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Abstract

The adsorption of benzene on the Cu(111), Ag(111), Au(111) and Cu(110) surfaces
at low coverage is modelled using density-functional theory (DFT) using periodic-
slab models of the surfaces, as well as using both DFT and complete-active-space
self-consistent field theory with second order Mgller-Plesset perturbation corrections
(CASPT?2) for the interaction of benzene with a Cuys cluster model for the Cu(110)
surface. For the binding to the (111) surfaces, key qualitative features of the results
such as weak physisorption, the relative orientation of the adsorbate on the surface,
and surface potential changes are in good agreement with experimental findings.
Also, the binding to Cu(110) is predicted to be much stronger than that to Cu(111)
and much weaker than that seen in previous calculations for Ni(110), as observed.

However, a range of physisorptive-like and chemisorptive-like structures are found
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for benzene on Cu(110) that are roughly consistent with observed spectroscopic
data, with these structures differing dramatically in geometry but trivially in energy.
For all systems, the bonding is found to be purely dispersive in nature with minimal
covalent character. As dispersive energies are reproduced very poorly by DFT, the
calculated binding energies are found to dramatically underestimate the observed
ones, while CASPT?2 calculations indicate that there is no binding at the Hartree-
Fock level and demonstrate that the expected intermolecular correlation (dispersive)
energy is of the correct order to explain the experimental binding-energy data. DFT
calculations performed for benzene on Cu(110) and for benzene on the model cluster
indicate that this cluster is actually too reactive and provides a poor chemical model

for the system.

1 Introduction

The nature of the interaction of benzene with metal surfaces is of interest
in various fields of applied research such as corrosion protection, lubrication,
and dye adhesion as these all involve interfaces between organic matter and
metals. This problem has also attracted attention in the area of heterogeneous
catalysis owing to the role of metals as catalysts in ring-cracking reactions. !
Being the smallest aromatic molecule, benzene has frequently been employed
as a model system for larger hydrocarbons. Recently, new interest has arisen in
the interaction of aromatic compounds with metals because of their potential
application in the design of devices based on electroactive organic molecules. ?
For this, the prototype system is a two terminal device formed by two gold
electrodes spanned by a single chemisorbed 1,4-benzenedithiol molecule.? Thi-
ols are known to form strong bonds of order 30 kcal mol~* to gold,*™® and to
provide weaker and possibly more flexible means of attachment, the binding
of aromatic azines to Au(111) such as pyridine and 1,10-phenanthroline have
also been investigated.!91? Always, the conformation of the molecule at the

surface is critical to function; this involves both site geometry and internal



rearrangements of the metal and adsorbate. Given the progress in theoretical
chemistry combined with increasing computer power, it can be expected that
computational methods will be able to reveal significant detailed information
concerning these processes. A prerequisite for this, however, is to establish that
computational methods give reliable predictions for each of the properties of
interest, not only structural properties but also thermodynamic, spectroscopic,

and process-related ones.

In previous computational studies, we have investigated the adsorption of
pyridine'? and phenylthiol® on Au(111). Both of these adsorbates have end
groups that anchor to Au(111), producing strong binding in the case of the
thiol and medium-strength binding in the case of the azine. However, both
adsorbates are predicted to bind over a wide range of orientational angles to
the surface. For pyridine, the vertical orientation involving interactions be-
tween the nitrogen donor and the surface is predicted to be the most stable
one, but flat structures dominated by m-stacking are found to be only 5 kcal
mol~! higher in energy. For phenylthiol, little preference for either sp? or sp?
hybridization of the sulfur is predicted, with low-energy configurations occur-
ring for both vertically oriented and near-flat adsorbates. For both chemical
systems, the nature of the intrinsic interaction between an aromatic 7w system
and the surface is thus quite important, and to elucidate this more directly we
study herein the adsorption of benzene on Au(111). However, as experimental
studies of this system are rare, we consider also the related systems of benzene
on Ag(111), Cu(111), and Cu(110) for which more information is available to

characterize the effectiveness of the available computational procedures.

113 it was deduced that benzene does not adsorb

In an early work by Somorjai
on either clean or stepped Au(111), whereas naphthalene interacts strongly
with both.'® However, Woll'4 recently studied monolayers of several hydro-
carbons adsorbed on various metal surfaces using X-ray absorption spec-

troscopy and found that benzene does indeed weakly physisorb on Au(111).



The spectra indicate a high degree of molecular orientation and preserved ad-
sorbate planarity. For benzene on Ag(111), a (3 x 3) ordered superstructure
has been reported.'® Given the similarity in both atomic and electronic struc-
ture between gold and silver crystals, qualitative comparison of our findings
for CgHg/Au(111) with those on Ag(111) can be made. In general, benzene
adsorption on coinage metals takes place only below %6 280 K, indicative of
the relatively weak binding. Extensive experimental data is available for the
adsorption of benzene on Cu(111) and Cu(110), with the observed desorption
temperature ranges being!"1® ~225 K for Cu(111) and ~280 K for the more
open Cu(110) surface.'® Several computational studies® ?* have also consid-

ered CgHg/Cu(110), with variable degrees of success.

Here we report results from calculations on the adsorption of benzene on the
(111) surface of Cu, Ag, and Au as well as on the Cu(110) surface. The study
is carried out initially using density-functional theory (DFT), employing both
atomic slab and cluster representations of the metal substrate. As significant
computational problems arise for interactions like this involving very shal-
low potential-energy surfaces supporting very different structures with similar
binding energies, a range of computational methods are investigated. In addi-
tion, we also perform second-order Mgller-Plesset (MP2) perturbation-theory
calculations?! based on Hartree-Fock self-consistent field (SCF) wavefunctions,
as well as multi-reference complete active space (CASSCF) perturbation-
theory (CASPT2) calculations.?® The results predict that the most signifi-
cant contribution to the binding comes from the dispersive interaction, an
interaction which at present is poorly and inconsistently accounted for by the

exchange-correlation functionals used in modern applications of DF'T.



2 Methods

DFT computations were carried out using the packages VASP, 2627 CASTEP, 8
and SIESTA.2%30 In the VASP and CASTEP calculations, plane-wave basis
sets are employed to expand the electronic wavefunctions. Electron-ion inter-
actions are accounted for through the use of ultrasoft pseudopotentials,3!i32
allowing for the use of a low energy cut-off for the plane-wave basis set.
For electron-electron exchange and correlation interactions the functional of
Perdew and Wang (PW91),33 a form of the generalized gradient approxima-
tion (GGA), was used in both the VASP and CASTEP calculations with an
energy cut-off of the basis set set at 290 eV, as dictated by the pseudopoten-
tial for carbon. CASTEP computations were also performed using the GGA
functional of Perdew, Burke, and Ernzerhof (PBE)?* with the energy cut-off
set to 400 eV. In the SIESTA calculations, norm-conserving pseudopotentials
were used, generated according to the scheme of Troullier and Martins, > with
relativistic corrections added for the Cu atoms. The atomic basis set for the
valence electron wavefunction expansion was of double zeta plus polarization
quality. These atomic orbitals have finite range with an excitation energy of
5 mRy arising due to the confinement. Only the PBE functional was used in
the SIESTA computations, while the effects of basis-set superposition error
(BSSE) associated with the atomic-orbital basis set were examined using the

counterpoise method. 3

The surfaces of Cu, Ag, and Au were modeled by supercells consisting of
several atomic layers and vacuum. The application of periodic boundary con-
ditions in all three Cartesian directions yields an infinite array of periodically
repeated slabs separated by regions of vacuum. A single molecule was placed
in the vacuum region on the upper side of the slab. Calculations pertinent to
gas-phase molecules employed a cell of the same size as the supercell of the

complex, an integration using the I'-point only, and Gaussian smearing. For



the VASP calculations, the dipole moment arising from the asymmetric slab
was compensated for by the introduction of a dipole sheet of the same strength
and opposite direction in the middle of the vacuum.3” This correction can be
essential for systems involving strongly dipolar or polarizing adsorbates, but

has minimal affect for physisorbed benzene.

