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ABSTRACT

We present a study on the adsorption and desorption of molecular oxygen (O) on highly oriented pyrolytic graphite and coronene films
deposited on it. To this end, density functional theory calculations were performed and experiments were made using the FORMOLISM
device, which combines ultra-high vacuum, cryogenics, atomic or molecular beams, and mass spectrometry techniques. We first studied the
desorption kinetics of dioxygen (O2) on a coronene film and graphite at 15 K using the thermally programed desorption technique. We
observed that the desorption of O, occurs at a lower temperature on coronene than on graphite. We deduce the binding energies that are
12.5 kJ/mol on graphite and 10.6 kJ/mol on coronene films (pre-exponential factor, 6.88 x 10** s™'). The graphite surfaces partially covered
with coronene show both adsorption energies. In combination with theoretical density function theory (DFT) calculations using graphene
and coronene as surfaces, we observe that the experimental results are in good agreement with the theoretical calculations. For the adsorption
of the O, molecule, two orientations are possible: parallel or perpendicular to the surface. It seems that O, is best bound parallel to the surface

and has a preference for the internal sites of the coronene.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087870

I. INTRODUCTION

The discovery of several carbon allotropes (graphene, fullerene,
and carbon nanotubes) in recent years has made these elements
some of the most studied at the moment by the scientific com-
munity. Carbon-based nanomaterials possess outstanding physico-
chemical properties, such as high thermal and electrical stability,
corrosion resistance, and good thermal conduction. Thanks to these
unique properties, carbon nanomaterials are used in various fields.
However, as these materials usually consist of one or more atomic
layers, their properties are extremely sensitive to environmental dis-
turbances. Previous studies have suggested that exposure to gases,
for example, has significant effects on their electrical and optical
properties." ~ Among the adsorbates, oxygen (O,) is one of the most
important because it not only does alter the properties significantly
through doping but is also the second most abundant gas in the
atmosphere and is therefore very likely to affect the performance of
materials.”* The interaction of O, with graphite has been extensively
studied by various techniques.”’

Experimental studies conducted using the thermally
programed desorption (TPD) technique have shown that molecular
oxygen is physisorbed on graphite with an activation energy of
12 kJ/mol.” Similarly, the photoemission spectra of the core levels
also show no chemical changes or signs of charge transfer from
O3 to graphite.” On the theoretical aspects, functional calculations
of gradient-corrected density and spin polarization showed the
absence of any type of charge transfer between O, and graphite.”"’
These studies suggest that the dominant interaction of molecular
oxygen with carbon is of the van der Waals type and does not result
in significant charge transfer for weakly adsorbed oxygen. The
reason for this non-reactivity is the energy imbalance of a few tenths
of eV between the unoccupied states of O, and the valence band
of graphite. Therefore, a transformation of the unoccupied oxygen
state is necessary for any reaction between the oxygen and the
graphite surface to occur. It has been proven that a kinetic barrier
prevents any lowering of oxygen states if the oxygen molecules
are physisorbed at defect sites, such as gaps, folds, and edge
planes.''
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The typical desorption temperature of O, on graphite is less
than 45 K in the context of the laboratory. These temperature
ranges do not have many terrestrial applications, but in the vari-
ous interstellar or circumstellar environments, these temperatures
are frequently encountered. In space, carbon also takes different
forms, such as diamond, graphite, polycyclic aromatic hydrocarbons
(PAHs), and amorphous carbons. Diamond and graphite are the
two crystalline forms of carbon. Graphite is composed of an infi-
nite number of aromatic planes parallel to each other. PAHs are
a family of molecules composed of at least two aromatic rings to
which hydrogen atoms are linked. They constitute a reservoir of
carbon representing about 10% of the galactic carbon budget'* and
represent the largest geometric area of the grain distribution.”” "
As such, they can participate in the depletion of the gas phase by
sticking species on their cold surface very efficiently cooled by radia-
tive transfer. The accretion of gaseous species is also accompanied
by catalysis on the surfaces.'® In the case of Oy, it is transformed
into water by the very abundant hydrogen atoms.'”*' The accretion
also corresponds to a depletion of the gaseous matter more easily
observed and, once disappeared from direct observation, remains
an enigma for astrochemistry. It is therefore important to know the
desorption energies of species from PAHs, such as coronene and its
archetype.

