ethers,
could considerably influence the inventory of aromatics in meteorites. At lower energy (A >
235nm), UV photochemistry of pyrene and coronene adsorbed on and embedded in Amor-
phous Solid Water (ASW) at 10 K332 also revealed the production of oxygen-containing
PAH products. This reactivity occurs at energies below the ionization energy of bare PAHs
(~7.4 and 7.2¢eV for pyrene and coronene respectively) and a current key issue is to under-
stand the mechanism for this photochemistry in solid state.

A hypothesis is that photoreactivity, even at at lower energy, could be ion-mediated,?® mo-
tivating computational studies on the influence of ice on the ionization energy of PAHs.
Experimental investigations combined with computational studies have shown that the ion-
ization of PAHs adsorbed on water ice requires about 1.5 to 2.0 eV less energy than the
gas phase ionization energies of PAHs,3*3* and that the formed PAH radical cations would
be particularly stable over time.3® That could be accounted for by the fate of the released
electrons that would not be free electrons but would attach to HoO molecules or free radicals
such as OH formed during the ice photolysis.3® Theoretical studies estimated the electron
affinity of water ice in the 1.65-3.3 eV range®® (Density Functional Theory (DFT) study of
water clusters and extrapolation law to infinite size) and that of OH trapped in ice at 5.06
eV3! (using the isodensity polarized continuum model). Overall, the physical and chemical
processes behind the PAH ionization energy lowering in water ice compared to that of PAHs
in the gas phase have not been fully understood and further experimental and theoretical
studies are needed.3® This study enters this framework. It proposes a new modeling with

quantal description of the electrons to investigate the influence of adsorption of ice on the



PAH ionisation energy.

Describing PAH-water ice systems with a quantum description of the electrons is a
challenge due to the size of the system that has to be described to provide realistic data. To
the best of our knowledge, very few studies have been undertaken in this framework. For
instance, the influence of a water ice environment on the electronic absorption and emission
spectra of pyrene has recently been studied through ab initio simulations for a DFT opti-
mized structure of pyrene surrounded by about forty water molecules.3” Electronic spectra of
benzene adsorbed on water ice have been computed with the Time-Dependent DF'T method
modeling the system within a model combining DFT and force field.*® The authors high-
lighted the relationship between the interface structure (dangling OH), interaction energies

1.3% studied the adsorption of a series

and electronic spectra.®®Very recently, Michoulier et a
of PAHs on various water ice surfaces using a molecular dynamics/force field approach. They
established correlation laws between the adsorption energies and the number of dangling OH
bonds interacting with the PAH. As far as we know, no study of the influence of ice on the
ionisation potential of PAHs, with all valence electrons of the systems described explicitely,
has been undertaken so far. As explained in next section, this is a challenge as DFT-based

approaches overestimate charge delocalization due to self-interaction errors.*°

We present in this paper a modeling of PAHs adsorbed on water ice, with an explicit
description of the electrons within the Self Consistent Charge Density Functional based
Tight Binding (SCC-DFTB) scheme.* 3 This work follows the molecular dynamics/force-
field studies®® that provided us with the initial structures of the PAH:water ice systems
investigated in the present paper, that is to say a series of PAHs ranging from benzene to
ovalene, adsorbed on three types of ices, amorphous (LDA for Low Density Amorphous),
and crystalline (Ih and Ic). Structures, interaction energies and ionisation potentials were
computed using the approaches described in Section 2. The results are reported and discussed

in Section 3.



2 Computational approach

2.1 Electronic structure

In this work, we have used the second order version of DFTB, also known as Self Consis-
tent Charge SCC-DFTB,*? using the mio-set of parameters,*® and the dispersion correction
as reported in ref.** All DFTB calculations were performed using the deMonNano code®®
where several modifications of the SCC-DFTB potential to describe neutral and charged
molecular complexes and clusters?® can be found. In the SCC-DFTB scheme, the potential
is expressed as a function of atomic charge fluctuations and in the original scheme, these
charges are Mulliken charges. In this model, the electrons occupying two atomic orbitals
based on different atoms are equally shared between the latter for the calculation of their
atomic charges whatever the atomic electronegativity difference is. To improve bond polar-
ity description, we used in our previous studies? the Charge Model 3 (CM3) approach?
instead of Mulliken charges in the DFTB energy expression in order to describe PAH-water
interactions and water-water interactions. From a general point of view, the use of CM3
charges enabled us to improve the description of bond polarities and therefore the treatment
of long-range electrostatic interactions** and the values of IR intensities.*® Good results
were also obtained for intermolecular binding energies within PAH-water and water clus-