Only VASP calculations were performed for adsorbates on (111) surfaces. For
these, the slabs were four atomic layers thick while the vacuum was ten. For
Au, the interlayer spacing was taken from the previously evaluated®® value
of the bulk lattice parameter, 4.20 A, while for Ag and Cu the correspond-
ing values were 4.170 and 3.655 A, respectively. The calculations employed
(3 x 3) superstructure resulting in nine metal atoms per layer. This represents
a 1/9 monolayer (ML) coverage, sufficiently low that the molecules in adjacent
cells are well separated. Brillouin-zone integrations were performed using the
3x3x1 k-point Monkhorst-Pack grid, with a Methfessel-Paxton smearing®® of
0.2 eV. In all computations involving the (111) slabs, the top layer and ad-
sorbed species were allowed to relax, with other layers frozen so as to simulate

a semi-infinite solid.

To keep the distance between adsorbates in neighboring cells on the Cu(110)
lattice close to that for the (111) surface, a (2 x 3) surface supercell of the origi-
nal unit cell was used. This corresponds to a 1/6 ML benzene coverage. For the
VASP calculations on the Cu(110) surface, the slab was six atomic layers thick
while the vacuum was fifteen (20 A), with the lattice parameter of 3.655 A set
to match the appropriate calculated value for bulk copper. The top three layers
of Cu(110) and adsorbed species were allowed to relax, with other layers fixed
in their bulk positions. Brillouin-zone integrations were performed using the
4x3x1 k-point Monkhorst-Pack grid, with a Methfessel-Paxton smearing?® of
0.2 eV. In the CASTEP and SIESTA computations, the Cu(110) slab was four
atomic layers thick with a vacuum region of 20 A. Test STESTA calculations

indicate a maximum variation in binding energy of 0.35 kcal mol™! on expan-



sion through to 7 layers. Lattice parameters of 3.636 (CASTEP) and 3.680
(SIESTA) A for Cu were used consistent with the optimized values for the
bulk material obtained using the PBE density functional with the appropriate
basis sets. Also, 5x5x1 and 3x3x1 Monkhorst-Pack meshes were employed
in the SIESTA and CASTEP calculations, respectively. The Cu slabs were
fixed at their bulk geometry, however, as test calculations for the Cu(110)
slab where the top two layers were allowed to relax, showed that this had

negligible effect on binding energies.

The cluster model of Triguero et al,?' sketched elsewhere,?? was also used to
study CgHg on Cu(110). It comprises a Cuyz cluster with two atomic layers
containing four atoms in the first layer that are bonded to a benzene molecule.
The cluster has overall Cq, symmetry; strong chemisorptive-type interactions
distort the benzene ring, however, giving it an inverted boat shape akin to the
quinonoid form of the lowest excited triplet state®® of the benzene in the gas

phase.?!

The CASPT?2 calculations?® were performed using the MOLCAS package. !
The Stuttgart basis set ECP1I0MWB*? with its 1s+2s+2p effective core po-
tential was used for Cu in conjunction with the 6-31+G* basis set*? for C and
H. The active space was chosen in a way that would comprise all 13 Cu 4s
electrons distributed through all 13 Cu 4s orbitals. The chosen orbitals were
5aq, 2a9, 3by, and 3by while the doubly occupied orbitals were 41a,, 28a4, 34by,
and 35bs. Orbital rotations distorted this picture, however, with some benzene
occupied orbitals, benzene virtual orbitals, copper 3d occupied orbitals, and
copper 4p virtual orbitals being swapped into the active space instead of some
of the copper 4s orbitals. One Cu 3p orbital was also occasionally rotated into
the active space. To eliminate the effects of this rotation, the complete-active-
space self-consistent-field (CASSCF) part of the CASPT2 calculations were
also performed using a frozen core consisting of the C 1s and Cu 3s + 3p or-

bitals. The quantitative effects of this restriction were insubstantial, however,



and the results are not presented. In both cases the Mgller-Plesset perturba-
tion aspect of the CASPT?2 calculations was performed using frozen C 1s and
Cu 3s + 3p orbitals. In addition to the CASPT2 calculations, second-order
Moller-Plesset perturbation (MP2)?* calculations were also performed based
on a two-determinant restricted open-shell Hartree-Fock (ROHF) wavefunc-
tion using the GAUSSIANO3 program package*! with the same basis sets and
frozen orbitals. All binding energies were corrected for basis-set superposition
error using the counterpoise method.?® Also, some constrained optimizations
of the geometry of the adsorbate above the Cuy3 cluster were performed by
GAUSSIANO3 using the PW91 density functional®® with the ECP10MWB*2
and 6-31G™* basis sets, but without use of BSSE correction.

3 Results and Discussion

3.1 VASP PWO1 calculations of adsorption in the low-coverage limit

The adsorption of benzene on the Cu(111), Ag(111), and Au(111) surfaces is
considered for flat-lying orientations in which the center of the ring is classified
as being either above TOP, bridge (BR), or FCC/HCP three-fold hollow sites
on the surface. Six high-symmetry binding configurations are illustrated in Fig.
1 for which the corresponding adsorption energy changes AFE, evaluated using
VASP, are listed in Table 1. These comprise two orientations each, named A
and B, for binding at the four sites. All optimized coordinates are provided in

Supporting Information.

For benzene on Cu(111), the two TOP sites are calculated to provide no
binding at all, while the BR, FCC, and HCP sites support only very weak
binding of AE ~ -0.5 kcal mol~!. This result is in stark contrast with the
observed binding of AE = -14 kcal mol™! (-0.6 eV).1718



For the case of benzene on Ag(111), the calculated interaction energies for
the 8 structures are all more attractive by 0.1 - 1.0 kcal mol~! than the corre-
sponding values for benzene on Cu(111). No experimental value for the binding
energy is available, but chemical arguments?® suggest that instead it should
not be as strongly bound. However, the strongest interaction of AE ~-1.2 kcal
mol~! on Ag(111) is predicted for the FCC hollow site in the orientation “A”
in a pattern that actually corresponds to the experimentally observed (3 x 3)
superstructure found after an exposure to 5 L of benzene on Ag(111).'> An
early molecular-orbital calculation also suggested that a three-fold hollow site
is most favored for benzene adsorption on a silver cluster.® The most signifi-
cant conclusions to be drawn from the calculations, however, is that benzene
is predicted to wander freely across the surface with little barrier, even at low

temperatures.