In this paper, we continue with the theme of the interaction of
O, with carbon allotropes, and we will focus on the interaction of O,
with coronene as a representative of polycyclic aromatic hydrocar-
bons (PAHs). There are two previous experimental studies closely
related to our work: one is the study of the adsorption of PAHs on
graphite’>”’ and the other is the adsorption of O, on graphite.”"”
However, no attention was paid to the adsorption of O, on the
PAHs. Here, we will study the adsorption of molecular oxygen on
these two substrates (graphite and PAH) using the temperature pro-
gramed desorption (TPD) technique and compare them to quantum
calculations.

Il. EXPERIMENTAL METHODS

The experiments were carried out using the FORMOLISM
Ultra-High Vacuum (UHV) setup with a base pressure lower than
1 x107'° mbar. This device is briefly described here, and more details
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can be found in Ref. 24. The sample holder consists of a 1 cm dia-
meter copper block mounted on a cryostat, covered with highly
oriented pyrolytic graphite (HOPG, ZYA grade). A thermal switch
is installed between the copper block and the cryostat. The sam-
ple temperature can be controlled between 10 and 780 K by means
of a resistive heater that counterbalances the cooling power of the
cryostat. HOPG has been cleaved several times using the “stripping
tape” method at room temperature. This gives a surface made of sev-
eral large terraces (micrometer scale) that contains limited defects
and stepped edges. HOPG was cleaved in air immediately before
being inserted into the vacuum chamber. It was mounted directly
on the copper block using silver glue that resists high temperatures.
Then, it was degassed by repeated heating cycles and annealing at
Tmax = 750 K. Previous studies reported that a HOPG heat
treatment at greater than 700 K can clean the surface in UHV
experiments.”” >’

A retractable crucible is installed on the UHV chamber. It is
used to deposit the coronene (>99% purity, Sigma-Aldrich) on the
surface. The crucible is heated to 420 K to obtain a gentle evapo-
ration of the coronene. A mobile screen can intercept the effusive
beam of coronene and allows precise control of the deposition time.
The crucible is thus positioned at 2 cm away from the HOPG sur-
face. Between the deposits, the crucible is retracted into its own
vacuum chamber to maintain a low background pressure in the sam-
ple chamber. Thus, a minimum of coronene molecules pollutes our
main chamber, and the partial pressure of coronene remains very
low. For the following, when we refer to the coronene surface, it is a
coronene film deposited on the graphite.

The molecular oxygen is sent to the surface through a colli-
mated molecular beam. Thanks to the three stages of differential
pumping, the increase in the pressure in the main chamber is
not detectable when the sample is cold. The O, flux is 3.3 x10'?
(mol/cm?)/s. When depositing Oz on graphite (or coronene), the
surface is maintained at 15 K. After deposition, the quadrupole
mass spectrometer (QMS) is lowered and positioned 5 mm directly
in front of the surface in order to proceed with Temperature
Programed Desorption (TPD). The surface is heated from 15 K
to 60 K, with a constant heating ramp f = 0.2 K/s for all experi-
ments. For the following, the temperature always refers to the surface
temperature.

