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a b s t r a c t

The formation of organic molecules of the type XHn, where X is H, C, N and O and n = 1 − 4, on the
hydrogenated surface of a polycyclic aromatic hydrocarbon flake (coronene) has been examined in
detail with the CATIVIC parametric quantum chemical code. Hydrogen chemisorption on different sites,
surface–adsorbate bonding properties and layer formation are studied. The interactions of H, O, N and C
on one-center sites of the H-saturated monolayer give rise to the formation of free H2, OH and NH while
the CH molecule remains attached to the surface. Reactions on two-center sites lead to the formation of
the free triatomic molecules H2O, NH2 and CH2. One-center interactions of OH, NH, NH2, CH2 and CH3

also result in the respective formation of H2O, NH2, NH3, CH3 and CH4. We find that the reactions of atoms
and small molecules with the hydrogenated coronene surface in most cases must overcome relatively
high energy barriers in order to lead to reaction products.
eywords:
emi-empirical models and model
alculations
odels of surface chemistry reactions

hemisorption
olecular formation
rganic molecules

© 2009 Elsevier B.V. All rights reserved.
olycyclic aromatic hydrocarbons

. Introduction

Molecular formation in the interstellar medium (ISM) is a topic
f astrochemical interest and the possible starting point of life from
xtraterrestrial origins [1]. Organic molecules can be synthesized
n dust grains built of nano- and micro-aggregates containing poly-
yclic aromatic hydrocarbons (PAHs) [2]. Experimental studies of
SM conditions are difficult because of the very low temperature
nd pressure and long reaction times. For this reason, quantum
hemical modeling may be a useful tool in the understanding of
olecular formation routes.
Atomic interactions with graphitic surfaces modeled with

mall PAHs have been previously explored using semi-empirical

pproaches [3–6], including the important surface formation of
olecular hydrogen by the Eley–Rideal mechanism [7]. The astro-

hemical efficiency of the latter is supported by correlation
etween H2 and PAH emissions in UV-dominated regions [8,9].
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Hydrogen recombination on the graphitic surface has been con-
firmed with the density-functional-theory (DFT) approach and a
smaller model (C10H+

8 + H) [10] and with anthracene and pyrene
substrates [11]. The atomic hydrogen interactions on the central
sites and edge of naphthalene, anthracene, pyrene and coronene
cations have been examined with DFT and the spin projected
MP2 (PMP2) methods, finding a very small activation energy for H
abstraction during H2 formation [12]. Chemisorption of C, N and O
on different surface sites of PAH flakes, namely coronene (C24H12),
has also been reported [13]. More recently, many DFT calculations
have been carried out to study H adsorption, multiple adsorption,
recombination, surface relaxation on graphite surfaces [14–26].
However, molecular formation on the hydrogenated graphite sur-
face has not been treated which is relevant in the chemistry of
interstellar grains since the latter are usually in an H-rich envi-
ronment.

The assembly of larger organic molecules on PAH flakes
(coronene and circumcoronene), e.g. amino acids (glycine and ala-
nine), monocarboxylic acids and polyols, has been studied with

parametric methods [27,28]. It has been found that polymer
length is determined by the competition between surface diffu-
sion and hydrogenation. Many of these molecules such as glycine,
acetic acid and sugar have been reported in ISM observations
[29–31].
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In the present work, we study the formation of the interme-
iate fragments involved in organic synthesis where H surface
overage is determinant. The CATIVIC parametric package [32],
odified to explore surface processes such as docking and diffu-

ion, has been employed. Potential energy curves are calculated,
nd several molecular and surface properties are analyzed in
rder to understand the formation and adsorption of diatomic,
riatomic and multi-atomic molecules. A brief description of the
ond strength method and surface models is presented in Section 2.
hanges in hydrogen adsorption properties with coverage growth
re discussed in Section 3, together with the formation of diatomic
nd triatomic molecules and their corresponding potential energy
urves. Finally, comments and conclusions are summarized in Sec-
ion 4.