The VASP calculations predict also that for each possible binding site the in-
teraction energy is 0.6 - 0.8 kcal mol™! more favourable for binding to Au(111)
than to Ag(111). Binding to the HCP hollow site A is only 0.1 kcal mol~! more
favourable than the FCC hollow site, however, again indicating no significant

preference for any particular binding site.

The adsorption of benzene on Cu(110) is considered at four different binding
sites, as illustrated in Fig. 2, termed the TOP, hollow (HOL), short bridge
(SB) and long bridge (LB) sites. On each site two high symmetry orientations
of the molecule are considered, and these are named A and B in the figure. In
addition, three possible adsorbate structures are also considered correspond-
ing to physisorption of flat molecules and possible chemisorption involving
quinonoid and H-flipped configurations of the ring;?'?? these structures are
illustrated in Fig. 3. The chemisorbed structures correspond directly to the
local minima identified?*? in calculations of benzene above the HOL site of
a Cuyz cluster used as a model for the (110) surface. The computed binding

energies are given in Table 2 while key structural properties are given in Table



3 and all optimized coordinates are provided in Supporting Information. Some
of these key properties include the average height of the carbon atoms above
the surface, Az, the maximum difference in CC bond lengths, ARc¢, and the
maximum CCCC and CCCH torsional angles, Tcccc and Toccon, respectively.
Based upon them, the optimized structures are classified as being either “flat”
(Az =27-29A, ARce < 0.006 A, and torsional angles < 2.5deg in mag-
nitude), “quinonoid” (Az = 2.0 - 2.4 A, ARc¢c up to 0.06 A, large positive
Tocoo and large positive 7ocop ), and “H- flipped” (Az = 2.0 - 24 A, ARcc
up to 0.02 A, significant negative Tocco and large positive Toccpy). In some
cases, geometry optimization leads to local-minimum structures with qualita-
tive properties preserved, while for the remainder the structures relaxed to an

alternate configuration, as indicated in Table 2.

,From the results in Table 2, an important qualitative feature is that increased
binding by ca. 5 kcal mol™! is predicted for benzene binding to Cu(110) com-
pared to Cu(111). While this is consistent with the observed increase of 9 kcal
mol !, 171823 the absolute magnitude of the binding energies remain in poor
agreement, 6 kcal mol~! calculated compared to 23 kcal mol~! observed.?? Ph-
ysisorbed structures are predicted to be more stable than chemisorbed ones,
but the energy difference is only 0.6 kcal mol™!, a value that is most likely
less in magnitude than the accuracy of the methodology. As Table 3 shows
that these local minima differ dramatically in structure, and as qualitatively
we find no significant barriers separating them, it is clear that very large am-
plitude motions may be sustainable on the surface and hence proper quantum
thermal treatment of the vibrational motion will be essential in any quanti-
tative comparison of computed and experimental properties for the system.
However, STM images of benzene on Cu(110) have revealed that the adsor-
bates stick over both the long-bridge site?” and the hollow site,*® the two
lowest- energy sites revealed in Table 2. Also, it has been observed*” that ben-

zene is easily dragged over Cu(110) by an STM tip; this is consistent with the

10



basic qualitative scenario predicted by the calculations of poorly site-specific

binding.

Significant differences are found between the optimized structures of benzene
on Cu(110) and those reported previously by Triguero et al.*"® for the binding
of benzene to a Cuys cluster. Shown in Table 3 are the geometrical parameters
from these calculations for both the cluster-optimized HOL-2A (quinonoid)
and HOL-2B (H-flipped) structures, as well as those for our corresponding
surface-optimized structures. On the surface, the distortion to the benzene
geometry is dramatically reduced, and the molecule floats ca. 0.2 A higher
above the surface. The calculated interaction energies are also very different,
with those for the cluster being -18 and -14 kcal mol~! for the quinonoid and
H-flipped structures, respectively, compared to -2.9 kcal mol~! and -5.2 kcal
mol ™!, respectively, on the surface. Further, no flat structures are found above
the cluster whereas a flat structure forms the most stable structure, of interac-
tion energy -5.8 kcal mol~!, on the surface. As there are some computational
differences between the original DFT implementation and that used herein,
we repeated the previous cluster calculations using VASP and PW91 for the
HOL-A quinonoid structure, obtaining AE = -19 kcal mol~! in excellent agree-
ment with the previous value. Hence the differences are due primarily to the
differing reactivities of the cluster and the surface. The reasonable agreement
found prevously between the cluster binding energy and the surface observed
adsorption energy is thus found to be due to the near cancellation of two
significant effects: the underestimation of the binding due to limitations as-
sociated with modern DFT functionals, and the enhanced reactivity of the
cluster. Note also that variation of the DFT functional used does not lead to
qualitative changes in the results, and that the problems encountered with
the calculation by DFT of the binding of benzene to coinage-metal surfaces is

general.

The adsorption of benzene on Cu(111) is known!'#1%17 to be physisorptive

11



in nature. A series of calculations has been performed to determine whether
or not VASP predicts stable chemisorbed species for this surface, as it does
for Cu(110). Geometry optimizations were performed starting at analogous
quinonoid and H-flipped conformations. In all cases, the geometries relaxed
to the flat ones, indicating that the surface calculations do not intrinsically
overestimate the significance of the chemisorbed structures, and hence they
remain as viable alternatives for the actual structure on Cu(110). We return
to the question of the experimental determination of whether the interaction

is fundamentally chemisorptive or physisorptive in Section 3.3.

3.2 Verification of the major results using CASTEP and SIESTA calcula-

tions

The VASP calculations reveal potential-energy surfaces that support 0.6 A
changes in the metal-adsorbate separation Az and large intramolecular dis-
tortions ARcc, Tccoce and Toocm to the adsorbate at the cost of the very
small amount of ca. 1 kcal mol~! in energy. Such energy changes are less than
absolute error magnitudes expected for modern density-functionals, pseudo-
potentials and basis sets, while the determination of precise results is computa-
tionally challenging in terms of the algorithms used for geometry optimization,
etc.. To verify that the major conclusions reached from the VASP calculations
are robust to these effects, some analogous calculations have been performed
using CASTEP and SIESTA for the binding of benzene to the surface of

greatest contention, the Cu(110) surface.

The CASTEP calculations were performed for the LB-A and LB-B structures
involving translational scans of the potential-energy surface for frozen metal
and adsorbate components, using the flat, quinonoid, and H-flipped adsorbate
structures. In all cases, the same qualitative conclusions were reached as from

the VASP optimizations. For one structure a full optimization was performed

12



and this yielded a binding energy within 1 kcal mol~! of the corresponding
VASP one. For most problems such quantitative agreement would be consid-
ered excellent, but for this system this amounts to 20% of the binding energy.
The significant factor, however, is that the primary qualitative conclusions
remain invariant. CASTEP was also used to compare results from the PW91
and PBE density functionals; good agreement was found, with the PBE bind-
ing strengths being slightly less than the PW91 values by just 0.1 - 0.3 kcal

mol 1.