(a) (b)

ams FIG. 1. Schematic representation of
s . our experiments. Top: O,/HOPG exper-
iment: (a) annealing of HOPG at 750

and (b) O, deposited on HOPG at low
temperature (15 K); after the deposi-
tion, a TPD of O,/HOPG is performed

from 15 to 300 K. Bottom: O, on the

Ca4H12 experiment: (c) Cp4H1, deposited

QMs
°

on HOPG at room temperature and (d)
deposition of O, on CyHq, at low tem-
- perature; after the deposition, a TPD
of 0,/Cy4H1 is performed from 15 to
60 K and O, molecules are completely
desorbed from the coronene film. The
red and yellow spheres are the O, and

ki el

Co4H12 molecules, respectively.
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Figure 1 illustrates the sequence of the experiments. After
annealing at 750 K the graphite substrate, the coronene film is
deposited on the HOPG surface held at 280 K. The sample is cooled
to 15 K, and a variable amount of O, is deposited. The TPD profiles
of O, are recorded up to 60 K. The same coronene film can be used
several times, and the temperature never rises above 200 K. There is
no evidence of any chemical activity (reaction) between O, and the
coronene film. The same amount of O, is desorbed from coronene
or the graphite surface, indicating a similar sticking coefficient and
no chemical loss. The coronene film is completely desorbed above
500 K.**

lll. EXPERIMENTAL RESULTS
A. O, adsorbed on the graphite surface

Figure 2 shows the desorption curves of O, as measured by the
QMS signal for several exposure doses (0.44 ML, 0.86 ML, 1.7 ML,
4.4 ML, 7.3 ML, and 11.5 ML) of molecular oxygen deposited on
the graphite at 15 K. Two desorption peaks are observed at about
42 and 30 K, which we call Ag and B, respectively. At low expo-
sure, desorption shows that only peak Ag is present, centered around
42 K. This TPD peak is attributed to the strong interaction of O,
molecules with graphite. The molecules occupy the most favorable
adsorption sites in terms of energy and are closely bound to the
graphite surface, desorbing late from the surface at temperatures
up to 42 K. We therefore attribute this desorption peak Ag to the
sub-monolayer regime. As exposure increases, a second characteris-
tic peak, called the B peak, begins to appear at lower temperatures,
centered around 30 K. Molecular oxygen is forced to gradually pop-
ulate the less bound sites of the graphite, and/or to start a new layer,
or at least to interact with other oxygen molecules already present
on the surface.

0,9
084 B —— 0,44ML
o 0,86ML

2 074 1,7ML

g J —— 4,4ML

= 064 —7,3ML

S 1 — 11,5ML

3 05+

[o] J

3

9 044

= |

o 0,34

© J

T o2

1 A
N /?\
0,0 T T T T T T
20 30 40 50
Temperature (K)

FIG. 2. TPD profiles of O, desorbing from highly oriented pyrolytic graphite with
a heating rate of 0.2 K s=" for different doses. Ag refers to the sub-monolayer
desorption from graphite, whereas B refers to the second/multilayer desorption
peak.
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If the exposure of O, is further increased (7.7-11.5 ML), we
observe that the leading edge of the TPD curves stops moving to
lower temperatures, which means that all adsorption sites seem
equivalent, and any new incoming molecule is adsorbed on the first
layers of molecules already adsorbed on the surface. In this case,
the TPD curves show a desorption of order 0, and the maxima of
the desorption peaks increase and start to move to higher tempera-
tures with increasing doses. Our results are consistent with those of
Ref. 7 that observed the desorption of O, on HOPG grade ZYB
graphite (lower grade).

B. O, desorbing from coronene films

Since coronene molecules adsorb parallel to the graphite sur-
face, it is possible to make a film made of a single layer of coronene.””
Following the work by Thrower et al., >* we obtain this complete
layer by depositing slightly more coronene than required and make
the excess desorb by annealing at around 350 K. Later, we will build
a partial layer by exposing only half of the required time to obtain a
complete layer.

Figure 3(a) shows the molecular oxygen desorption curve on a
coronene film (1 ML) at 15 K.

