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A topological model for predicting adsorption
energies of polycyclic aromatic hydrocarbons on
late-transition metal surfacest

Zhao-Bin Ding, @2 Matteo Tommasini @° and Matteo Maestri {*?

We introduce and validate by first-principles calculations an analogy between metal coordination chemistry
and the adsorption of polycyclic aromatic hydrocarbons (PAHs) at metal surfaces for the derivation of a
model for predicting the PAH adsorption energies. We correlate the binding of PAH on the metal surface
with the coordination between metal atom and the ligands in the metal complex, where the formation en-
thalpy of metal complexes is mainly determined by the strength of a single metal-ligand (M-L) bond and by
the number of the M-L bonds. This analogy allows estimation of the adsorption energies only on the basis
of the structure of the PAHs and of their adsorption configurations. The adsorption energies of PAHs are
found to depend on simple geometric parameters, such as the number of metal-carbon bonds. Moreover,
when the lattice of the metal surface is commensurate with the size of benzene rings, the contribution to
the adsorption energy from n2-coordination is about twice that from n!-coordination. These results show
that the principles of coordination chemistry can facilitate the modeling of processes at metal surfaces,

rsc.li/reaction-engineering

Introduction

The formation of polycyclic aromatic hydrocarbons (PAH)
on metal surfaces is involved in critical processes such as
catalyst coking™? and graphene formation reactions.*” In
particular, understanding the kinetics of PAH formation on
metal surfaces is of utmost importance for improving, for
instance, either the coke-resistance of catalysts or to opti-
mise operating conditions for the synthesis of graphene. In
this respect, the first key-point to model the PAH forma-
tion under arbitrary reaction conditions is to describe in
detail the general adsorption mechanism of PAHs on metal
surfaces.® This task is significantly hindered by both the
broad variety of PAH structures and by their different ad-
sorption configurations. For instance, even for benzene,
which is the simplest aromatic molecule, theoretical stud-
ies have identified at least six adsorption configurations.””
Moreover, the mismatch between the size of the aromatic
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and pave the way to systematically model reactions involving complex adsorbates at surfaces.

rings and the lattice of metal surfaces leads to the defor-
mation of the PAH molecules upon adsorption and to the
variation of the binding sites of each ring of the PAH, as
reported, for instance, for the graphene adsorption on
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Rh(111) surface.'® As the size of the PAH increases, so do
the number of adsorption configurations and the required
surface models. Thus, a systematic first-principles investiga-
tion of PAH adsorption may quickly become impractical
for large PAH molecules of interest. This calls for the de-
velopment of models able to predict the PAH adsorption
energies on the basis of a limited number of descriptors,
thus overcoming the intrinsic complexity of the
problem."*"*

A first attempt to model the adsorption of PAH was pro-
vided by Sautet and co-workers.'® Their model is based on
the consideration that the adsorption of a PAH can be
regarded as the summation of the adsorption of multiple
benzene rings. Therefore, the overall adsorption energy of
PAH can be calculated by the adsorption energy of benzene
on the bridge site multiplied by a factor that is proportional
to the number of metal atoms which bind to the PAH. Such
approach, however, limits the applicability of this model to
the adsorption configurations that are derived from the
bridge adsorption of benzene. Therefore, it cannot give an a
priori estimation of the relative stability of all the adsorption
configurations especially for the large PAHs on the surfaces
with large lattice, where not all the aromatic rings can be
adsorbed on the bridge site."® Moreover, this model cannot
provide a conceptual explanation on why different configura-
tions (e.g., naphthalene binding on bridge site of Ni(111) sur-
faces'’) can exhibit the same adsorption energy.