SIESTA calculations were performed for all adsorbate structures and binding
locations, and the results are provided along with the VASP ones in Table 2.
These calculations were performed by first adjusting the height of the adsor-
bate above the surface at fixed metal and adsorbate geometry so as to provide
a best-estimate starting structure, and then these structures were fully re-
laxed. Both the energy of the z-optimized structure and the fully relaxed one
are given in the table. The resultant quinonoid and H-flipped structures show
even less variations in bond lengths and torsional angles than those from the
VASP calculations reported in Table 3, with in particular the HOL-A struc-
ture being very flat; significant differences in the height above the surface are

still found between the physisorbed and chemisorbed structures, however.

Direct comparison of the binding energies from the SIESTA and VASP cal-
culations is difficult owing to the significant BSSE that arises from the use
of atomic basis sets in the SIESTA calculations. While atomic basis sets are
much more conducive to mechanistic analyses than are plane-wave ones, an
advantage exploited in the next subsection, the presence of BSSE arising from
the incompleteness of the atomic basis set used provides a significant disad-
vantage. In Table 2, the energy changes due to binding are shown both with
and without the use of BSSE corrections. The energies of binding without
BSSE correction fall in the range of AE= -7 to -20 kcal mol~! but after cor-

rection the binding is or is very nearly lost altogether. The corresponding

13



values obtained using VASP and CASTEP fall mid-way between the BSSE
corrected and uncorrected values. When large atomic basis sets are used, the
BSSE correction is usually small and typically of the wrong sign and so BSSE
corrections should not be applied.*® However, for small atomic basis sets, the
BSSE correction is large and of the correct sign and its application is essential.
The double-zeta plus polarization basis set used in these SIESTA calculations
does not have the augmented functions that are crucial to BSSE reduction and
hence its application appears essential. However, for intermediate-sized basis
sets such as this, a technique of fractional BSSE correction is often used® in-
volving the addition of some set fraction of the full correction. This technique
may be applicable here, with fractional corrections of 0.6 - 0.9 being required

to bring the SIESTA and VASP results into quantitative agreement.

A significant difficulty with the atomic basis set approach, however, is that all
geometry optimizations are performed on the raw, uncorrected energies. As
the BSSE is of order 6 kcal mol™! for the distant physisorbed structures and
of order 14 kcal mol~! for the close-lying chemisorbed ones, the method used
to treat it induces significant changes to the shape of the potential-energy
surfaces. As a result, e.g., the raw SIESTA energies for the HOL-A structure
strongly favour the H-flipped structure whilst after correction they favour the
flat one. As the reduction of BSSE to the level required for realistic geometry
optimization in these systems requires Gaussian basis sets that are at least an

49 any previous or foresee-

order of magnitude larger than those used herein,
able calculation of this type, is likely to be unreliable. Such calculations will
artificially favour closely interacting, highly distorted chemisorbed structures
over physisorbed ones. While this effect cannot account for the perceived high

reactivity of the Cy3 cluster to benzene, it could account for the high degree

of distortion found in the cluster-optimized structures.
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3.3 The electronic structure of the adsorbate layer

Adsorption-induced changes to the electronic structure of the surface and ad-
sorbate provide important indicators of the nature of the surface - molecule
interaction. Atomic-basis-set programs such as SIESTA provide insight into
this process through the ready application of simple methods such as Mulliken
analysis of the charge flow to the adsorbate, methods not available for use with
plane-wave basis sets. SIESTA results for benzene on the (111) surfaces of Cu,
Ag, and Au indicate negligible charge transfer to benzene, ¢,,,, of magni-
tude less than 0.01 e, where e is the magnitude of the charge on the electron.
For benzene in various structures above Cu(110), SIESTA results are given
in Table 3; again, negligible charge transfer is found for the flat physisorbed
structures, but some charge flow up to 0.12 e is predicted for the chemisorbed

ones, especially those at the cluster-optimized geometries.

A commonly used method to estimate charge flow using plane-wave based
calculations is Helmholz anaylsis of the change in the surface work function.
A reduction in the work function of the surface of -0.44 eV is predicted by the
VASP calculations for the C¢Hg-(3%x3)-Ag(111) surface, in reasonable agree-
ment with the measured value of -0.3 eV.!%°! On Au(111) the computed value
is -0.42 eV, while on Cu it is somewhat bigger: -0.55 eV (obs."? -0.3 eV) and
-0.84 eV on the (3x3)-(111) and (2x3)-(110) surfaces, respectively. Using the

! applied in the low coverage limit, charge transfer to the

Helmholz equation
adsorbate may be estimated from these changes in surface potential, yielding
0.71, 0.74, 0.81, and 1.26 D per adsorbate molecule for the calculated lowest-
energy structures on Au(111), Ag(111), Cu(111), and Cu(110), respectively.
Dipole-moment changes arise from polarization of the metal surface, polar-
ization of the molecule, and from charge-transfer between the molecule and

surface. Neglecting polarization effects completely leads to estimated charge

transfers of 0.04, 0.04, 0.05, and 0.10 e for these flat adsorbates, much larger

15



than the values of < 0.01 e deduced from the SIESTA Mulliken analysis.
This discrepancy could arise as the molecular and surface polarization terms
are also naively expected to be of this order but of opposite sign to each
other. Also, non-Helmholz terms do contribute to changes in the surface po-
tential,?*5° and such effects could dominate the process especially for weakly

bound adsorbates.

The predicted and observed changes in the work function are much smaller
than those predicted and observed for benzene chemisorbed on reactive tran-
sition metals such as Ni, Pd, and Pt of ca. 1.4 eV.! There is thus a significant
qualitative difference found between the results of the present calculations and
those for a system in which full organometallic bonds are implied. Analysis of
the work function changes calculated from the plane-wave-based methods thus
corroborates the conclusions reached from Mulliken analysis of the STESTA re-
sults that DF'T predicts only weak to very weak interactions between benzene

and the various surfaces.

To gain further insight from the VASP calculations into the electronic varia-
tions that arise because of adsorption, projected densities of states (PDOS)
have been evaluated. Results are presented in Figures 3 and 4 for benzene
and Cu(110) well separated, at the optimized flat HOL-B lowest-energy struc-
ture, and for the starting (ie., Cy3 cluster optimized ?'"*?) and surface-optimized
HOL-A quinonoid and HOL-B H-flipped structures. Fig. 3 shows the average C
p. () orbital density while Fig. 4 shows the density for the surface copper d.2
orbitals. As it has been shown that the computational methods predict much
more realistic changes in binding energies between the Cu(111) and Cu(110)
surfaces than absolute binding energies, results for benzene on Cu(111) at the
lowest-energy optimized HCP-hollow A are also included in these figures. In
addition, results from the quantitative analysis of the calculated PDOS for
all cluster and surface optimized structures are provided in Table 3. These

include the highest-occupied molecular orbital (HOMO) energy with respect
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to the Fermi level ey — Ef, the shifts of the lowest-unoccupied molecular or-
bital (LUMO) from the gas phase, €]*°, as well as from its calculated value on