It is to be noted that the O, exposures on coronene have been
made under identical conditions to those of the deposits on graphite
whose TPD is also shown in Fig. 3(b). For the coronene film, we also
observe the two desorption peaks (A and B) previously reported in
the case of O, on graphite, but this time, we find that the desorp-
tion of O, on the coronene desorbs between 32 and 38 K, which
are lower temperatures than those observed for the graphite sur-
face desorption. It can be seen that O, sublimates earlier on the
coronene film than on the graphite. We conclude that the molecu-
lar oxygen adsorption sites are less bound on the coronene film than
on the graphite, and we must keep this in mind as we will discuss
it in Sec. IV when we analyze the interaction energies between this
molecule and the substrate.

The green curves in Fig. 4 represent the TPDs of O, on the
graphite partially covered with coronene. For comparison, these
curves are superimposed on the TPD spectrum for the desorption of
O, on the graphite fully covered with coronene (the blue curve) and
the one on the graphite (the red curve) at 15 K. Focusing on the green
curve, we observe three desorption peaks in three distinguished
regions corresponding to B, Ac, and Ag, respectively.

In region B, between 24 and 32 K, measurements indicate that
no significant change was observed at very low temperatures at the
desorption of O, compared to the other two curves. On the other
hand, for temperatures above 32 K in the Ac regions, we observe
that there is a clear reduction in the contribution of O, desorbing
from the coronene. The area of the green curve represents about two
thirds of the blue desorption curve of O, on graphite completely cov-
ered by a layer of coronene. This missing third desorbs later from the
graphite surface at the Ag peak. This indicates that the adsorbed O,
is distributed between the coronene and the graphite and is likely to
diffuse from the coronene surface to the graphite substrate and vice
versa. This diffusion can occur during the heating phase of the sam-
ple where the molecules prefer to occupy the more energetic sites.
Similarly, even if one increases the exposure of O on this mixed sur-
face, this does not lead to a noticeable saturation on the surface. We
note that in this experiment, the molecular oxygen adsorption sites
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FIG. 3. (a) TPD of O, desorbing from a complete coronene film. The differ-
ent exposure times to O, are shown in the legend. (b) Same experiment on
graphite. Ag refers to the sub-monolayer desorption from graphite, and A¢ to
the sub-monolayer desorption from a coronene film, whereas B refers to the
second/multilayer desorption peak.

are less strongly bound on the coronene film than on the graphite
and that, on the other hand, this method allows us to diagnose sen-
sitively the formation of the complete monolayer of coronene on
the graphite, and validates, by another method, our previous calibra-
tion. Finally, we note that TPD peaks are well separated and do not
exhibit broad features as, for example, always seen with physisorbed
adsorbates on water ice substrates, even crystalline ones.” ' Despite
the fact that there should be steps due to the non-continuity of the
coronene film on the graphite, we do not detect them, so we con-
clude that they are not favorable adsorption sites, and therefore,
they should have a binding energy lower than the multilayer binding
energy.
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FIG. 4. TPD spectra of O, desorbing from different substrates: HOPG (red curve),
complete coronene film (blue curve), and partial coverage of the coronene film on
graphite (green curve): (a) 1.7 ML of O, and (b) 4.4 ML of O,.

IV. THEORETICAL CALCULATIONS

In this section, the interaction between a graphenic surface
and the O, molecule and between an O, molecule and a coronene
deposed on a graphenic surface are calculated by Density Func-
tional Theory (DFT) using the Quantum Espresso package.‘”'}‘% The
van der Waals functional (vdW)***® is used for the description
of the exchange-correlation terms. Ultra-soft pseudopotentials are
used. The kinetic energy cutoff is 50 Ry for the wave function and
350 Ry for the charge density. The basis functions in DFT codes
can be a Gaussian® or planewave’”” basis set. In the Quantum
Espresso code,””” the basis functions are planewaves. In Gaussian
DFT, the basis functions are local atomic orbitals. Only localized
orbital approaches have problem with the basis set superposition
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errors (BSSE)*”*" in DFT calculations; therefore, we should avoid
this problem in the present study.