5L and

ters. 4950 Using these charges, we further investigated the conformational dynamics
heat capacities® of water clusters adsorbed on PAHs. Finally, the stability, energetics and
IR spectra of water-PAH clusters embedded in a rare gas matrix were determined using a
mixt DFTB /force field approach, the water-PAH clusters being described with DFTB and
CM3 charges. 53

In order to improve computational efficiency, we present a simpler alternative to CM3 charges
by introducing a non-symmetric bias directly in the Mulliken repartition of the overlapping

density:

6u(r)0u(r) 2 5Su((1+ )0, + (1= )] 0u(r)P) ()



where ¢, is a free parameter between -1 and +1 (0 being equivalent to Mulliken charges),
expressing the polarity of a bond, in the same philosophy as the empirical parameters used
to compute CM3 charges, although not strictly equivalent. In the following, ¢,, is deter-
mined empirically as an atomic pair parameter (¢,c4,ep = tap). This scheme is called
hereafter the Weighted Mulliken (WMull) scheme. The to_p parameter was determined
so as to reproduce the water dimer structure and interaction energy obtained both with

49 and correlated wavefunction calculations.®® We obtained a

CM3 charges determined in re
value of to_g=0.39. We checked that the interaction energies of larger water clusters were
also well reproduced (see Figure S1), the difference with wavefunction approaches increasing
with cluster size, and reaching a maximum discrepancy (for the ”"10-PP2” cluster) of 1.63
kecal /mol (6.83kJ /mol), corresponding to a relative error of 1.76%. The tc_p and toc values
were adjusted to reproduce the structures and interaction energies of PAH (H50) clusters

(see Table S1).Final t4p values of 0.08 and 0.30 for O-C and C-H respectively, reproducing

the energies obtained with CM3 charges by less than 0.1 kJ.mol™!, were retained.

The SCC-DFTB potential with WMull charges and dispersion interactions will be
used to compute the electronic structure of PAH-ice systems as described in next section. We
will refer to this potential as simply DF'TB in the following. It should be pointed out that a
good agreement is found between experimental and DFTB ionisation potentials, vertical and
adiabatic (respectively VIP and AIP), for the series of PAHs, with a maximum difference of
0.09eV (VIP) and 0.14eV (AIP) (see Figure S2).

A standard DFTB calculation of charged clusters is not physically correct as the charge
delocalization among all monomers is overestimated® due to self interaction errors.*? It
results in our case in an overestimation of the charge carried by water molecules and an
underestimation of ionization potentials. To circumvent this problem, we used the charge-

constrained DFTB approach (C-DFTB)%57 constraining the charge to be localized on the



PAH, to compute VIPs. In order to validate this approach, we first computed the IPs of
pyrene solvated by water clusters (Hy0),, (with n=1-6 and 13), the latter structure (n=13)
being extracted from a pyrene-water ice structure (see next section). The C-DFTB/DFTB
VIPs values were compared to MP2 VIPs, obtained for the DF'TB geometries, using the
ANO basis set®®and the 7.8 MOLCAS package.®® %! This benchmark is presented in section

3.1.

2.2 Determination of minimum energy structures

We distinguish the case of PAHs interacting with small water clusters, which are used to
benchmark the C-DFTB approach, and PAHs interacting with ice, which are the final sys-

tems of interest.

Ci16H10(H20), clusters

The DFTB structures of Ci6H19(H20), clusters (n=1,6) were obtained using Molecular Dy-
namics Parallel Tempering® (MDTP) followed by gradient quenching to reach minima, as
explained in a previous work.%® In this work, MDPT simulations of 0.5ns were ran for 40
temperatures ranging from 30 to 300 K, with an exponential distribution of temperatures,
and replica exchanged tried every 100fs. A Nose Hoover thermostat chain of five ther-

! was used. In order to avoid evaporation, we applied

mostats with frequencies of 800 cm™
a rigid spherical potential centered on the cluster center of mass defined in Hartree by
V(r) = 0.008(r — 79)* with 7y = 8 A. To obtain the low-lying energy minima, we proceeded
as follows: for a selection of 5 temperatures (30, 99, 168, 238 and 300 K), we optimized with
conjugated gradient a selection of 65 structures for each temperature (total of 325 structures
optimized). We used the most stable ones to compute vertical C-DFTB and MP2 ionisation
potentials.