Cu(111), e

The gas-phase densities show the benzene HOMO at 2.15 eV below the Fermi
energy Fr, whereas this band is observed®® to be at 4.5 eV below the Cu(110)
Fermi energy (this Fermi energy is at -4.8 eV with respect to the vacuum level);
alternatively, the calculated LUMO appears at 2.96 eV above Er compared
to 5.9 eV observed. These discrepancies are due to the asymptotic potential
error and band-gap error, respectively, that are inherent in modern density
functionals;%°7 the calculated band gap is 5.1 eV while the observed one is
10.3 eV. The HOMO orbital error is somewhat compensated for in calculations
of surface adsorbates by charge transfer processes that act to align the energy
level systems. As a result, DFT calculations tend to give qualitatively rea-
sonable occupied electronic structures of adsorbates but fail to quantitatively

reproduce charge transfer.®

For benzene on Cu(111), Fig. 4 shows that the calculated C 7 PDOS is broad-
ened slightly due to the weak interaction with the metal surface and shifted
downward by 0.66 ¢V (HOMO) and 0.40 ¢V (LUMO). These shifts reflect the
net effects of orbital-specific molecule-surface interactions and charge transfer.
More significant interactions are evident for benzene on Cu(110), however. For
the deduced lowest-energy physisorbed flat structure HOL-B, the calculated
C 7 PDOS shown in Fig. 4 is broadened significantly, shifted downward, and
split into two peaks at 1.36 and 1.77 eV, changes Aef* given in Table 3 of
-1.57 and - 1.17 eV from the gas-phase values. The corresponding HOMO
level shifts down by 1.37 eV. For the optimized chemisorbed structures, the
broadening of the LUMO (and HOMO) is further increased while the orbitals
shift to lower energy as the separation Az decreases and interactions become
significantly larger. However, the PDOS evaluated for the quinonoid and H-

21;22

flipped geometries optimized in previous cluster calculations show even

17



greater broadening and shifts, with the LUMOs shifted until they cross the
Fermi energy. The SIESTA Mulliken charge analysis results shown in Table 3
also indicate the appearance of detectable charge transfer in these chemisorbed
structures, up to 0.12 e at the cluster-optimized geometries. Note that a possi-
ble consequence of the DF'T band-gap error is that the charge transfer process
associated with the donation of electrons from the benzene 7 orbitals to the
metal is artificially curtailed by the apparent back-bonding that is enforced

when the LUMO prematurely crosses the metal Fermi energy.

Qualitatively, the interaction of benzene with Cu(110) is known to be much
weaker than that with Ni(100),%® a surface on which it is clearly chemisorbed.
Also, the benzene - Cu(110) interaction is much weaker than that of acety-
lene with Cu(110),% another chemisorptive interaction, but it is significantly
stronger than the interaction of benzene and Cu(111), a clearly physisorptive
interaction. 41517 The adsorption of benzene on Ag(111) is also unambigu-

15;51

ously physisorptive. While some experimental results®® have been inter-

preted in terms of weak physisorption of benzene on Cu(110), others?!:22:60
have been interpreted as indicating that o-m mixing does occur and hence
some degree of chemisorption is implicated. Indeed, the DOS for all of the
possible optimized structures shown in Fig. 4 or summarized in Table 3 depict
significant interactions between benzene and Cu(110), interactions that are
much stronger than those with Cu(111), in agreement with the general sce-
nario depicted experimentally. PW91 calculations® for benzene on Ni(110)
predict a binding energy of 41 kcal mol™! and torsional angles up to 35°,

clearly depicting strong chemisorption as apposed to the much weaker bind-

ing on Cu(110), also in agreement with experimental findings.

More quantitative experimental information is available, however, that could
in principle discriminate between the various calculated binding possibilities.
X-ray emission spectroscopy observes the nature of the occupied orbitals. For

benzene on Ni(110), the HOMO orbital is observed at an energy of -4.3 to
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-4.6 eV with respect to the Fermi level and calculated in good agreement
by PW91 to be at -4.5 V.5 For benzene on Cu(110), the observed value®®
is very similar, -4.4 eV. Figure 4 shows that the calculated HOMO levels
are of this order but vary considerably depending on site and structure. In
Table 3, the calculated HOMO energies Aey — Er are listed. Most calculated
structures predict Aey within 0.4 eV of the observed value, the exceptions
being the cluster-optimized structures, at ca. -7 eV, and the high-energy TOP-
A structures at > -3 eV. The best results are obtained for the optimized
quinonoid LB-A and H-flipped HOL-B and LB-B structures (-4.0 to -4.3 eV)
while the low-energy flat structures all more significantly removed (-3.4 to -3.5

eV).

The energy difference between the LUMO orbital and the Fermi energy can-
not be reliably determined using modern DFT owing to the DFT band-gap
error, but changes in this quantity between different structures should be bet-
ter described. The calculated changes Aej!' between adsorbates on Cu(110)
and Cu(111) given in Table 3 and are -1.2 and -0.8 eV for the two peaks asso-
ciated with the lowest-energy surface optimized (HOL-B) structure. These are
somewhat less for the other physisorbed structures, -1.7 eV and -2.2 eV for
the cluster-optimized quinonoid (HOL-A) and H-flipped (HOL-B) structures,
respectively, and -1.0 to -1.3 eV for surface optimized quinonoid and H-flipped
structures. Experimentally the LUMO energy for benzene on Cu(111) has been
determined from inverse photoemission spectroscopy.? Figure 6 shows the
original results® fitted to Gaussian-shaped peaks on a piecewise-linear back-
ground. The inverse photoemission spectrum for clean Cu(111) is also shown; it
contains two peaks that are lost in the absorbate but more significantly a very
similar underlying background. For benzene on Cu(111), the fitted Gaussian
has a centre of 4.4 eV and standard deviation of 0.8 eV. The LUMO energy for
benzene on Cu(110) has been measured by scanning-tunnelling spectroscopy *®

and the original current-voltage (I(V')) curve is shown in Figure 7. There the
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curve is fitted to the sum of three arctan functions depicting molecular res-
onances® at 3.0 eV (LUMO), 3.7 €V, and 4.5 eV. Hence the observed value
of Aelt is -1.4 eV, in best agreement with the calculated results for the opti-
mized chemisorption structures, again, although the flat HOL-B structure is

quite close and actually has the two-peaked structure found experimentally.

Hence, from consideration of the PDOS, it is clear that the cluster-optimized
structures depict unreasonable possibilities, while the optimized chemisoprtion
structures are most favoured and the flat HOL-B structure is not implausible.
Authoritative conclusions cannot be made, however, due to the complex na-
ture of the calculated PDOS structures and the lack of treatment of quantum-
mechanical and thermal vibrational effects. Given the small energy differences
predicted between the most probable chemisorptive and physisorptive struc-
tures, it could be that zero-point or thermal vibrational effects are sufficient
to mix all of these structures, resulting in an observed average structure that
could be quite different in appearance to any of the local-energy minima found

on the potential-energy surface.