For the interaction between the coronene and the graphenic
surface, the vdW-DF-CX’° functional has been used. The DFT cal-
culations are carried out for a 7 x 7 graphene supercell, including
98 carbon atoms for the graphenic surface and 36 atoms for the
coronene (C4Hi2) and 2 oxygen atoms for the dioxygen molecule
using 4 x 4 k-points. As seen in a previous paper,’’ the vdW-
DF-CX functional allows obtaining interaction energy between the
coronene and the graphenic surface of —1.74 eV at a large distance of
3.24 A, in good agreement with the results reported in the study by
Thrower et al.”>** This equilibrium geometry is obtained for an AB
stacking””"" as seen on the right part of Fig. 5.

For the interaction between the graphene surface and the
0O, molecule, the vdW-DF-CX functional® has also been used to
compare with our previous calculations (O, on coronene on the
graphene surface) and to take into account the physisorption of the
O molecule at a large distance. The DFT calculations are carried
out on a 3 x 3 graphene supercell, including 18 carbon atoms for the
graphene surface and 2 atoms for the dioxygen molecule using 6 x 6
k-points.

For the O,/graphene system and for O, on coronene deposited
on the graphene surface, the interaction energy is calculated as
follows:

AEi: = EOz/surfuce — €Ecoronene — EOZ» (1)

where Eo, is the energy of the isolated O, molecule, Ecoronene is the
energy isolated coronene molecule, and € is 1 in the case of O, on
coronene deposited on the graphene surface and 0 in the case of the
O,/graphene system.

\‘1///\\23 // .
il \22/ S
\‘\’ /G\\’///B ‘ N
b e /T\

16 4 10
_B_ S ‘
7 \ N // R
15 il 1
wa | B e

FIG. 5. Left (in purple): adsorption sites for the O, molecule on the graphenic
surface: top site (T) above the carbon atom, bridge site (B,) between two carbon
atoms, and hollow site (H) in the center of the hexagon. Right: coronene deposited
on the graphenic surface. Red and black: inner edge sites above the top (red) or
hollow (black) site of the graphite. Yellow and purple: outer edge sites above the
top (yellow) or hollow (purple) site of the graphite. Teal and blue: center sites above
the top (teal) or hollow (blue) sites of the graphite. Letters indicate the bare top site
of the graphenic surface.
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TABLE I. Interaction energy of O, with the graphenic surface as a function of the
orientation of the dioxygen molecule and the adsorption site.

O, orientation Site (Fig. 5) AE;,: (kJ/mol)

Parallel T —14.964
Parallel B, —13.758
Parallel H -13.720
Perpendicular B, -11.597
Perpendicular T -11.529
Perpendicular H -12.205

For the adsorption of the O, molecule, two orientations are
possible: parallel or perpendicular to the surface. On the graphenic
surface, we have tested several adsorption sites: top site above a car-
bon atom, bridge site between two carbon atoms, and hollow site in
the center of the hexagon, as seen on the top left part of Fig. 5. In
Table I, the adsorption energies of the O, molecule on a graphenic
surface as a function of the orientation of O, parallel and perpendic-
ular to the surface for each adsorption site are reported. The most
stable molecule is obtained for the parallel orientation in the top
site (~—15.0 kJ/mol), whereas hollow and bridge sites have slightly
lower binding energies (~—13.7-8 kJ/mol) also for the parallel orien-
tation, which is, as intuition expects, the more favorable orientation.
In these calculations, the distance on the graphite surface is higher
than 3 A whatever the adsorption site.

