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The interaction of benzene with a Ag(111) surface has been determined using reliable ab initio electronic

structure calculations. The results are compared to a recent detailed analysis of the interaction of benzene
with copper and gold surfaces, thus making it possible to derive a consistent picture for the electronic structure
changes encountered when benzene is brought into contact with the densely packed coinage metal surfaces.
To avoid the problems encountered when the presently most frequently employed computational approach,
density functional theory (DFT), is applied to adsorbate systems where dispersion (or van der Waals) forces
contribute substantially, we use a wavefunction-based approach. In this approach, the weak van der Waals
interactions, which are dominated by correlation effects, are described using second-order perturbation theory.

The surface dipole moment and the work function changes induced upon adsorption are also discussed.

Introduction between molecule and substrate has important contribution from
van der Waals interactions, DFT methods are, at present, not

The adsorption of aromatic molecules on transition metal L - .
sufficiently accuraté. A prominent current example of this

surfaces is a topic of still growing interest in materials science ) ) . -
and surface science because of the importance of understandin f?hb'em for D'?T IS thf} |ntera|1|ct|on_?fl;/|v atSrothh atﬁlo(?e-pack(tad
the interaction and the character of the bonds at the adsorbatefYt"€NIuM suriace where ail avaiiable D1 methods report a
metal interface. Benzene, the prototype aromatic compound, had'onwetting situation (ref 6.’ see also d|s<_:u35|on in ref 7.)’ whereas
been extensively studied since the 1980s both theoretically and'nb'[he e)((i;peArll[rrl]wenthat\r/]vettlngblc)f ruthemumtby évat?[[] ISD I(::_Ilt_a?rly
experimentally. An extensive list of references to experimental ObServea. ough he problems encountered wi or

work done in those years is reported in ref 1. The recent renewedthe description of adsorbate/substrate interactic_;ns are best
interest in the interaction of aromatic compounds with metal Elhocum.ented gan.undters_tood for wea:dy Tteractmg stysten|15,
surfaces has been motivated in part by the importance of noble; tere Its a S|gtn| |canF |screpa|ncy aso tor m|c()re sbrongy

metals as catalysts for hydrogenation and cracking reactions./N'€racting Systéms. =or example, in recent work on benzene

The precise electronic structure at the interface between metalé’Ouncl tﬂ Pt sgrfac?s, th;texgemental \I/alues fo;r:he adsI?rp;tlon
and organic molecules is also relevant for organic electronics energy have been found to be twice as large as the results from

i —11
where, quite frequently, the mismatch of the electronic levels DFT callcuilat|.on§. . o
at this interface severely limits the total amount of electrons ~ 1N€ limitations of DFT for determining the equilibrium
that can be injected into an organic semiconductor. In addition, 980metries and adsorption energies of weakly bound adsorbates
a number of papers have appeared recently where two-do not prevent the use of DFT to obtain valuable information
dimensional supramolecular structures formed by molecules @bout these s%/stems. Thus,2aez et al*and, more recently,
weakly adsorbed on metal surfaces have been studied. The maifleaton et at® have used DFT to examine charge transport
interest has been on molecular species where this interaction is2Cross the interface between organic adsorbates and metal
noncovalent in nature, most notably being brought about by €lectrodes. However, in these papers, the authors recognized
hydrogen bonds formed between neighboring molecifda. that Kohn—Sham orbital energies do not correctly describe the
these systems, there is a competition between adserbate ionization and affinity levels of the adsorbate. Furthermore,
adsorbate interactions and adsorbatebstrate interactions. The ~ Vazquez et at? showed that these levels depend strongly on
currently most commonly used theoretical method to compute the distance between adsorbate and substrate, and they point
cases where noncovalent interactions are present betweerPUt that DFT calculations are not reliable for determining the
adsorbate and substrétdensity functional theory, is well suited ~ €quilibrium distance. In addition, Da Silva et'dlhave shown
to describe hydrogen bonds. However, the interaction of for Xe/Pt that the binding energies obtained with two different
saturated and unsaturated molecules with metal surfaces carl€nsity functionals were different by more than factors of 4.

presently only be described reliably with DFT in the case of Becau_se our principle concern is to study the detailed character
strongly interacting systems. In cases where the interaction ©f the interaction of benzene with noble metal surfaces, we have

not supplemented our ab initio HF and MP2 studies with DFT.

T Part of thed“Giacintrt]) Scoles Tesgschrifé;. § In the case of benzene adsorption on close-packed coinage
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* Lehrstuhl fir Physikalische Chemie I, Ruhr-Univerditaochum. metal surfaces, most .experlmental work reported today has
8 L ehrstuhl fir Theoretische Chemie, Ruhr-Univefsigochum. found a planar adsorption geometAEarly work showed that
'University of North Texas. benzene adsorbs preferentially on 3-fold sites on the (111)
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surface of silver, nickel, and platinutf.1® A compilation of
results has been reported in ref 19. Among the metal surfaces,
silver has received less attention, both experimentally and
theoretically, with regard to benzene adsorption. Recently, a
femtosecond study of electron dynamics at the benzene/Ag-
(111) interface has been report€din an older study, the
interaction with UV photons and low-energy electrons has been
investigated! Also, in that paper data from thermal desorption
spectroscopy (TDS) have been repoikih previous theoretical
work, the interaction of benzene with Cu and Au surfaces has
been studied using a wavefunction-based appréa&n case

of gold !5 the interaction of benzene was found to be essentially
exclusively determined by correlation effects (or van der Waals
interactions), whereas on copper small contributions from the
charge transfer from the substrate into the molecule were
proposed? A small charge transfer in case of benzene interact-