In general, only small perturbations to the DOS of the copper atoms are
found on adsorption of benzene. The copper orbital that interacts most sig-
nificantly is the d.2 orbital whose PDOS is shown in Fig. 5. While a weak
tail to this distribution above the Fermi energy is found indicating bonding
interactions with the unoccupied molecular orbitals, the effect is clearly quite
weak. Instead, large downward shifts of the orbital energies are found, espe-
cially for the cluster-optimized chemisorptive structures, indicating a strong
interaction with the occupied orbitals. It is indicative of a strong dispersive in-
teraction between the copper and benzene, an interaction for which DFT does
not correctly include the resultant attractive energy contribution, especially
for complexes with coinage metals.3%% It is hence reasonable to hypothesise
that the binding is dispersive in nature and that this is the cause of the poor

agreement between calculated and observed absolute binding energies.
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3.4 Lack of involvement of the triplet states of benzene in the binding

The chemisorptive interactions observed between some alkenes and reactive
metal surfaces cannot be accounted for assuming that the surface interacts
with the ground state of the alkene.?! Instead, strong interactions with ex-
cited states of alkenes have been invoked. For benzene on Cu(110), the local
structure of the benzene is reminiscent of the equilibrium geometry“® of the
lowest-triplet excited state, and hence it has been postulated that it is this
state that interacts with the metal. Assuming that two covalent bonds form
in this chemisoprtive process,?! the DFT-calculated absorption energy of 18
kcal mol~! for benzene on the Cuyz cluster has been interpreted as indicating
a Cu-C bond strength of 58 kcal mol™!, opposed by the energy of 98 kcal
mol~! required to form the triplet state. Triguero et al.?! have depicted the
generic form of the potential-energy surfaces expected in this situation and
these are sketched in Figure 8: the ground-state of the adsorbate correlates
to the asymptotic benzene triplet state while the asymptotic ground state
becomes an excited state of the adsorbate. Note that both depicted states
are actually doublets, the upper one being a triplet-coupled state known as a
tripdoublet state.%%% In this figure is also shown the actual potential-energy
surfaces for these two states calculated using DFT at the PW91/6-31G* level
using GAUSSTANO3. These surfaces were obtained by freezing the cluster ge-
ometry and the height of the nearest carbon atoms above the surface, allowing
all other coordinates of the benzene molecule to relax on the ground state. The
ground state of the adsorbate is clearly seen to correlate to the asymptotic
ground state, in contrast to the predictions of the triplet-interaction model.
Note that the calculated binding energy of 24 kcal mol~! is somewhat greater
than the value of 19 kcal mol~! obtained in this work previously using VASP;
this is due largely to the neglect of BSSE corrections in the current calcula-

tions.
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Accurate calculations of the energy of the benzene tripdoublet state are not
feasible as there are many hundreds of excited states of lower energy involv-
ing the cluster; at the equilibrium geometry, we determined the nature of the
lowest 100 excited states using time-dependent DFT, finding none to con-
tain benzene triplet character. However, a crude estimate of the tripdoublet
energy is obtained as the difference in the benzene LUMO and HOMO or-
bital energies, and this is shown in the figure. Though only approximate and
not optimized for the electronic state of the cluster, these results support the
emphatic results obtained for the ground-state surface that the adhesion of
benzene to the Ci3 cluster does not involve covalent bonding to the triplet
state. Instead, the DFT results depict a weak intermolecular interaction typ-
ical of hydrogen bonding, dispersive interactions, or possibly dative covalent

bonding involving the benzene ground state only.

Inspection of the form of the molecular orbitals reflects the same scenarios dis-
cussed in the previous section for the surface-benzene interaction: all benzene
7 orbitals of the adsorbate are significantly depressed in energy, with the dom-
inant mixings being between different occupied levels (or between different vir-
tual levels) arising from dispersive intermolecular interactions. However, there
are also some significant interactions evident between the benzene HOMO and
unoccupied cluster orbitals. This results in significant charge transfer, the net
effect of which is, after BSSE correction, a Mulliken-charge transfer of ¢,,.;=
0.3 e; this could indicate the action of dative covalent bonding. The depression
of the benzene LUMO orbital appears to be dominated by interactions with
copper 4p orbitals. If this interaction was slightly stronger, the LUMO could
become significantly occupied and hence the benzene would appear to take on
triplet character. Hence the triplet interaction model, whilst being shown to
be inappropriate for benzene on Cu(110), may be quite apt for systems with

slightly stronger interactions.
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3.5  Quantification of the contribution of dispersion to the binding energy

While DFT calculatons indicate that the Cuyz cluster introduced by Triguero

et al. *748

is too reactive for quantitative modelling of the reactivity of Cu(110)
surfaces, it can provide a useful guide as to the significance of dative bond-
ing and dispersive force as it facilitates the application of high-end ab ini-
tio approaches designed for discrete molecular systems. We have performed
CASPT2 calculations for the Cu;z - benzene interaction for the quinonoid
structure HOL-A at the previous cluster-optimized geometry?! and compared
them to DFT calculations for the same system. CASPT2 is a Mgller-Plesset
perturbation method similar to MP2 but generalized to treat systems with
open-shell bands such as the s band of the copper cluster and is, in principle,
the simplest ab initio method that is appropriate for problems of this type.
It can provide an a priori estimate of the magnitude of the dispersive inter-
action that acts in parallel to, and independent of, covalent-bonding forces; it
has been shown to be reliable for the study of related problems involving a

small number of metal atoms,*%% but it becomes much more difficult to apply

to large metal clusters such as Cuys.

At the cluster optimized binding geometry of Triguero et al.,?' the raw in-
teraction energy of the two fragments is calculated using CASPT2 to be -77
kcal mol™!, reducing to -51 kcal mol~! after BSSE correction. The distortion
energy of the benzene molecule required to produce the quinonoid geometry is
calculated at this level to be 18 kecal mol™!, so the total calculated interaction
energy is -33 kcal mol~!. The CASSCF calculations used as a starting point
for the perturbation calculations in CASPT2 predict that the cluster is highly
unbound, however: the raw interaction energy is +17 kcal mol™!, becomes +20
kcal mol~! after BSSE correction and gives the total interaction energy as 438
kcal mol~!. As covalent bonding is described at a usefully realistic level at the

CASSCEF level and no binding is predicted, it is clear that covalent bonding
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plays an insignificant role in the interaction. This includes both simple da-
tive bonding in which say benzene acts as an electron donor to fill partially
occupied copper orbitals, as well as more sophistocated scenarios such as the
interaction of the surface with benzene excited states. The correlation-energy
correction is thus a massive -71 kcal mol~!, a correction that is non-covalent

in origin.

The correlation energy of two interacting species can be separated into con-
tributions from the changes to the fluctuations on each species as modified
by the presence of the other, as well as the dispersive contribution that arises
from correlated fluctuations on both species. If a covalent bond forms between
the two species, then the bond formation alters the valence electrons on each,
and these electrons then interact with the local cores. This gives rise to the
non-dispersive core - valence correlation” that can act to significantly deepen
covalent wells,®” being especially significant for interactions with transition
metals.%® Core-valence correlation acts in response to bonding interactions
but does not constitute a bonding mechanism. In the present application,
there is no intrinsic covalent bond for core-valence correlation to enhance, but
there is clear evidence of many dispersive bonding interactions that mixing
say the copper 3d orbitals with the benzene occupied orbitals. It is thus clear
that the primary source of the binding is dispersive in nature, and that the
effect of any core-valence correlation is thus to enhance the significance of the

dispersive interactions.