The coronene is adsorbed on the graphene surface in AB stack-
ing. Several coronene sites are identified: outer edges sites (15, 17,
21, 23,9, and 11 in Fig. 5), inner edges sites (19, 13, and 7 in Fig. 5),
and center sites (1, 3, and 5 in Fig. 5) above a top site of the graphite;
outer edge sites (20, 24, 8, 12, 14, and 18 in Fig. 5), inner edge sites
(16, 10, and 22 in Fig. 5), and center sites (2, 4, and 6 in Fig. 5)
above a hollow site of the graphene surface. In Table 11, the adsorp-
tion energies as a function of the orientation of the O, molecule
and for different sites of the coronene are reported. The most sta-
bles of O, molecule adsorption are also obtained for the parallel
orientations. For one coronene site, the adsorption of O, is not influ-
enced by the site hollow or top of the graphenic surface. The most

TABLE II. Interaction energy of O, with the coronene deposited on the graphenic
surface as a function of the orientation of the dioxygen molecule and the adsorption
sites.

Orientation Site (Fig. 5) AE;n (kJ/mol)
Parallel 2 —-13.1509
Parallel 3 -13.0930
Parallel 18 -10.4204
Parallel 17 —-10.5072
Parallel 16 —-11.7036
Parallel 19 -10.8546
Perpendicular 2 -9.8125
Perpendicular 3 -9.5231
Perpendicular 18 -6.8601
Perpendicular 19 -8.3652
Perpendicular 21 -6.3680
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stable O, molecule adsorption is obtained for the center site of the
coronene whatever the hollow or top site of the graphenic surface.
As seen on the graphene surface, the physisorption distance of O, on
the coronene deposited on the graphenic surface is also higher than
3 A whatever the adsorption site.

V. DISCUSSION

In order to describe the desorption kinetics, it is necessary to
determine the surface coverage in terms of the number of adsorbed
monolayers (ML) that result from a given exposure to the gas of
interest. To determine the coverage for a given TPD trace, we note
that the mass spectrometer signal for a desorbing species is directly
proportional to its desorption rate. The TPD O, spectra on HOPG
are thus analyzed using simple Arrhenius kinetics of the type,”">**

dN n Ees
r(T) = T AN exp—(kl':T), (2)

where r(T) is the desorption rate (molecule cm ™2 s7Y), N is the num-
ber density of molecules adsorbed on the surface (molecule cm™
s™), nis the order of the desorption kinetics and corresponds to the
stoichiometric coefficients, i.e., the number of reagents necessary to
activate the desorption reactions, and is equal to 1 in our case. A is
the pre-exponential factor (s71), kg = 1.38 x1072*J K™ ! is the Boltz-
mann constant, T is the temperature of the surface (K), and E; is the
activation energy for desorption (J). We remind a useful conversion
of energy units (1 kJ mol™'-120 K/kg).
We can invert the equation and obtain

Eges = kgT ln(A:zr;?) ) 3)

To calculate the desorption energy Eg., Eq. (2) is solved using
an experimental TPD spectrum with different coverages. We thus
took A = 6.88 x 10" s7' following the method proposed in
Refs. 45 and 46.

Using this pre-exponential factor, we calculate the bind-
ing energy of molecular oxygen adsorbed on graphite, which is
12.5KkJ/mol. Our value is in good agreement with the value estimated
by Ulbricht,'” which was 12 kJ/mol for a pre-exponential factor of
A = 6.88 x10' 57!, Using Eq. (7) of Ref. 47 made to compare
two couples of binding energies and pre-exponential factors, we
conclude that the matching is excellent.