To overcome these limitations, here we propose an ap-
proach to systematically model the adsorption of PAH on
metal surfaces by introducing an analogy between the case of
PAH coordination and metal-organic complexes. This anal-
ogy between the coordination of PAH to the metal atoms
complexes and its adsorption on a metal surface is inferred
by previous investigations where the same bonding mecha-
nism was found both with the metal-organic complexes and
at the metal surfaces. For instance, the same n-back-bonding
mechanism, where metal d-orbitals donates electrons to the
n antibonding orbitals of the molecules, has been found in
CO adsorption,'® M-C,H, (where M is the transition metal)
complex formation,**?° and, in particular, in the coordina-
tion of cyclopentadienyl both in ferrocene and on Pt(111).*!
More specifically, in this work we successfully correlate the
binding of PAH on the metal surface with the coordination
between metal atom and the ligands in the metal complex,
where the formation enthalpy of metal complexes is mainly
determined by the strength of a single metal-ligand (M-L)
bond and by the number of the M-L bonds.>* The validity of
this analogy allows for describing the PAH adsorption only
on the basis of the topological features of PAHs. The origin
of the analogy is discussed by analyzing the binding mecha-
nism of PAHs at the surface on the basis of density func-
tional theory (DFT) calculations - at the level of dispersion-
corrected PBE functional - of representative PAHs on four
close-packed late-transition-metal surfaces, namely Ni(111),
Rh(111), Pd(111) and Pt(111). On a more general basis,
these results, by quantitatively connecting the trends in
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surface chemistry to the principles of coordination chemis-
try, may dramatically facilitate the developing of detailed
microkinetic models that involve complex adsorbates at
surfaces.

Models and theoretical methods

Density functional theory (DFT) calculations were carried out
with the Quantum-Espresso code.>*> We adopted a plane-wave
basis set with an energy cutoff of 680 eV. The ultrasoft-
pseudopotential®* approximation was used for describing the
interactions between core electrons and valence electrons.
We used the Perdew-Burke-Ernzerhof (PBE) functionals® to
describe the exchange-correlation potentials. Grimme D2 cor-
rection®® scheme was applied to include the van der Waals
interactions between the PAHs and the metal surfaces, which
are relevant for molecules of this size.® We selected benzene,
naphthalene, phenanthrene, pyrene, and tetracene to repre-
sent PAHs of different size and structure. The metal surface
was described by a 4-layer slab model with only the topmost
layer allowed to relax. The size of the unit cell varied
according to the size of the adsorbed PAH to sufficiently sep-
arate the PAHs in different unit cells (details are reported in
Tables S1 and S2 of the ESIf). To eliminate spurious interac-
tions between the periodic replicas of the slabs, a vacuum
layer of 12 A between the slabs was considered. We sampled
the reciprocal space of this slab model with a k-point mesh
equivalent to the 12 x 12 x 1 Monkhorst-Pack grid®” of the 1
x 1 unit cell of the metal slab. All the parameters above have
been tested to ensure the convergence of the adsorption ener-
gies within 0.01 eV. The geometry optimization of the models
was carried out until the forces were converged within a
threshold of 2.57 x 10 eV A", This value was needed to
guarantee that the computed adsorption configurations are
true local minima, even in the situation where the potential
energy surface is relatively flat vs. the degrees of freedom de-
scribing the relative position of the PAHs with respect to the
metal surface.

Results and discussion

Fig. 1 shows the adsorption configurations of the PAHs inves-
tigated in this work. These structures have been selected by
considering the previous studies reported in the literature
about the most stable adsorption configurations of naphtha-
lene®® (di-bridge[6] and di-bridge[7], where the number indi-
cates the metal atoms that bind with naphthalene). Both con-
figurations of the adsorbed naphthalene are derived from the
bri30 adsorbed benzene where two metal-carbon bonds
(M-C bonds in n' coordination) and two C-M-C bonds (1’
coordination, equivalent to two effective M-C bonds) are
formed. Also, to evaluate the applicability of our model on a
less stable adsorption configuration, we considered the hol-
low[8] adsorbed pyrene, which is derived from the hcp0
adsorbed benzene where no n' coordination is involved. Here
we focus on the flat adsorption configuration, which has