We must specify that a third, intermediate system, consisting of pyrene interacting with a

small waters cluster extracted from pyrene-LDA ice systems, was used for additional bench-



mark (see section 3.1 hereafter)

PAH-ice systems
Our goal is to determine good model finite-size systems for PAH-ice, tractable by DF'TB and
MD/DFTB. The initial geometries were extracted from the PAH-ice structures determined
by Michoulier et al.?? using a MD/FF approach. These authors determined the lowest energy
configurations for various PAHs ranging from benzene to ovalene adsorbed on ice (LDA, Th
and Ic) surfaces. More precisely, for each PAH-ice duet, the final frames of 50 MD/FF
trajectories have been used as starting geometries for the DFTB calculations. Finite-size
systems, tractable with DFTB, were elaborated following the procedure detailed hereafter:
we build a cluster of water molecules in interaction with the PAH, consisting of an inner shell
(deflimited by radius R;) and an outer shell (of radius Ry larger than R;). The PAH and
all molecules of the cluster are considered for the DFTB energy/gradient calculation but the
water molecules from the outer shell are kept frozen during MD /geometry optimization. For
a given water molecule, we define the metric d(C-O) as the minimum distance between its
oxygen atom and any of the PAH carbon atoms. A water molecule is considered to belong
to the inner shell if d(C-O) is smaller than Ry and outer if d(C-O) is larger than R; and
smaller than Rs.

We now discuss the choice of R; and Rs.
- The thickness of the layer of frozen molecules Ro-R; was determined so that the mobile
water molecules are coordinated to at least one water molecule from the outer shell. With this
constraint, a thickness of Ro-R;1=3.5 A was found. Tt corresponds to the distance between
the first and the second solvation shell of the O-O radial distribution function (see ref.? for
instance). This layer allows to maintain the molecular density of the FF structure.
- The R; value was determined so as to obtain quasi convergence for PAH-ice interaction
energies, the thickness of the second layer being fixed to 3.5 A (see Figure S3). A value of 7 A

was chosen for Ry since it gives a good compromise between convergence and computational



cost. The Ry value is then equal to 10.5 A . Using these radii, the minimum size reproducing
the FF pyrene-water ice binding energy amounts to about 50 water molecules allowed to
relax, and 90 frozen molecules (more precisely 55 mobile/94 frozen for LDA ice and 51

mobile /92 frozen for Th, which are averaged values over the 50 configurations).

3 Results and discussion

In this section, we first present the benchmark studies for C16H19(H20), (section 3.1), and

secondly the structures, interaction energies and IPs of PAHs on ice (section 3.2).

3.1 Pyrene solvated by water clusters

The geometries of the clusters (Ci6Hi)(H20), (n=1-6) obtained from MDPT/quenching
calculations, are reported in Figure 1. Using these geometries, VIPs were computed at the
DFTB, C-DFTB and MP2/(ANO-L 3s2pld (C) / 2slp (H)) levels of theory. The values are
reported in Figure 1, along with the partial charge of pyrene with the unconstrained DFTB
approach (in parenthesis). Knowing that the VIP of pyrene is found at 7.41 (resp. 7.40eV)
at the DFTB (resp. MP2//DFTB) levels of theory, we may notice that the effect of the
adsorption of water cluster on the IP of pyrene tends to increase slightly the IP, but that the
perturbation is small (+0.49 eV max regarding MP2 results, obtained for n=3). Secondly,
we may say that the agreement between C-DFTB and MP2 results is very satisfactory, the
discrepancy ranging from 0.01 (n=1) to 0.11 eV (n=>5), the IPs at the C-DFTB level being
lower than that at the MP2 level. Regarding unconstrained DF'TB results, the IPs are lower
than the MP2 ones by 0.01 (n=1) to 0.23 eV (n=>5) and the larger the water clusters the
larger the discrepancy. As expected, the partial charge on the PAH ranges from 0.91 to
0.75 (n=>5), overall decreasing when the cluster size increases. This was expected due to the
overstabilization of the charged delocalized forms in standard DFT and DFTB.