In the same way, we study the desorption energy of O, on the
coronene (deposited on the graphite) using also the same method of
inversion of the equation of Polanyi-Wigner. We find that the des-
orption energy of the O, of the coronene is equal to 10.6 KJ/mol
(A = 6.88 x10" s7!). The comparison of these desorption energies
shows that O, is more strongly bound to graphite than to the
coronene film, as expected. We note a difference in the desorption
energy of —1.9 kJ/mol between the coronene film and graphite. The
value of the binding energy of the O, multilayer will be useful later.
The measurement has been reported many times (see Table 2 in
Ref. 31). Using the pre-exponential factor of 6.88 x10'* s, it gives
a binding energy of 9.1 kJ/mol. Adsorption sites with lower binding
energies will not be detectable in TPD experiments.
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In Tables T and II, we have summarized the O, adsorption
energies on graphite and coronene obtained from theoretical calcu-
lations. For O, interacting with a graphite surface, the most stable
adsorption energy (minimum energy) is for the molecule parallel to
the surface with an energy ~14 kJ/mol, and this energy varies slightly
with the position of the molecule on the surface, which has very lit-
tle or no corrugation. For O, on coronene adsorbed on a graphite
surface, we notice that the adsorption energy of the O, molecule
parallel to the coronene is lower than for the molecule perpendic-
ular to the coronene surface, like in the simpler case of adsorp-
tion on graphite. Therefore, the orientation of the O, molecule
is probably not the origin of the difference in desorption energy
measured, as the effect is about the same on the two substrates
and that each time the parallel configuration is found to be more
stable.

The position of the molecule is more sensitive. O, is
more bound when it adsorbs at the center of the coronene
(sites 2 and 3) than at the edges of the coronene (sites 16, 17, 18,
19, and 21), and the adsorption energy varies from 13.15 kJ/mol
to 10.42 kJ/mol (parallel O,) and 9.81 to 6.86 kJ/mol (perpen-
dicular O;). Therefore, the O, molecule on coronene adsorbed
on a graphite surface, and little effect is observed depending on
whether the adsorption site of the molecule on the coronene is on
a top site of graphite or a hollow site of graphite. It is also found
that the most stable equilibrium geometry (energy minimum) is
13.09 or 13.15 kJ/mol for parallel O, adsorbed on the deposited
central ring of coronene and is 14.96-13.72 kJ/mol for O, on
graphite.

We now compare experimental results where a single value of
desorption energy for each substrate is found, with the multiple val-
ues of the adsorption energy calculated. It is difficult to compare
static, state-by-state results from calculations with dynamical mea-
surements and averaged results from experiments. The first remark
is that globally we find that both the calculated binding energies
and the measured desorption energies show that the interactions are
weaker on the coronene film than on graphite. However, the experi-
ments do not show distributions of energies, in particular when there
is an incomplete film of coronene. In this case, the TPD curves are
still well peaked and do not really exhibit broadened profiles. It is not
a limitation of the technique as we could measure the distribution of
binding energies for amorphous substrates.”" "’

The second remark to make is that the absolute calibration of
the energies for the calculations is more uncertain than the relative
deviations. Taking into account the possible discussion on the choice
on the pre-exponential factor A, which, in turn, affects the deter-
mination of Eg, also for experiments, the difference in desorption
energies is particularly meaningful. This is why we will pay specific
attention to the difference of energy between the two surfaces. To
push forward the comparison, we will now study 3 possible ways to
make comparisons.

For the first scenario, we calculate the arithmetic average of
the O, adsorption energies (parallel and perpendicular) on graphite
and coronene from Tables I and II. We find 12.95 kJ/mol for the
arithmetic average of O, on graphite and 10.06 kJ/mol for O, on
coronene. For this hypothesis, we note that the O, adsorption energy
values for these two surfaces are very close to the experimental values
although the difference is certainly higher (almost 3 kJ/mol instead
of 2).
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For the second scenario, we are only interested in the parallel
configuration because the perpendicular geometry is systematically
less bounded than the parallel geometry, and some binding ener-
gies of the perpendicular geometry have values lower than the limit
of the multilayer binding energy and therefore are not measurable.
Of this effect, we believe that the O, configuration parallel to the
surface is energetically more favorable to our experimental result.
However, since we start to select the adsorption configuration, we
also need to discuss if all sites will be equally populated. The case
of the coronene film is the most complicated. For the adsorption of
the O, molecule on the surface of the coronene, the molecule can
choose the best adsorption sites on the center of the coronene ring
(with E = 13.09 kJ/mol or 13.15 kJ/mol). However, this type of site
is rare because there is a greater probability of adsorption on the
sites located at the edges of the coronene, which are 6 times more
numerous than the central cycle sites, as we can see in Fig. 5. The
central ring of coronene has 6 adsorption sites; the teal sites (2; 4; 6)
and blue sites (1; 3; 5) correspond to the adsorption energies of 13.15
and 13.09 kJ/mol, respectively. Similarly, the sites located on the
edges present 18 adsorption sites (6 sites in yellow, 6 sites in pur-
ple, 3 sites in red, and 3 sites in black). These outer sites have an
average binding energy of 10.73 kJ/mol. Finally, for the average of
the parallel configuration, weighted by the number of adsorption
sites, we find an adsorption energy that is equal to 11.29 kJ/mol.
For graphite, the weighted arithmetic average of the parallel con-
figuration gives 13.91 kJ/mol. Of course, these values are higher
than for the arithmetic average since we have removed the per-
pendicular geometry cases that have a lower binding energy. This
second scenario allow us to understand that in experiments, the
signal is possibly dominated by the edge sites of coronene that
present a lower adsorption energy; these sites do not benefit from
the infinite and symmetrical surface character of graphite. We note
that the difference is closer to what measured than in the first
scenario.