React. Chem. Eng., 2019, 4, 410-417 | 411
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Fig. 1 Ball and stick models of the adsorption configurations
investigated in this work. All the C atoms involved with 1 coordination
are displayed in red colour. The C atoms involved with n* coordination
are displayed in black colour. Non-bonded C atoms are displayed in
blue colour. The n?-coordinated metal atom is labelled in dark green.
The ben-hcp0 derived configurations are contained in a box, and the
other ones are all ben-bri30 derived structures. The naming scheme
chosen for benzene follows Morin et al.” The adsorption configurations
of the other PAHs follow the naming scheme from Santarossa et al.:2®
(compound name)-(dominate adsorption site)[(number of metal atoms
bonded)]. The compound names are abbreviated here as: ben = ben-
zene, nap = naphthalene, tetra = tetracene, phen = phenanthrene, pyr
= pyrene. The tetracene-bridge[10] and buckled tetracene-bridge[10]
configurations have the same symmetric structure on the surface, but
they differ by the fact that the central aromatic ring of the molecule is
lifted from the metal surface in buckled tetracene-bridge[10], while it
is flat for the tetracene-bridge[10].

been reported to be the most favoured configuration for the
linear PAHs with less than 5 aromatic rings.>**° Geometric
optimisation results show that only the outermost carbon
atoms are bent up on all the PAHs, except for the buckled
tetracene-bridge[10] structure on Pt(111) surface. The largest
bending measured by the vertical distance between carbon
atoms and the lowermost plane are 0.21 A on Ni, 0.24 A on
Rh, 0.27 A on Pd and 0.27 A on Pt. The only structure that se-
verely deviates from the planar configuration is the buckled
tetracene-bridge[10] structure on Pt(111) surface as shown in
Fig. 1. In this configuration, the central ring of the molecule,
which is above the hcp site, is bent up by 0.61 A with respect
to the plane formed by the rings at both ends. Such buckling
pattern corresponds to the unstable adsorption of benzene in
the hep30 configuration (where three C atoms stand above
3f-hollow sites) on Pt(111) surface,”*" and is also observed on
graphene on Rh(111) surfaces."” The C-C bonds of all the
PAHs are all stretched upon adsorption. In particular, the 1’

412 | React Chem. Eng., 2019, 4, 410-417
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coordinated C-C bonds elongate to 1.41-1.46 A, and the
others elongate to 1.44-1.49 A. We observe that the values of
the C-C bond elongation upon adsorption are not correlated
to the values of the corresponding C-C bonds in the gas
phase structures. The comparison of the C-C bond lengths
both on adsorbed naphthalene and on adsorbed phenan-
threne (which are listed in Tables S6 and S7 of the ESI}) re-
veals that such expansion occurs for all the PAHs herein con-
sidered and indicates that the PAHs tend to adapt to the
pattern of the metal atoms at the surface upon adsorption.
This evidence is also consistent with the fact that upon ad-
sorption the PAHs tend to maximize the number of C atoms
bound by metal atoms, as also observed for benzene and
naphthalene.’?%3?

The adsorption energies of all the PAHs considered in this
work are listed in Fig. 2. On all the metals, we find that the
order of adsorption energies of the bri30 derived structures
(where each C atom binds with only one metal atom and
have at least two n"' coordinated carbon atoms) is always
tetracene > pyrene > phenanthrene > naphthalene > ben-
zene. This sequence indicates that the adsorption energy in-
creases with the number of carbon atoms and consequently
with the number of C atoms bound at the surface. This ob-
servation agrees with previous findings on the adsorption of
linear PAHs on Pt(111) surface.'® Besides the case of tetra-
cene on Pt(111), for the other PAHs, the adsorption energies
of the bri30 derived structures of the same PAH differ by less
than 0.30 eV. The hcp0 derived pyr-hollow[8], however, binds
at least 0.50 eV weaker than all the bri30 derived pyrenes on
Rh(111), Pd(111) and Pt(111). This is even weaker than the
binding energies for phenanthrenes. This trend is correlated
with the reduction of the number of C atoms bound at the
surface, which is 16 for pyr-bridge[8] and pyr-bridge[9], 12 in
pyr-hollow[8], and 14 for phenanthrenes. All these observa-
tions reveal a direct correlation between the adsorption en-
ergy and the number of C atoms bound at the surface.