The trends obtained for (Ci6Hio)(H20), (n=1-6), in particular the small IP perturbation of

10



the PAH upon hydration, and the better agreement between MP2 and C-DFTB results than
between MP2 and DFTB results, were confirmed studying a cluster with 13 water molecules
obtained by truncation of the optimized geometry of pyrene on LDA ice (see Figure 1, bot-
tom). The effect of the constraint is more significant for this cluster than for smaller clusters
: the IP of the PAH is underestimated by 0.40 eV (DFTB) vs 0.04 eV (C-DFTB) with
respect to MP2 results, with the partial charge on the PAH amounting to 0.57 with pure
DFTB. These results legitimate the use of C-DFTB to compute the IPs of PAH on ice.

For PAH-water clusters systems, the slight increase of the PAH VIP can be understood,
because in the stable geometry of the neutral cluster, the H atoms of the water molecules
interacting with the PAH point towards the PAH. Such a configuration is unfavourable for
the cation, the H atoms bearing a slightly positive charge leading to a repulsive interaction
with the global positive charge of the PAH. We also optimized locally the geometries of the
(C16H10) (H20);" (n=1-6) molecular ions using the C-DFTB potential (these are reported in
Figure S4). As expected, in these, the water molecules undergo rotation with respect to the
neutral systems in order to interact with the PAH™T through their oxygen atoms. That was

expected as these atoms bear a negative partial charges (-0.76e on the oxygen atom within

the dimer PAH/H,0), hence their interaction with PAHT has a stabilizing effect.

3.2 PAH on ice

3.2.1 Structures and interaction energies in neutral systems

The structures of the PAH-ice systems (PAH from benzene to ovalene on the three types
of ice, Ih, Ic and LDA, 50 geometries for one duet PAH /ice) were optimized following the
procedure explained in Section 2.2 with the starting point geometries extracted from the
force-field geometries.?® After the optimization, the structures are hardly modified and the
relative orientation of the PAH with respect to the water-ice surface remains similar to the

ones obtained from MD/FF simulations on PAH-ice systems®® : the PAH remains parallel
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to the surface or slightly bent as detailed in the previous work by Michoulier et al.?® (range
from 0 to 45 °). The 50 structures binding energies lie within about [-45,-86], [-56,-111],
69, -111] kJ.mol~! in the case of pyrene adsorbed on LDA, Th and Ic ice respectively. The
geometries differ in particular from the PAH orientation with respect to the ice surface, and
from the orientation of the surrounding water molecules. The most stable configurations for
pyrene on the three types of ice are reported in Figure 2. As can be seen on this figure, in
the most stable geometry, 4 H atoms of the water molecules point toward the PAH whereas,
for the least stable, there is only one. The electron deficient H atoms of the water molecules
at the ice surface (in average 0.38¢) have a stabilizing interaction with the 7 cloud of the
PAH. This is in line with the structures of PAH-water clusters obtained in section 3.1. This
dependence of the interaction energies on the numbers of dangling O-H interacting with the

PAH was previously shown by Sharma and co-workers in their study of benzene adsorbed

on Th ice with DFT/MM calculations.>®

The PAH-ice interaction energies averaged over the 50 geometries, are reported in
Figure 3, along with the values obtained with the GOCPAH (Gaseous Out of Plane Charges
PAH) force field optimised by Michoulier et al.?® for PAH-ice. The latter values, referred to
as FF values in the following, were obtained after optimization with the corresponding FF of
the relative position of the PAH with respect to the ice, starting from the same initial geom-
etry as that taken for the DF'TB calculations. The agreement between FF and DFTB values
is very satisfactory. Indeed, RMSD values of 10 and 6 kJ.mol~! for Th and LDA respectively
with the GOCPAH force field were obtained, the DFTB values being systematically slightly
above the FF values. This shows the consistency between the two approaches. We may also
notice that our finite-systems’ DFTB interaction energies are in very good agreement with

the GOCPAH results that describe the infinite water-ice system (see Table 4 in ref.3?).