The last scenario is the following: we agree that the parallel O,
configuration is the most stable. We take the most stable value of
O, on graphite and coronene, which is of 14.96 and 13.15 kJ/mol,
respectively, and obtain a difference of 1.81 kJ/mol. If we compare
these theoretical and experimental values, we see that the theoretical
desorption energy is higher than the experimental value but has a
good agreement for the difference.

In fact, none of the ways of comparing the static calculations
and the dynamic result of the experiment is fully satisfactory even if
each of these approaches makes it possible to highlight a particular
point. Nevertheless, the difficult point to reconcile is the appar-
ent single binding energy measured for both partial and complete
coronene films, whereas calculations and common sense indicate
that there are different adsorption sites and that one should there-
fore be able to measure a binding energy distribution, which is not
the case. The coronene films, even incomplete, do not act as a topo-
logically disordered surface, such as crystalline water, which exhibit
binding energy distribution.*”® Despite the necessary present steps
between two coronene molecules on incomplete films, this does not
provide favorable adsorption sites. There would be no O, molecule
adsorbing on the steps caused by the coronene boundary. Moreover,
calculations are made with isolated molecules and fully neglect lat-
eral interactions of adsorbates that should play an important role in
experiments.
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It is therefore possible that during sublimation, the oxygen
molecules organize themselves into clusters of molecules above each
coronene molecule. The O, molecules would also be organized in a
“crown” around the central molecule above the central site. Thus, the
apparent difference in the binding energy of coronene and graphite
films would be the difference of the lowest adsorption site, and in
both cases, lateral interactions would add geometrical constraints on
other adsorbates, slightly reducing the effective binding energy of the
O, film or cluster. Of course, all this remains speculative.

VI. CONCLUSION

We have studied the adsorption and desorption of O, from
graphite or coronene films. The desorption peaks observed after the
TPD of O, adsorbed on bare graphite or on a full or partial layer
of coronene deposited on graphite are sharp and narrow and corre-
spond to desorption energies of 12.5 and 10.6 kJ/mol (graphite and
coronene, respectively; A = 6.88 x 10 s_l). Thus, the adsorption and
desorption of O, can be used as a sensitive means of assessing the
coverage of coronene on graphite since the two characteristic peaks
are modulated in intensity as a function of coronene coverage.

Quantum calculations were performed, and it was found in all
cases that O; has a higher binding energy when adsorbed parallel to
the surface. The binding energy is greater for sites above the inner
part of the coronene molecule. The graphite on which coronene is
adsorbed has a very small influence on O, adsorption. Although the
calculated binding energy values are slightly higher than the mea-
sured values, they are in good agreement and confirm that the O,
adsorption sites on the edge or steps of the coronene adsorbed on
graphite have a lower binding energy and so do not contribute to
the desorption signal.
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