. Method and surface models

Calculations have been performed with a parametric method
eferred to as CATIVIC [32–34]. This code has been designed
o model molecular reactions on surfaces, in particular the
dsorbate–substrate interactions (adsorption process). In quan-
um parametric methods, elementary functionals representing the
otal energy are optimized so as to reproduce observed molecular
eometries and energetic properties [35,36]. The parametric func-
ionals used here are based on the MINDO/SR method [37] which
s an extension of MINDO/3 [38] for transition metals. The pro-
ram evaluates the bond strength (diatomic binding energy EAB) in
erms of the diatomic energy (�AB), monoatomic energies (�A and
B), Mulliken charge, Wiberg index (W) and the equilibrium inter-
tomic distance (rAB). Values of EAB are obtained with the equation
39]

AB = �AB + f AB
A �A + f AB

B �B (1)

here �A is the monoatomic energy and

AB
A = �AB∑

A>C

�AC

, (2)

ubject to the condition that the total binding energy is given by

T =
∑

EAB. (3)

A>B

Following earlier work [7,13,27,28], the selected surface model
s a PAH flake, namely coronene (see Fig. 1). In the case of inter-
tellar grains, this is believed to be an adequate surface model due

ig. 1. Model PAH surface (coronene) with labelled carbon sites. The broken line
ndicates the region where H adsorption is tested.
Fig. 2. Multiple hydrogen adsorption on the coronene surface (eight H atoms)
labelled following their stability.

to their multilayered structure and different degrees of porosity
[40]. Although coronene is able to form aggregates [41], interac-
tions between layers are weak, and therefore the effects of surface
underlayers on atomic chemisorption may be ignored. Adsorption
is examined in the region shown in Fig. 1.

3. Results and discussion

We have carried out a detailed study of multiple hydrogen
chemisorption and its effect on the graphitic surface as well as
the molecular formation resulting from the interaction of atomic
and molecular fragments with the surface covered by a hydrogen
monolayer.

3.1. Multiple hydrogen chemisorption

Firstly, a single H atom chemisorption is analyzed in order to
determine the preferential site. Allowing complete relaxation of
surface model, a grid of calculations with a step of 0.5 Å is performed
on the delimited region of the coronene surface shown in Fig. 1.
Once the most stable adsorption site is found, a second H atom is
added in order to find the next most stable site, and so forth. The
most stable site for a single adsorption is on a surface edge atom
with a complete system (adsorbate–substrate) spin multiplicity of
M = 2S + 1 = 2 (see substrate site C(6) in Fig. 1 and H1 adsorbate in
Fig. 2). For the second H adsorbate (H2), the most stable site is C(1),
i.e. adjacent to the initial adsorption (see Figs. 1 and 2). Now M = 1

even though M = 3 is also feasible but energetically less favorable.

Preferential sites for the rest of the H adsorbates are also
depicted in Fig. 2. They follow a similar pattern: adsorption on
an edge atom followed by the corresponding adjacent site (see
subsequent adsorbate pairs H3 + H4, H5 + H6 and H7 + H8). This is

Table 1
H adsorption on a coronene surface showing changes with coverage.

Coverage Ead �AB EAB W rAB Charge

1H −61.5 −0.412 −93.3 0.90 1.125 −0.04
2H −57.8 −0.425 −96.7 0.94 1.125 −0.04
3H −63.8 −0.413 −93.4 0.91 1.130 −0.04
4H −53.6 −0.426 −96.8 0.94 1.122 −0.04
5H −60.6 −0.406 −91.6 0.92 1.138 −0.06
6H −51.1 −0.407 −90.8 0.92 1.138 −0.05
7H −49.2 −0.400 −90.7 0.89 1.140 −0.05
8H −42.3 −0.414 −90.4 0.94 1.125 −0.05

Adsorption energy (Ead) and diatomic binding energy (EAB) are given in kcal/mol,
equilibrium bond distance (rAB) in Å, and electric charge and diatomic energy (eAB)
in atomic units.
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Table 2
H adsorption effects on coronene bond properties.

Bond rAB EAB W

C(6)–H1 1.125 (−) −93.3 (−) 0.90 (−)
C(6)–H(20) 1.116 (1.108) −98.0 (−97.6) 0.94 (0.94)
C(6)–C(5) 1.508 (1.450) −103.1 (−116.3) 0.97 (1.16)
C(6)–C(1) 1.481 (1.373) −105.4 (−140.4) 1.00 (1.63)
C(5)–C(16) 1.428 (1.451) −126.8 (−116.3) 1.28 (1.16)
C(5)–C(4) 1.464 (1.447) −121.3 (−125.7) 1.21 (1.34)
C(1)–C(2) 1.414 (1.451) −132.1 (−116.3) 1.34 (1.16)
C(1)–H(19) 1.070 (1.070) −97.9 (−97.7) 0.94 (0.94)
H(20)–H1 1.746 (−) 2.2 (−) 0.00 (−)