Interestingly, as explained hereafter, the DF'TB interaction energy for benzene/LDA

12



ice (-42 kJmol™') is in excellent agreement with experimental values for the desorption of
CgHg from compact ice. Adsorption energies were obtained fro m experimental data by
fitting Temperature Programmed Desorption (TPD) curves® : with the so-called "Red-
head” approach, a value of 39 kJmol~! was obtained,% while applying a fractional order
”Polanyi-Wigner” (PW) fit to submonolayer TPD data led to an energy distribution of ap-
proximately 41 & 0.5 kJ mol™!, covering the majority of the submonolayer regime. A recent
experimental study applied the PW method and obtained a value of 40.6 kJmol=!.57 Let
us mention that the desorption energy of CgHg from a compact amorphous ice surface in
the laboratory is difficult to measure for a number of reasons. A critical point is that the
CgHg:CgHg binding energy is greater than that of C¢Hg:HsO, resulting in the preferential
clustering of C¢Hg in so-called “islands” on the ice surface, even at submonolayer coverages. %
As a result, it is difficult to measure the pure desorption energy of CgHg from water, as the
experimentally-obtained value will be influenced by CgHg:CgHg interactions. It is difficult to
directly compare these experimental values, given the different methods applied to the data
to extract desorption energies. However, they are generally in very good agreement with
each other and, most interestingly, with the DFTB value calculated here for the desorption
of a single benzene molecule from an ice surface. The increase of the interaction energy (in
absolute value) with the PAH size could be fitted by a first order dependence on the number
of C and H atoms (see Figure 4). This allows to extrapolate the results to larger PAHs, that
may become difficult to handle even with DFTB as it would imply the treatment of a too

large ice slab.

3.2.2 Influence of the icy environment on IPs

Vertical ionization potentials of the optimized structures detailed in previous section (50
”configurations” for each PAH-ice duet) were computed with the C-DFTB approach. In the

following, we only detail the studies performed with pyrene, the results for the other PAHs
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are reported in the Supplementary Material.

The computed VIPs for pyrene adsorbed on water ice (Ih, Ic and LDA) for the 50 geometries
of interest are reported in Figure 5 (see Figure S5 for the other PAHs). For each PAH-ice
duet, the smallest and highest VIP among all 50 configurations, along with the maximum
VIP variation and the VIP variation in the case of LDA ice, with respect to bare PAH, are
reported in Table 1.

The first assessment is that the effect of adsorption on ice on the PAH ionization
potential is small, with an overall largest VIP variation of -1.37eV, corresponding to A VIP
Min. found for naphthalene on cristalline Ih ice (see Table 1). The largest VIP variations
occur for cristalline Ih ice, followed by Ic ice. The largest amplitude of the VIP decrease (A
VIP Min. column in Table 1) is larger than that of the VIP increase (A VIP Max. column
in Table 1). Both AVIP Min. and Max. absolute values seem to decrease as the PAH size
increases.The minimum VIP variations correspond to the case of amorphous ice, which, for
some configurations, does not lead to any change in the VIP (see last column of Table 1,
AVIP Max. (LDA) for anthracene, tetracene and ovalene in particular). However, as can
be seen in Figure 5 and Figure S5, on average on all configurations, the adsorption on LDA
clearly leads to a decrease of the VIP, but not more than ~-0.8eV. An important result is
that the VIP variation is very dependent on the number of interactions between dangling
H and the PAH (see Figure 6): the presence of dangling H interacting with the PAH favors
an increase of the VIP. It can be understood as a partial positive charge of the dangling H
destabilises the cationic pyrene. On the opposite, the interaction of O at the surface with
the PAH (and in particular the H of the PAH, present when the PAH is bent at the surface),
leads to a lowering of the IP. This can be generalized to all PAHs studied in this work (see
Figure S6).

A correlation between the number of dangling OH which interact with the PAH
and its VIP was made. We went further by investigating the linear correlation between

Eint(PAH/ice) and the VIPs. With the classical force field GOCPAH used in a previous
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Table 1: VIPs of PAHs adsorbed on water ice computed at the DFTB/C-DFTB
level. The VIPs of bare PAHs are reported for comparison. The largest varia-
tions (AVIPs Min. or Max.) are also reported, the last column refering to the
LDA ice specifically. All values are expressed in eV.