To gain insights into the physical origin of the correlation
between the adsorption energy and the number of C atoms
that are bound at the surface, we compute the charge density
difference upon adsorption as follows:

Ap = p(PAH:M) ~ p(PAH,) — p(Mo) 1)

where PAH:M is the optimized geometry of the PAH adsorp-
tion, and PAH, and M, are the structures of the isolated ad-
sorbate and slab that strictly maintain the same atom posi-
tions as those in the PAH:M model. We plot in Fig. 3 the
charge density difference maps of nap-di-bridge[7], tetra-
bridge[13], phen-bridge[8], pyr-bridge[9] and pyr-hollow[8]
adsorbed on Rh(111). Fig. 3 shows electron gain in corre-
spondence of each n' and 1> coordination (shown as the red
region around the bound metal atoms), and electron deple-
tion on the PAH rings (shown as the green region all over the
rings). Such electron transfer indicates a strong interaction
between the PAH and the metal surface and a weakening of
the m-conjugated bonds of the aromatic moieties that results

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Adsorption energies of PAHs binding on M(111) surfaces in the
configurations listed in Fig. 1. The number of n'-coordinated M atoms
and the number of n?-coordinated M atoms of each PAH is reported on
the histograms as (ny, ny). The “buckled” tetracene corresponds to the
buckled tetra-bridge[10] structure. The adsorption energies are
calculated by Epinging = —(Etotal — Estab — Epan), Where “total” denotes the
PAH adsorbed on the slab, “slab” is the bare slab, and the “PAH” denotes
the free PAH molecule. A more positive value indicates a stronger
PAH-M binding. Detailed values are listed in Table S3 in the ESIf

in softer CC bonds to bend. Consistently with this interac-
tion, we observe upon adsorption both a net charge transfer
between metal and PAHs (reported in Table S4 in ESIf) and
the elongation of all the C-C bonds to 1.41-1.49 A. Further-
more, Fig. 3 also reveals that the orbital interactions upon
binding are constrained within orbitals on PAH and orbitals
on metal atoms that bind with PAH, thus revealing the local
nature of the metal-PAH orbital hybridization. Such a picture
is consistent with previous investigations on adsorbed ben-
zene and naphthalene,”*®*** which concluded that the M-C

This journal is © The Royal Society of Chemistry 2019
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Pyr-bridge[9]

Pyr-hollow[8]

Fig. 3 Charge density difference maps of nap-di-bridge[7], tetra-
bridge[13], phen-bridge[8], pyr-bridge[9] and pyr-hollow[8] on Rh(111)
surface. The maps are obtained by calculating Ap by eqn (1), with the
structure of the isolated PAH and slab both rigidly taken from the
optimised structure of adsorbed PAH. The red isosurface (0.05 A™)
show electron gain while the green isosurface (-0.03 A~ indicate
electron loss. The contour plot of the charge difference of nap-di-
bridge[7] on Rh(111) displays the electron density change between
-0.03 A and 0.13 A with ten isolines. The dark region shows
electron gaining, and the light region indicates electron depletion.

bonds are formed by hybridization of the s and d,. orbitals of
the metal atoms with the © conjugated orbitals of the PAH,
and it is also analogous to the orbital interactions between
metal atom and the C=C bond in metal-alkene com-
plexes.’®° This picture is further confirmed by an analysis of
the partial density of states of two naphthalene adsorption
configurations provided in Fig. S1 of the ESL{ Because of the
wider variety of the PAH species and the configurations
herein considered in this work, such d-rn hybridization mech-
anism of metal-PAH bonding can be extended to all the
PAHs. Therefore, the formation of more M-C bonds induces
a larger charge transfer between the PAH and the metal sur-
face, and, thus strengthens the bond.

Hence, on the basis of the strong correlation between the
adsorption energy and the number of C atoms that bind to
the surface in both forms of M-C bonds, we now propose a
model to relate the adsorption energy of PAHs to the topology
of the PAH-metal bond (namely the number of n' coordina-
tions (n;) and the number of n*> coordinations (n,)). We also
take npy, as a variable of the model to account for the non-
local interactions between metal and PAHs. These interac-
tions include the Pauli repulsion and the van der Waals
forces that were previously reported to be proportional to the
number of rings in contact with the metal surface (1pn).*
Therefore, the model can be written as:

Ebina = Epnlpn + Ep-ctts + gEv-cnz (2)