E
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e
t
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H
H
s
H

d
d
e
c

good agreement with values estimated with the DMol3 code (O.
quilibrium bond distance (rAB) and diatomic binding energy (EAB) are given in Å
nd kcal/mol, respectively. Values in parentheses correspond to the bare surface.

xplained by the fact that odd numbers of H create an unpaired elec-
ron adjacent to the adsorption site due to the breakage of a double
ond, adsorption being thus favored on these sites. The most stable
atoms are thus located on the edge of the PAH compound (H1,

2, H3 and H4) in agreement with previous work [16]. Once edge
ites are saturated, the inner sites are filled with the H5, H6, H7 and
8 atoms.

Values for the adsorption energy (Ead), diatomic energy (�AB),

iatomic binding energy (EAB), Wiberg index (W), equilibrium bond
istance (rAB) and adsorbate charge as a function of substrate cov-
rage are presented in Table 1. In general, Ead and EAB decrease with
overage. There also seems to be a correlation between �AB, W and

Fig. 3. Surface reactions of H, N, C and O on the coronene
talysis A: Chemical 316 (2010) 16–22

EAB: the smaller EAB, the larger W and �AB. In all cases, H adsorption
shows a small substrate to adsorbate electron transfer.

Our result for a single H adsorption of Ead = −61.5 kcal/mol is
in good accord with DFT values previously reported for positively
charged naphthalene, anthracene, pyrene and coronene substrates
[11,12], namely −63.3, −61.9, −61.4 and −56.1 kcal/mol. These
results also agree with recent calculations of H adsorption on
coronene+ with DFT, PW91/DNP functionals and CATIVIC giv-
ing, respectively, −64.6, −61.7 and −60.8 kcal/mol [42]. Present
Ead for a single H atom on sites C(4) and C(5) (see Fig. 1) are
respectively −46.6 and −46.9 kcal/mol. These results are also in
relatively close agreement with those quoted in Ref. [12] of −35.7
and −40.5 kcal/mol, and show that adsorption is stronger on H-
coordinated carbon atoms (carbon edge atoms) than on those
surrounded by three carbon atoms; therefore, H2 formation would
be favored on the latter as will be shown in Section 3.4.

However, we find significant differences in adsorption
energy with previous theoretical work: −13.1 kcal/mol [14],
−17.3 kcal/mol [15] and −18.9 kcal/mol [20]. We have performed
further DFT calculations of H adsorption on the C(1) (edge atom)
and C(4) (central atom) sites of neutral coronene, obtaining
respectively −34.7 and −17.1 kcal/mol. These results are in very
Castellano, private communications), and show that CATIVIC over-
estimates the adsorption energy with respect to DFT. In addition,
by studying H adsorption on the basal plane (0 0 0 1) using periodic
DFT with a pseudo-potential and the Perdew–Burke–Ernzerhof

hydrogenated surface to form diatomic molecules.
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Fig. 4. Potential energy curves for H–H, H–N, H–C and H–O bond formation.

orrelation functional [43], adsorption energy values very similar
o this work (≈ −60 kcal/mol) have been obtained [21]. A close H
dsorption energy of about −55 kcal/mol has also been reported
23]. Nevertheless, the adsorption gradient is in accord: adsorption
n the edge is stronger than on a central site. Our calculated
quilibrium bond distances (rAB) of H above the surface C atom
1.122–1.140 Å) are very similar to those reported in the DFT
alculations: 1.15 Å [14] and 1.129–1.141 Å [15].

.2. Surface distortion due to H chemisorption

An analysis of Ead as a function of adsorbate–substrate bond
trength, evaluated in terms of EAB, provides a measure of substrate

econstruction due to adsorption. For example, H1 adsorption on
(6) leads to Ead = −61.5 kcal/mol and EAB = −93.3 kcal/mol. This
iscrepancy of 31.8 kcal/mol may be explained by considering
hanges in the carbon lattice due to H adsorption. Local modi-
cations (rAB, EAB and W) of the coronene surface atoms due to

Fig. 5. Surface reactions of N, C and O on the coronene h
talysis A: Chemical 316 (2010) 16–22 19

hydrogen adsorption are presented in Table 2. It is clear that H1
adsorption increases rAB for atoms surrounding the adsorption site,
namely C(1), C(5) and H(20) (see comparison between values with
and without parentheses).