PAH VIP Min. VIP Max. VIP AVIP Min. AVIP Max. AVIP

LDA/Th/Ic LDA/Th/Ic  bare PAH Min./Max. (LDA)
Benzene 8.83/8.11/8.54 9.57/10.0/102  9.45 1.34 +0.75 -0.62/+0.08
Naphthalene | 7.48/6.82/7.50 8.12/8.92/8.70 8.19 -1.37 +0.73 -0.71/40.07
Anthracene | 6.77/6.27/6.57 7.39/8.11/8.12  T.40 113 +0.72 20.63/-0.01
Phenanthrene | 7.10/6.65/7.00 8.01/8.56/8.45 7.83 -1.18 +0.73 -0.73/40.18
Pyrene 6.70/6.15/6.54 7.56/8.07/8.02 7.41 -1.26 +0.66 -0.71/40.15
Tetracene 6.22/5.79/6.20 6.84/7.54/7.41  6.87 -1.08 +0.63 -0.65/-0.03
Coronene 6.45/6.35/6.53 7.39/7.95/7.68 7.22 -0.87 +0.73 -0.77/40.17
Ovalene 5.88/5.54/5.89 6.65/7.10/7.10 6.63 -1.09 +0.47 -0.75/40.02

study,? it is possible to easily decompose Eiy(PAH /glace) as follows :
Eint(PAH/iCG) = Eint(HQO/C - PAH) + Eint(HQO/H - PAH) (2)

where Ei(HoO/C — PAH) (resp. Ein(HoO/H — PAH)) corresponds to the interaction be-
tween the carbons (resp. hydrogens) of the PAH with all the water molecules of the system.
Let us add that the geometries are those obtained after a DFTB optimization and thus
these geometries were used for the calculation of the contributions Ei,(H2O/C — PAH) and
Eint(HoO/H — PAH). A very good correlation is evidenced between VIP, E;;,:(H.O/C — PAH))
and E;,(HoO/H — PAH) as shown in Figure 7. Indeed, if one extrapolates a linear law with

the two interactions defined before,

VIP = a + b x (Egne(H,O/H — PAH)) + ¢ X (Ein(H,0/C — PAH)) (3)

the results obtained with the GOCPAH potential give a good superposition of the pyrene/ice
VIPs and pyr/(H,O)n clusters (with a = 7.553 eV,b = 8.192.107% eV.mol.kJ~! and
c=2.46.10"2 eV.mol.kJ™!). Note that the constant a (7.553 eV) is close to the DFTB VIP

(7.410 eV). In Table 2, the different decompositions are reported for the four configurations
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where the VIP is either increased or lowered for the pyr/(Ih or LDA) pairs. By viewing the
linear law (equation 3), we observe that the sensitivity with respect to the interaction with
the hydrogens of PAH is more important than with carbons. Moreover, when the number
of free dangling OH is large, the value of E;,(HoO/C — PAH) becomes strongly negative.
Conversely, when the VIP is the lowest, the interaction E;.(H,O/C — PAH) is positive.
Both contributions E;y(HoO/C — PAH) and E,(H2O/H — PAH) are necessary to correctly
predict the behavior of the VIP as a function of the environment. We may note an enhanced

deviation from the linear law for the pyr/LDA pair than for pyr/Ih and pyr/Ic.

Table 2: Energy decomposition calculated with the GOCPAH model, the con-
figurations were taken for the highest and lowest VIPs. These configurations
correspond to the geometries of the figure 6.

Configuration | E;(H2,O/C — PAH) E(H,O/H — PAH) VIP fit VIP C-DFTB
(kJ.mol™!) (kJ.mol™!) (eV) (eV)

TH conf 91 7199.8 110.4 8.0 8.1

TH conf 86 147.6 -201.0 6.3 6.1

LDA conf 19 -43.9 -35.2 7.2 7.6

LDA conf 36 63.1 -114.5 6.8 6.7

In this section, we have shown that there is a link between the number of dan-
gling OH and the variation of the VIPs of the PAHs. In connection with this, a very good
correlation between Ej(PAH/ice), Eiy(HoO/C — PAH) and E; (HoO/H — PAH) has been
determined. Such a good correlation exists with the VIP, whereas for this interpretation the
interactions are calculated using a force field. A better correlation with the amorphous ice

is expected if the force field used is polarizable.