React. Chem. Eng., 2019, 4, 410-417 | 413
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where the coefficients Ep,;, and Ey_¢ are the energy contribu-
tion due to non-chemical bonding interactions, and to the
formation of n; coordinations, respectively. The energy con-
tribution of n, coordinations are represented by the gEy ¢
with a g factor introduced to assess the contribution from an
1, coordination with respect to that from an n; M-C coordi-
nation. It is worth noticing that the number of aromatic rings
in contact with the metal surface (7,) is always equal to the
number of rings of the PAH, except for the buckled tetracene-
di-bridge[10] on Pt(111), where only 3 rings bind at the sur-
face (Fig. 1). Fig. 4 shows that the adsorption energies of all
the PAHs on each M(111) surfaces are well described by eqn
(2), with the linear correlation coefficients, R? all higher than
0.99. Moreover, by reducing the length of M-M bond from
2.82 A on Pt to 2.49 A on Ni, the maximum absolute error of
the model reduces from 0.53 eV on Pt (excluding relatively
weak bound benzene-hcp-0, deformed tetracene-bridge[10]
and pyrene-hollow[8]) to 0.17 eV on Ni, which is less than
10% of the adsorption energy of the smallest aromatic ring
(i.e., benzene). Thus, these deviations are related to the
mismatch between the metal atom arrangement and the size
of the aromatic rings. However, as shown in Fig. 4, they do
not affect the accuracy of the model in reproducing the rela-
tive adsorption strength of different configurations of PAH.
The coefficients of each term in eqn (2) also reveal the dif-
ferent contribution of metal-PAH interactions to the adsorp-
tion energy. First, the contribution from the non-bonding in-

View Article Online
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teractions between aromatic rings and the metal surface, Epp,
is always negative. It indicates an overall repulsive non-
bonding interaction between the electrons on the C-C bonds
and the electrons on the metal surfaces. Such repulsive inter-
action is due to the short distances between the PAH plane
and the surface, around 1.97 A on Ni and 2.05 A on Pt. Both
of them are shorter than the sum of the Van der Waals radii,
which amounts to 3.40 A (Ni-C) and 3.49 A (Pt-C).>* Second,
the contributions from the M-C bonds (Ey_c, gEm-c) are al-
ways positive, and this is in line with the fact that the most
stable adsorption configurations of the PAHs are the ones
with the highest number of C atoms bound at the sur-
face.”?®3> Furthermore, the g factor, the ratio between the
contributions from each m, coordination and that from each
1, coordination to the adsorption energy, is close to 2 espe-
cially on Ni(111) where the Ni-Ni bond length, 2.49 A, is close
to the lattice constant of graphene, 2.47 A. This indicates an
equal energetic contribution from the interactions between
M and every C in the n,-coordination and from the M-C bond
of each n; coordination when the lattice of metal surface per-
fectly matches the lattice of graphene. This is in analogy with
the energetics of chelate metal complexes, for which the for-
mation enthalpy is mainly determined by the number of M-L
bonds, and by the characteristic bond strength of a single
M-L bond.**

Moreover, Fig. 4 reveals that the g factor in eqn (2) mono-
tonically decreases as the lattice mismatch increases (the
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Fig. 4 Comparison between the adsorption energy estimated by eqn (2) and that calculated by DFT. The fitted models and their maximum
absolute error (MaxAE) are written on each plot. The lattice mismatch is measured by ac/dm-m, Where ag is the lattice constant of graphene and
du-m denotes the M-M bond length on M(111) surface. In our calculation, the ag equals to 2.47 A, which is close to the experimental value of 2.46
A;3% and the du_m of Ni, Rh, Pd, and Pt are respectively 2.49 A, 2.73 A, 2.79 A and 2.82 A. A smaller ac/dm_m value indicates a larger mismatch. The
MaxAE on Pt surface becomes 0.53 eV by excluding the weaker bound benzene-hcp-0, deformed tetracene-bridge[10] and pyrene-hollow|[8].
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relationship is illustrated in Fig. S2 of the ESI}). For instance,
the g factor reduces from 2 on the ideal surfaces, which do not
induce strain on PAH upon adsorption, to 1.48 on Pt(111)
surfaces, which have the largest difference between M-M
bond (2.82 A) length and the size of each aromatic ring (2.47
A). Such decrease of the g factor implies a relative reduction
of the contribution from each n*coordinated bond. This is
also suggested by the adsorption energy shown in Fig. 2,
where on Rh(111), Pd(111) and Pt(111) the adsorption of the
benzene-bridge-30 derived configurations with more n*
coordinated atoms are always weaker than those with more
n'-coordinated atoms, even though the number of carbon
atoms that are bound on the surface does not change. Such
energy difference increases from 0.14 eV on Rh(111) to 0.60
eV on Pt(111) along with the increase of the difference be-
tween the dimension of the aromatic rings and the lattice of
the metal surface. This confirms that the contributions from
n? coordinations are sensitive to the lattice mismatch. Also,
Fig. 2 indicates that among all the PAHs on a single metal,
the order of the difference between the adsorption energies
of the two benzene-bri30 derived configurations is tetracene
> naphthalene > benzene > phenanthrene > pyrene. This
sequence reveals that when the lattice mismatch exists, the
binding strength of an angular or a clustered PAH is less sen-
sitive to the adsorption configuration than a linear PAH.