The thirteen-orbital active space optimized in the CASSCF calculations ex-
cluded some of the Cu 4s orbitals that initially constituted it, including in
their stead some occupied Cu 3d and benzene orbitals as well as some unoccu-
pied Cu 4p and benzene orbitals. Like results obtained using DF'T, the orbital
coefficients reflect strong mixing of the occupied benzene and Cu 3d orbitals,
and strong mixing of the virtual benzene and Cu 4p orbitals. However, much

stronger benzene o - m mixing is perceived at the CASSCF level, owing, most

24



likely to the neglect of dynamical electron correlation in CASSCEF. It appears
that some of the possible metal to benzene-triplet bonding interactions are
directly included as some of the excitations available within the active space.
All possible interactions may have been included, if the ground-state energy
could have been reduced in this process, however, and all interactions are in-
deed included at the CASPT2 level. Because of the high level of ¢ - © mixing,
quantification of the significasnce of the benzene triplet states at either the
CASSCF or CASPT?2 levels is difficult, although it is clear that they do not

dominate the binding.

The interaction energy of benzene and the cluster calculated by VASP DFT is
-19 kcal mol~!, some 14 kcal mol~! less than the CASPT2 value; the correla-
tion energy from the DFT calculation is thus perceived to be ca. -57 kcal mol~*
or only 80 % of that determined by CASPT2. While core-valence correlation
energies are well represented by DFT, % a major cause of the underestima-
tion of the binding energies is the inadequate treatment of dispersion forces
offered by all currently available density functions.?” These forces dominate
weakly interacting systems such as physisorbed adsorbates on solid surfaces,
and, whether by design or otherwise, are accounted for as part of a perceived
covalent bonding interaction.?® Consequently, the quality of DFT predictions
for weakly bound systems varies dramatically, possibly either underestimating
or overestimating binding energies by an order of magnitude. Dispersion con-
tributions to strong interactions involving covalent binding are usually of the
same magnitude as those to physisorbed interactions, but as the covalent forces
are much larger, improper treatment of dispersion does not present a critical
problem. While there have been attempts to incorporate realistic descriptions
of dispersive interactions empirically within DFT,%6:6%70 such refinements are

not yet applicable or well characterized for practical purposes.

While the CASPT?2 calculations clearly indicate the major qualitative features

controlling the binding, accurate quantitative calculations at this level are dif-
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ficult to perform. Basis sets of the size used herein are generally considered to
give results of accuracy of ca. 5 kcal mol~! for second-row complexes; however,
the number of electrons retained in the calculation, and the extent of electron
correlation within the metal bands, can have profound effects on the accuracy

of the calculation.

A simple test that verifies that the active space used is not unrealistic is
provided by an MP2 calculation using only a single spin-adapted reference
determinant. The calculated MP2 interaction energy is -26 kcal mol™!, quite
close to the CASPT?2 value of -33 kcal mol™!. Previous MP2 calculations on
this system?” have predicted either no binding or weak binding, is contrast
to this result. In the current calculations a 10-electron effective core poten-
tial is used, explicitly including 19 electrons per copper atom in the calcula-
tions, compared to 1 - 11 electrons included previously. The dispersion and
core-valence correlation energies are proportional to the number of nearby
electrons, with the effect of reducing the number of electrons per atom to 11
being enhanced by the inclusion of only 6 copper atoms in the earlier cal-
culations. It is thus anticipated that the inclusion of 13 atoms containing 19
electrons in the present calculations could approximate the asymptotic limit.
However, the core-valence correlation energy is accounted for in the present
calculations at the CASPT?2 level, and as these contributions to the binding
may be significant, % enhanced quantitative accuracy would be expected if the

3d orbitals were included in the active space.

A simple test for the adequacy of the basis set is the magnitude of the BSSE
correction. At 26 kcal mol~!, this correction is quite large. Even the adequacy
of the application of the BSSE correction on systems of this type using suffi-
ciently large basis sets, of the sized used herein, has been questioned®® as it
may change calculated binding energies in the wrong direction or double the
actual effect.?® Clearly, much larger basis sets’ are required in quantitative

calculations.

26



4 Conclusions

The typically strong interaction of benzene with surfaces of transition metals
has previously been extensively studied owing to its technological relevance.
Here, the nature of the adsorption of benzene to the coinage metals copper,
silver and gold is shown to be significantly different with the adsorbate only
weakly interacting with the surfaces. For benzene on Cu(111), Ag(111), and
Au(111) the binding is clearly identified as being weak and physisorptive,
with all major qualitative features of the available experimental results be-
ing reproduced by the calculations. A major quantitative feature not properly
predicted is the magnitude of the binding energy, a quantity that is dramati-
cally underestimated, however. For benzene on Cu(110), a variety of feasible
physisorption-like and chemisorption-like structures are predicted. Owing to
the underestimation of the binding energies, authoritative discrimination be-
tween these possibilities based solely on calculated energies is not feasible.
However, the calculated PDOS of the various structures are shown to dif-
fer significantly, and the chemisorbed-like ones actually appear to give the
best agreement with experimental results. Nevertheless, neither the possibil-
ity that the physisorbed structures prevail, nor the possibility that zero-point
and thermal fluctuations dominate by mixing the structures, can be elimi-
nated. Previously, the prominence of highly distorted chemisorbed structures
for benzene on Cu(110) had been anticipated through model DFT calcula-
tions of benzene on a Cuys cluster, 222 but our analogous calculations for that
system and for benzene on a periodic surface indicate that the model cluster
is too reactive for use in quantitative studies of adsorption structure and en-
ergetics. The predicted PDOS for these cluster-optimized distorted structures
are inconsistent with the available experimental information and are hence

excluded from contention for the structure of benzene on Cu(110).

A significant feature of the calculated binding between benzene and the (110)
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and (111) surfaces is that covalent bonding contributions are insignificant.
Instead, the interactions are dominated by dispersive forces. Calculations of
the interaction of benzene with the Cuys cluster used to model the Cu(110)
surface provide quantitative support to this conclusion: no binding at all is pre-
dicted between benzene and the cluster at the CASSCEF level, whilst CASPT?2
calculations reveal a massive intermolecular correlation energy. In addition,
spin-uncoupling models?! that anticipate strong covalent interactions between
Cu(110) and the lowest triplet excited state of benzene are shown to be inap-
propriate by both the DFT calculations, which indicate that the ground-state
of the adsorbate correlates to the ground-states of the separated species, and
by the CASPT2 calculations, calculations that explicitly include all possible
states of bond preparedness of the cluster. The DFT calculations hint that
spin-uncoupling may become quite significant for other systems with stronger
metal-alkene interactions, however. It is the preeminence of dispersive forces
in the benzene - Cu(110) interacton that leads to the previously noted very

poor quantitative predictions of binding strengths by DFT methods.