The variation of the VIP due to the ice calculated in this work does not allow to
explain the experimental results, as for instance those obtained for quaterrylene in amor-
phous water ice.®® In that study, the energy needed to ionize quaterrylene would be lower

by 2.11 eV in amorphous ice compared to the gas phase value whereas in our study, for the
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largest PAH, ovalene, the maximum lowering of the VIP is only 0.7 eV. In the folllowing,
we first discuss the limitations of our model, and second, the reason why a simple ionization
potential determination cannot allow to account for this experimental energy lowering of
PAH ionization energy when adsorbed on or embedded into ice.

A main difference between our modeled PAH /ice systems and the experimental ones is that
we only considered one interface whereas, in the experiments, PAHs are generally embedded
in the ice. Additional calculations were therefore carried out with the structures resulting
from MD/FF dynamics of solvated PAHs : the configurations are taken from NPT trajec-
tories at atmospheric conditions. Freezing these MD/FF stuctures lead to LDA ice (ref
?), therefore finite-size systems were obtained from the latter and further optimized at the
SCC-DFTB level following a similar procedure as that explained in Section 2.2. For each
PAH, we have taken two solvated configurations where E;,(PAH/liquid water) is minimal
or maximal. Figure 8 represents two configurations extracted from DFTB calculations of
solvated pyrene: the two configurations being characterized by a strong (configuration 1)
and weak (configuration 2) interaction with the surrounding water molecules respectively.
The corresponding structures for solvated ovalene are reported in Figure S7. In Table 3,
all the results for the solvated PAHs with the two configurations 1 and 2 are summarized.
Whatever the PAH, the VIP varies little, therefore total solvation in two extreme configura-

tions does not reproduce the lowering of 2 eV that was observed experimentally.

For pyrene solvated in LDA, we obtained vertical IPs between 7.04 and 7.29 eV.
These are decreased by 0.37 and 0.12 eV with respect to bare pyrene, which is even less
than what we found for PAHs adsorbed at the surface. It is probably caused by impor-
tant structural constraints due to water-water interactions that prevents the optimisation
of the water-PAH interactions. Therefore a questionable description of the environment in
our model does not seem to account for the discrepancy with experiments. Besides, in the

experiments, during the irradiation, the local environnement around the PAH may change,
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Table 3: VIPs and E;,(PAH/water) for PAHs solvated with water. The calcula-
tions are performed at the DFTB level for interaction and C-DFTB for the VIP.
The neutral geometries were optimized in DFTB.

PAH Eint (PAH /water) VIP
conf 1 conf2 conf 1 conf 2 isolated PAH

(kJ.mol™ 1) (eV)
Benzene -62 -94 8.72 9.17 9.45
Naphthalene -80 -112 7.60 7.90 8.19
Anthracene -128 -165 6.89 7.14 7.40
Phenanthrene | -120 -189 7.15 8.14 7.83
Pyrene -152 -163 7.04 7.29 7.41
Tetracene -157 -216 6.62 6.72 6.87
Coronene -169 -234 6.88 7.34 7.22
Ovalene -213 -296 6.38 6.45 6.63

and this is not taken into account in our study as only vertical IPs were computed. We may
note that in the modeling by Woon and Park of PAHs embedded in ice,?* the IP of benzene
to pyrene is lowered by 2.1 - 1.5 eV, the lowering being smaller when increasing the size. This
is done with a PCM (polarizable continuum model) and such lowering is not reproduced in
the present study with a model with an explicit description of water molecules.