To gain insights into the effects of the lattice mismatch
on the energy contributions from n> coordination, which is
reflected by the variation of the bond lengths, we analyze in
detail the geometry upon adsorption. As reported in Fig. 5,
we use the notation CC2 (MC2a, MC2b) to denote C-C (M-C)
bonds involved with n*coordinations, CCO to denote all the
other C-C bonds, and MC1 to denote the M-C bonds in-
volved with n'-coordinations; the mirror planes bisecting the
CC2 bonds are labelled by ¢,. We take naphthalene as an
example of linear PAH. The structural analysis shows that

Fig. 5 Naming of the C-C and M-C bonds of nap-di-bridge[7] on
Pt(111). n2-Coordinated C are labelled in red, and the dashed lines label
the o, mirror plane which bisects every nz—coordinated C-C bonds. For
clarity, we show just the Pt atoms that are binding with C atoms.

This journal is © The Royal Society of Chemistry 2019
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the average dcc, ranges from 1.43 to 1.44 A, regardless of the
adsorption configurations and of the metal. In contrast, the
average dcc, varies from 1.45 A (Ni) to 1.48 A (Pt), which fol-
lows the increasing lattice constant of the metal (and conse-
quently the increasing lattice mismatch). This observation
suggests that the PAH fits the lattice of different metal sur-
faces upon adsorption mainly by varying the lengths of CCO
bonds while CC2 bonds are more rigid and do not change for
the different metal surfaces. On nap-di-bridge[7], all the CC2
bonds share the same o, mirror plane as shown in Fig. 1.
This adsorption geometry facilitates stretching the rings per-
pendicularly to o, to accommodate the n' coordinations, and
therefore strengthens the binding of PAH especially on metal
surfaces where the lattice constant largely differs from the
lattice of graphene. In contrast, as shown in Fig. 1, on nap-
di-bridge[6] the CC2 bonds belong to two parallel o, local
symmetry planes, which leads to conflicts when both rings
are expanding perpendicular to their own o, local symmetry
planes. As a result, the rings become more rigid. This hinders
the possibility of adapting the PAH bonds upon adsorption
and it leads to a weaker PAH binding. In fact, on Pt(111)
surface, on one hand, the average dy;c; value is 2.18 A on di-
bridge[7], while it increases to 2.23 A on di-bridge[6]. On the
other hand, the average dy;c, values are all around 2.22 A for
both configurations (within a variation of less than 0.01 A),
which indicates the same energy contribution from each n*
coordination to the adsorption energies of both configura-
tions. Therefore, we can correlate the larger adsorption
energy of the di-bridge[7] configuration (by 0.30 eV) with the
shorter dyci- As a consequence, for non-ideal surfaces, the
higher is the number of CC2 bonds in the adsorption config-
uration of the linear PAH, the lower is the adsorption energy,
thus leading to values of g-factor lower than 2.

We have also extended our analysis to the case of phenan-
threne, as an example of angular PAHs and clustered PAHs.
Fig. 1 shows that the CC2 bonds belong to two parallel o,
planes in bridge[9] configuration, and to three 5, planes in
bridge[8] configuration. Thus, in both structures, similar to
the case of naphthalene-di-bridge[6], the expansion of the aro-
matic rings are all confined by symmetry which results in a
small energy difference. This is confirmed by the same aver-
age dyica, and by the slight difference in the average dyic; of
both structures, which is 0.02 A on Pt(111) surface. Therefore,
the adsorption energy becomes less configuration-sensitive
for the PAHs containing more than two local symmetry o,
planes.