The authoritative prediction of the structure and properties of aromatic molecules
interacting through w-stacking interactions with surfaces of copper, silver, and
gold is thus shown to be a very difficult task that is not currently feasible. Such
calculations must include proper treatment of the periodic metallic surfaces,
accurate treatment of the dispersive forces between the surface and molecule,
and adequate treatment of quantum molecular motion. DFT-based methods
recognize that dispersive forces modulate the DOS of the system but fail to
include the contribution of that modulation to the total energy. Hence these
methods may be of greater use in determining electronic properties than in
predicting structural equilibria, but such use of DFT remains limited by in-

trenched problems such as band-lineup error and band-gap error.
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Table 1

Adsorption energy changes AFE as calculated by VASP for the CgHg-(3 x 3)-M(111)
system, where M=Cu, Ag, and Au, given in kcal mol™!, for respective molecule
conformations. Positive values indicate endothermic reactions and are obtained as
the calculations terminate simply when the forces generated are smaller than a

preselected limit and the potential-energy surfaces are very flat.

M TOP-A TOP-B BR-A BR-B FCC-A FCC-B HCP-A HCP-B

Cu 0.22 1.02 -0.48  -0.36 -0.39 -0.54 -0.42 -0.60
Ag 0.00 -0.02 -1.02  -0.99 -1.23 -1.09 -1.13 -1.13

Au  -0.50 -0.60 -1.75 -1.32 -1.86 -1.51 -1.92 -1.63
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Table 2

Calculated adsorption energy changes AE for CgHg-(2x 3) on Cu(110), given in kcal

mol !, for the adsorbate orientations illustrated in Fig. 2, obtained using VASP and

SIESTA (with and without correction for BSSE) with the PW91 and PBE density

functionals, at starting intermolecular-only optimized geometries and full optimized

ones.
method asorbate TOP-A TOP-B SB-A SB-B HOL-A HOL-B LB-A LB-B
VASP-PWO91 flat -1.55 175 -4.33  -4.81  -4.93 581  -5.28 -4.93
quinonoid a a a a -2.87 b -4.35 b
H-flipped a @ a @ ¢ -5.19 c -3.33
SIESTA-PBE flat -1.0 1.2 1.6 -1.5 2.1 2.1 -1.8  -1.7
Start, BSSE  quinonoid 1.6 1.4 1.1 0.5 -0.1 0.1 -0.4 -1.2
H-flipped  10.6 10.4 87 103 1.2 -0.4 47 41
SIESTA-PBE flat -7.0 7.1 -13.8 c -8.9 b c b
Opt, Raw quinonoid @ a @ -13.7 b b -14.2 b
H-flipped a a a ¢ -16.3  -18.5 ¢ -12.8
SIESTA-PBE flat -1.0 -1.2 0.6 ¢ -1.9 b ¢ b
Opt, BSSE  quinonoid a @ a 0.0 b b 0.4 b
H-flipped a a a c 0.8 -2.7 c 1.7

¢ Collapses to the flat structure upon optimization.

b Collapses to the H-flipped structure upon optimization.

¢ Collapses to the quinonoid structure upon optimization.
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Table 3

Calculated properties for VASP PW91-calculated CgHg-(2 x 3) on Cu(110): Az is

the average height of C above Cu, AR¢¢ is the maximum difference in CC bond

lengths, Tccoc and Tocom are maximum torsion angles, Aey — Er is the shift in

the HOMO orbital energy from the Fermi energy, Aef*® is the shift in LUMO energy

from the gas phase, Ae

111

is the shift in LUMO energy from that for adsorption on

Cu(111), and g is the adsorbate charge from SIESTA Mulliken orbital analysis.

adsorbate structure Az ARcc Tcccc TocccH € — Er Aed™ Aett Gmol
flat TOP-A  2.86 .002 2 -2.1 -3.11 -.96 -.57 -.01
TOP-B  2.81 .004 A4 -2.4 -3.11 -.96 -.57 -.01

SB-A 2.74  .005 .7 .7 -3.41 -1.00 -.61 .01

SB-B 2.74  .006 .7 1.2 -3.41 -1.00 -.61 .00

HOL-A 2.71 .004 -5 1.6 -3.48 -1.17 =77 -.02

HOL-B 2.70 .006 -9 -2.4 -3.52 -1.57,-1.17 -1.18,-.78 .01

LB-A 2.72 .008 9 1.6 -3.49 -1.21 -.82 .00

LB-B 2.73 .007 -1.0 -2.3 -3.46 -1.10 -.70 -.01

quinonoid HOL-A* 2.00 .062 7.4 16.0 -7.27 -2.06 -1.67 .09
HOL-A 2.20 .002 1.0 8.5 -7.27 -1.69 -1.30 .05

LB-A 2.41 .011 2.0 4.0 -3.98 -1.52 -1.13 .02

H-flipped HOL-B¢ 2.09 .011 -4.3 15.9 -7.21 -2.62 -2.23 12
HOL-B 2.25 .019 -1.8 9.0 -4.29 -1.50 -1.11 .09

LB-B 2.38 .020 1.9 6.4 -4.02 -1.37 -.98 -.01

@ embodies the optimized geometry of benzene on a Cuys cluster??
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Figure Captions

Fig. 1. Starting geometries for benzene adsorbed on the (111) faces of Cu, Ag, Au.
Fig. 2. Initial geometries for benzene adsorbed on the Cu(110) surfaces.

Fig. 3. The structures of benzene considered for the adsorption on Cu(110): (a)
planar, (b) quinonoid,?? and (c) H-flipped.??

Fig. 4. VASP PW91 calculated average carbon p, (7) density of states p as a func-
tion of the orbital energy difference from the Fermi energy, £ — Er, for gas-phase
benzene, benzene on Cu(111), and benzene on Cu(110) in the flat, quinonoid, and
H-flipped structures; (solid)- fully optimized structures on the surface, (dashed)-

starting structures based on cluster-optimized geometries.??

Fig. 5. VASP PWO91 calculated average copper d,2 density of states p as a func-
tion of the orbital energy difference from the Fermi energy, £ — Ep, for a clean
surface, benzene on Cu(111), and benzene on Cu(110) in the flat, quinonoid, and
H-flipped structures; (solid)- fully optimized structures on the surface, (dashed)-

starting structures based on cluster-optimized geometries.??

Fig. 6. Deconvolution of the observed®? inverse photoemission spectra of a clean
Cu(111) surface and surface with benzene adsorbed into Gaussian-shaped bands on

a piecewise-linear background.

Fig. 7. Fitting of the observed®® STM current as a function of voltage (the energy
above the Fermi energy) for benzene on Cu(110), revealing molecular resonances

centred at 3.0, 3.7, and 4.5 eV.
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Fig. 8. The DFT calculated ground-state potential-energy surface (___) for benzene
approaching the Cuys cluster at minimum carbon to copper surface-plane separation
Az, along with the calculated surface for the lowest triplet state (o) of benzene,
compared to the generic form?! of these two surfaces ( - - - ) expected in the

scenario that a covalent bond is formed between the two species.
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Figure 5: VASP PWO1 calculated average bound copper d,, density of states p as a function of the
orbital energy difference from the Fermi energy, E-E,, for a clean surface, benzene on Cu(111), and
benzene on Cu(110) in the flat, quinonoid, and H-flipped structures; (solid)- fully optimized
structures on the surface, (dashed)- starting structures based on cluster-optimized geometries

\cite {palt98}.
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Figure 6: Deconvolution of the observed \cite {fdk86} inverse photoemission spectra of a clean
Cu(111) surface and surface with benzene adsorbed into Gaussian-shaped bands on a piecewise-
linear background.
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