Another explanation, and the most plausible one, for the discrepancy with experiments, is
that when the electron is ejected from the PAH, it is transfered to the ice. In experimental
conditions, the electron can indeed recombine with water ice or radicals. To the best of our
knowledge, the fate of the electrons in water ice is not fully understood and both further
experimental and theoretical studies are needed.?® Presently, a way to estimate the energy
for PAH ionization on/in ice, assuming the electron is transfered to water ice, is to remove
from the IP found in the present work the electron affinity of ice (1.65-3.5eV), and this
accounts for the ionization energy lowering found in experiments.?> The characterization of

a charge transfer state PAHT-H20™ is a challenge with a DFTB hamiltonian, as H,O™ is
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not properly described. It is a current methodological issue that is out-of-the scope of this
paper. Actually, it has recently been proposed that the charge transfer from the PAH to the
ice is likely to occur through the population of excited states.% Such hypothesis is currently
being checked by extensive multireference wavefunction calculations on PAH(H20), clusters

and will be the object of a further publication.

4 Conclusion

In this work, we propose to model PAH on ice with an appropriate DF'TB potential that
includes modified Mulliken charges improving the description of bond polarities. The po-
tential is validated on (H20), and PAH — HyO clusters. The PAH-ice systems are modeled
using a finite-size approach benchmarked on results for infinite systems obtained with a ded-
icated optimized specific force field. The structures and interaction energies are in very good
agreement. Due to the charge delocalization issue in DF'TB, computing ionisation potentials
for PAH-ice systems is not possible. We countered the problem using the C-DFTB approach
to compute the electronic energy of the ionized PAH-ice system, constraining the charge to
be localized on the PAH. The approach was first benchmarked computing vertical ionisation
potentials of pyrene interacting with water aggregates and comparing the results with MP2
values. This showed that the use of the charge constraint was mandatory to obtain reliable
IP values for PAH-ice systems. The small IP variation found with our calculations - maxi-
mum amplitude of ~ 1.4eV including all PAH-ice duet- does not appear sufficient to account
for the energy lowering of 2eV found in the experiment to ionize PAH adsorbed on ice, and
this calls for further studies. This study is expected to have an impact in astrochemistry, in

particular for astrochemical models of gas-grain interactions that need reliable input data.%
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Figure 1: DFTB most stable geometries of water-pyrene clusters (ng,0o=1-6, 13) found
following the method described in section 2.2, and computed VIP’s values at the C-DFTB,
DFTB and MP2 levels of theory. The number in parenthesis indicate the partial charge
on the pyrene entity, within the molecular cation, at the geometry of the optimised neutral
cluster, with the DF'TB approach.
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(c) Pyr/LDA, -86 kJ.mol !

Figure 2: DFTB optimized pyr/ice geometries when E;,(pyr/ice) is minimum for the three
ices Ic (a), Ih (b) and LDA (c). The interaction energy for each configuration is reminded
below each represented structure. The OH dangling bonds are represented with white balls.
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Figure 3: PAH-ice interaction energies (absolute values) : comparison between DFTB and
FF (GOCPAH) values
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Figure 4: First order dependence of DFTB PAH-ice adsorption energy on the numbers of C
and H atoms as a function of the number of C atoms for Ih (red) and LDA (green) ices. IL
FAUT EXPLIQUER CE QU’EST R2 DANS LA LEGENDE.
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Figure 5: C-DFTB vertical ionisation potential of pyrene adsorbed on water ice for the 50
optimized DFTB geometries (blue : LDA, red : Th, green: IC, cyan: bare pyrene)

32



Figure 6:
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Geometries corresponding to the configuration numbers reported in Figure 3

??Figh?? (number in parenthesis) that lead to the maximum (Max) or minimum (Min)
IP. The H of the dangling OH pointing towards the PAH are represented with balls.
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Figure 7: Correlation laws established between VIP values (C-DFTB) and pair interaction
energies (GOCPAH force field).
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(a) Example of solvated pyrene.

The

molecules in blue are frozen, the others are
relaxed during the optimization.

(b) Configuration 1 of solvated pyrene
for which the interaction energy is -163
kJ.mol~!. The VIP is 7.29 eV.

(c) Configuration 2 of solvated pyrene
for which the interaction energy is -152
kJ.mol~!. The VIP is 7.04 eV.

Figure 8: Solvated pyrene geometries. Dangling OH bonds of water molecules interacting
with carbons are represented with white balls. Configuration 1 (resp. 2) contains 122 (resp.
116) water molecules allowed to relax during the relaxation process), and 201 (resp. 206)

frozen water molecules.
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