Besides the sensitivity of the length of MC1 bond (duc:)
to the adsorption configuration, we also observed that the
number of n’-coordinated C-C bonds which have signifi-
cantly different MC2a and MC2b bonds increases with the
mismatch between the metal surface and the PAH rings. We
find that on Pt(111) surface 11 pairs (out of 46) have such dif-
ference larger than 0.10 A, while on Ni(111) this number re-
duces to 3. This is because the maximum C-C bond exten-
sion (1.49 A, corresponding to the lattice constant of 2.58 A
of graphene) is not enough to match the characteristic M-M
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bond length on Rh(111) (2.74 A), Pd(111) (2.80 A) and Pt(111)
(2.82 A) surfaces. Consequently, the C-M-C structure of 1>
coordination deviates from the reflectional symmetric ar-
rangement. This fact reduces the adsorption energy contribu-
tion of an MC2 bond and therefore reduces the g ratio. How-
ever, we also find that the adsorption energies of both
pyrene-bridge[9] and pyrene-bridge[10] on Pt(111) surface, as
reported in Fig. 2, are similar, even though the average
deviation, |dycaa-@mcan|, on bridge[10] structure, 0.07 A, is
appreciably longer than that on bridge[9], 0.03 A. We thus
conclude that the effect of the deviation from ideal n>*
coordination where dycoa = dumcap become significant only
when one of the two M-C bonds becomes as long as to ne-
glect the interaction between metal atom and the C atom.
This indicates that the stiffness of the molecule upon adsorp-
tion is the dominant reason for the deviation of the g factor
from 2 (i.e. the g factor for the metal surfaces that will not in-
troduce the strain of PAH upon adsorption) and further con-
firms that the adsorption of the PAH at the metal surface is
determined only by the topological nature of the PAH and the
strength of the M-C bonds in analogy with the mechanism of
metal organic complex coordination.

On a more general perspective, the analogy between the
binding mechanisms for the PAH adsorption and the metal-
organic complex paves the way to systematically investigate
the thermodynamic properties upon adsorption of PAHs by
exploiting the principles of coordination chemistry such as
the chelate effect. In particular, the model herein developed
on the basis of such analogy lays the foundation for studying
the adsorption of more complex aromatic systems on differ-
ent metal surfaces. For instance, the model can be used to
obtain the binding energy of PAHs with substituted func-
tional groups by incorporating the correction derived from
the hard and soft acids and bases theory.*® Also, by making
use of the d-band center theory, the model can be employed
to predict the adsorption energy of different PAHs on differ-
ent metal surfaces.*”

Conclusions

We have found that PAH adsorption at metal surfaces mainly
depends on the number and strength of the formed M-C
bonds by means of Grimme D2 DFT-PBE calculations of the
adsorption of benzene, naphthalene, tetracene, phenanthrene
and pyrene on Ni(111), Rh(111), Pd(111) and Pt(111) surfaces.
This dependency is found to be analogous to the coordina-
tion between metal atom and the ligands in a metal complex,
where the formation enthalpy is only determined by the num-
ber of metal-carbon bonds. On the basis of this analogy, we
proposed a model for the adsorption energy which applies to
PAHs of different size and shape. The model is linear vs. the
number of n'- and n*coordinated metal atoms, and vs. the
number of aromatic rings. This model can describe the ad-
sorption energies of the examined PAHs on all the metal sur-
faces considered, and predicts the relative stability of all the
adsorption configurations. We have also investigated the ef-
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fects of the mismatch between the metal surface lattice and
the size of benzene rings. This lattice mismatch mainly af-
fects the adsorption energy by changing the ratio between
the energy contribution of n>- and n'-coordination from the
ideal value of g = 2. The effect is more evident in linear PAHs,
i.e., naphthalene, and tetracene. It results from both the rig-
idness of the n*-coordinated C-C bonds and from symmetry
constraints as the PAHs expand upon adsorption on the
metal surface.
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