The local changes in the C(6)–C(5), C(6)–C(1) and C(6)–H(20)
bonds (see Fig. 1) plus the H1–H(20) interaction are about 13.2 +
35.0 − 0.4 + 2.2 = 50.0 kcal/mol. However, the first-neighbor bond
strength involving the surrounding atoms (C(1)–H(19), C(1)–C(2),
C(5)–C(16) and C(5)–C(4)) has stabilized (−0.2 − 15.8 − 10.5 +
4.4 = −22.1 kcal/mol). These two effects add up to a value of
27.9 kcal/mol which is close to the total destabilization caused
by H1 adsorption (31.8 kcal/mol). Thus, H1 adsorption in general
produces a distortion of the coronene surface with a bond-length
enlargement for the first neighbors around the adsorption site and
a shortening for the second neighbors (see values of rAB, EAB and W
in Table 2).

A detailed study of surface distortion due to chemisorption of
neutral H, CH2 and CH3 adsorbates on the coronene+ system [42]
yields a similar behavior: the region close to the adsorption site is
destabilized while the rest of the system becomes more stable.

3.3. Formation of diatomic molecules

We assume that the graphitic surface is covered with a mono-
layer of H atoms. The interaction of H, O, C and N with the H covered
surface seems to be a normal route for the formation of the OH, CH,
NH and H2 molecules; that is, the Eley–Rideal mechanism is consid-
ered for all surface reactions. In order to explore formation routes,
a grid of calculations with a 0.5 Å step is again carried out. Different

intermediates are found but priority is given to those leading to XH
desorption from the coronene surface, X being either of the H, O,
N and C incoming atoms. XH molecules are formed above a hydro-
gen atom (one-center), and because the H–C(4) bond strength is
the weakest, a test site located perpendicular to C(4) on the hydro-

ydrogenated surface to form triatomic molecules.
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Fig. 6. Potential energy curves for NH2, CH2 and OH2 formation.

enated surface is selected. Energy changes between the initial and
nal stages are shown in Fig. 3. The final stage is the result of full
ptimization after overcoming the reaction barrier that is outlined
n the potential energy curve that is obtained. The incident atom
X) is able to abstract an H adsorbate in all cases except for C which
ecomes inserted in the surface C(4)–H bond. Energy changes due
o the reaction

urface − Hn + X → surface − Hn−1 + XH (4)

f −63, −64, −89 and −53 kcal/mol for H2, NH, CH and OH, respec-
ively, indicate that the formation of such diatomic molecules is
hermodynamically feasible.

Facilities in CATIVIC allow the calculation of potential energy
urves for the X–H interaction. The X–H distance is varied in steps

f 0.1 Å starting at 5.0 Å, fixing the coordinates of X and the C atom
o which the H atom is bonded. Thus, for each surface–X distance,
he remaining atoms are optimized except for C(4) and X. Results
hown in Fig. 4 indicate that, in most of the cases of XH molecular
ormation, it is required to surmount energy barriers except for H2.

Fig. 7. Surface reactions for synthesis of H2O, NH2 and NH3 from the
talysis A: Chemical 316 (2010) 16–22

For C–H, N–H and O–H, adsorption barriers are about 2, 12 and
7 kcal/mol, respectively. These results indicate that H2 formation is
favored with respect to other molecules following the order H2>
CH > OH > NH. Note that during CH formation, a small well at about
3.0 Å from the surface is observed, which suggests the formation of
a precursor state prior to the C(4)–CH insertion.

3.4. Formation of triatomic molecules

Triatomic molecules are also formed when X is located in the
region around two adsorbed H atoms. Potential energy curves are
obtained in the region between two H atoms adsorbed above C(4)
and C(7) (see Fig. 1). Calculations at each point are carried out by
fixing the z coordinate of C(4) and C(7) and all the coordinates of
the X incoming species. A schematic representation of the surface
reactions are presented in Fig. 5. Energy changes of −106, −103 and
−101 kcal/mol for H2O, NH2 and CH2, respectively, indicate that all
reactions are thermodynamically possible. Potential energy curves
(see Fig. 6) show barriers for XH2 molecule formation of about 3, 7
and 20 kcal/mol for X = C, O and N, respectively. According to these
qualitative results, formation of CH2 at low temperatures is favored
with respect to H2O and NH2. It is found that the strong surface–X
bonding interactions, which lead to triatomic molecular formation,
occur in a region 2.8–3.0 Å above the coronene surface.

3.5. Diatomic molecules on the hydrogenated surface

Once the formation of diatomic and triatomic molecules has
taken place on the hydrogenated surface, it is interesting to follow
further surface interactions. Because CH remains chemisorbed, as
shown in Fig. 3, we then only analyze the surface reactions of OH

and NH (see Fig. 7). The surface reaction is modeled by considering
a hydrogen abstraction as the initial stage and the hydrogenated
molecule as the final stage. As shown in Fig. 8, water synthesis
occurs with the release of −82 kcal/mol over a barrier of about
20 kcal/mol. Depending on the spin state of NH, the interaction

interaction of OH and NH on hydrogenated coronene surface.
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Fig. 10. Potential energy curves for formation of (a) NH3 and CH3 and (b) CH4.
ig. 8. Potential energy curves for the interaction of OH and NH with a hydrogenated
oronene surface to form H2O, NH2 and NH3.

ith the hydrogenated surface yields the formation of either NH2
r NH3. Excited NH*(1) (M = 1) produces NH3 with the release of
139 kcal/mol over a barrier of approximately 21 kcal/mol while
H(3) (M = 3) forms NH2 with a reaction energy of −43 kcal/mol
nd a similar barrier to NH*(1).

.6. Multiatomic molecules on the hydrogenated surface

Assembly of multiatomic molecules on the hydrogenated
oronene surface is also possible (see Fig. 9). Triatomic molecules
uch as CH2 and NH2 lead to the synthesis of CH3 and NH3 with

eaction energies of −71 and −50 kcal/mol, respectively, but sur-
ounting barriers each of about 11 and 13 kcal/mol (see Fig. 10a).

t must be pointed out that the NH2 molecule has a long-range
nteraction minimum at about 4.0 Å that it is confirmed with a
otal optimization. Finally, methane formation also occurs when

Fig. 9. Surface reactions of NH2, CH2 and CH3 with a coronene hydrogenated surface. NH3, CH3 and CH4 are respectively formed.
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H3 interacts with the hydrogenated coronene surface and the sys-
em is stabilized at −59 kcal/mol; however, a small reaction barrier
f about 6.5 kcal/mol has to be overcome (see Fig. 10b).

. Conclusions and comments

Results of this work suggest that the use of a qualitative para-
etric method (CATIVIC) allows, in a simple way, the analysis of

he formation processes of diatomic, triatomic and multiatomic
olecules on a model surface. The most relevant findings of this
ork are as follows:

a) The formation of an H monolayer on a coronene surface leads
to significant distortion of the bond structure. Bond strength
analysis of atomic H adsorption indicates that the surface is
destabilized by about 32 kcal/mol. This is a trade-off between
the destabilization of the nearest neighbors of the adsorption
site and the bond stabilization that takes place in the rest of
the coronene system. There is also an electronic charge transfer
from the graphitic substrate to the H adsorbate.

b) Molecular hydrogen formation occurs on the edge as well as on
the central sites of the coronene cluster.

(c) The interaction of an incoming X atom (X = H, N, C and O) with a
site directly around an H adsorbate leads to the formation of the
H2, NH, CH and OH molecules. All resulting molecules desorb
from the surface except CH which remains chemisorbed to the
surface.

d) Interaction of X close to a bridge produces H2O, NH2 and CH2
which desorb from the surface.

e) Potential energy curves show barriers for the interaction of X
with the surface, mainly for the case of the N and O atoms.

(f) Further surface reactions of di-, tri- and tetra-atomic radicals
produce three-, four- and five-atom molecules since they are all
thermodynamically favored. However, the paths of these radi-
cals towards the surface involve reaction barriers, the smallest
being that found in methane formation.

g) Formation of di- and tri-atomic molecules from incoming X
atoms are important inasmuch as they are precursors for the
formation of more complex organic molecules, e.g. amino acids,
alcohols, sugar, polyols, etc. Therefore, more work is planned
to study different surface reactions, taking into account the
Langmuir–Hinshelwood mechanism that imply the calculation
of migration barriers and transition states for the formation
of different species on the surface. In addition, Eley–Rideal
abstraction may also occur starting from intermediates of the
type XHn (n = 1 − 3 and X = O, N and C) adsorbed on the sur-
face and the interaction with molecular fragments such as X

′
Hm

(m = 1 − 3) to produce XX
′
Hm+n.
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