ing with Cu surfaé%ezi bas_ically fits with the DewsChatt- accuracy. Because of the importance of correlation effects, we
Duncanson modef,** which has been developed for the ohq4 in the present work results obtained with an ab initio

interaction of unsaturated hydrocarbons with metal surfaces as,; oy efunction-based method using self-consistent field theory
well as with more recent theoreti.cal work by Pettersson and i, second-order Mgller-Plesset correction (MP2) for the
co-workers reported for DFT studies on unsaturated hydrocar-jneraction of benzene with an Ag(111) surface. It is of interest
bons adsorbed on the more open Cu(110) surface; see, ok, eytend the previous theoretical investigation reported for
example, refs 2529. benzene on Au and Cu to Ag for two reasons. First, it should
At present, the main reason for an increased interest in the be noted that the work functions of Cu(111), Au(111) are almost
interaction of benzene molecules with metal surfaces results equal (4.94 and 5.07 eV, respectiviy whereas the work
from the fact that the interaction of this prototype aromatic function of Ag(111) is substantially, by about 0.5 eV, smaller
molecule with metals represents an important benchmark for (4.54 e\#%), and it should be interesting to see whether the
the field of organic electronics where the charge injection across calculations can reproduce the fact that the work-function shift
interfaces between metals and aromatic systems represents mduced by the adsorption of benzene on Ag(111) is the smallest
formidable problent® Previous work has demonstrated that a for the noble metal (111) surfaces. Second, the density of states
naive description assuming a vacuum level alignment (Schot- at the Fermi-edge is significantly smaller for Ag(111) than for
tky—Mott model) fails even for noble metal surfaces, as first Au(111) and Cu(1113% and it should be interesting to see how
realized by Seki and co-worke¥$Systematic studies reported  this affects the interaction with adsorbed benzene. It is also of
later by the groups of Kaffhand Seki? have allowed one to  interest to investigate whether a weak chemical interaction can
conclude that generally the adsorption of molecules on metal be detected for benzene on Ag(111), because recently a
surfaces, including noble metals, is accompanied by the forma-substantial chemical interaction including charge transfer and
tion of an interface dipole, which leads to a lowering of the rehybridization has been observed for perylene-tetracarboxylic
work function of between 0.5 and 1.0 eV. Recently, in the case acid dianhydride (PTCDA) adsorbed on this surféte.
of saturated and unsaturated hydrocarbons on Cu(111), a pure
physical mechanism, Pauli exclusion, could be identified to Computational Methods
cause these unexpected, strong work-function chafigé&The
relative contributions of charge transfer, covalent chemical
bonding, and the Pauli exclusion principle may be different for
other combinations of adsorbates and substrates. Thaguéa for bulk Ag®” where the lattice constant is 4.090 A; surface

et al’? have argued for PTCDA, a large, planar organic reconstruction was not considered. The benzene molecule is
molecule, on Au that the interface dipole arises mainly from 44eq parallel to the surface with the center of theifly at
charge transfer. However, it is important to stress that, in our 4, on-top site directly above the central Ag atom. The bond
analyses, we will use a theoretical method of constrained jisiances and planar geometry of thgHg are fixed at their
variation$* that permit us to decompose the interaction into equilibrium values for the isolated molecule with-C and
the contributions of individual chemical and physical mecha- ¢_H pond distances fixed at 1.396 and 1.083 A, respectively.
nisms. This method is special in that it allows us to provide However, the distance, of the GHg molecule from the surface
quantitative estimates of the importance of the various mech-is varied to determine a potential curve and an equilibrium
anisms; such a decomposition is not made, for example, in gistance z, from the surface. A schematic representation of
ref 12. the Ags, cluster with GHs is given in Figure 1. We have
The current theoretical approaches to investigate interactionscalculated the adsorption energy of benzene on this cluster
occurring during molecular adsorption on metals employ either modeling an Ag(111) surface at the Hartrdeock self-
DFT methods or wavefunction-based methods. Metal surfacesconsistent fieléf:3° (SCF) and second-order MghePlessef
interacting with open-shell systems or unsaturated molecules,(MP2) levels of theory. For both the SCF and the MP2
for which the formation of covalent bonds and/or a substantial interaction energies, we have included a correction to account
charge transfer is observed, are well described by DFT-basedfor errors due to the finite basis sets used, that is, to account
approaches. However, closed-shell adsorbate/metal substratéor the basis set the superposition error (BSSE). This correction
interactions where dispersion forces contribute substantially or followed the Boys and Bernardiprocedure. While this Boys
even dominate over “chemical” effects like charge transfer can Bernardi correction may contain artifacts and should only be
be better described by a wavefunction-based approach wheraegarded as approximatéit avoids the too short bond lengths

Figure 1. View of the AgGHs cluster model of GHg/Ag(111) with
the benzene center of mass located at an on-top site above the central
Ag atom.

correlation effects are considered explicitly and with known

The Ag(111) surface is modeled by a 32 atom cluster, with
a geometry similar to that used in previous calculations for Cu
and Au clusterd®>22The Ag—Ag distances are taken from those
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obtained when the correction is not used and gives a useful TABLE 1: Different Properties of Benzene Adsorbed on the
approximation for the overall shape of the potential curve. The gllg:Surfaceg of EU: Ag, and Au (Our Theoretical Values
SCF and MP2 calculations were made with the Turbomol suite A€ Compared to Experiment)

of programs'® We have also decomposed the interaction using metal surface  DdeV zJ/A AD/leV results
constrained variations of the wavefunction with the constrained  cuy(111) +0.58 —1.05 experiment
space orbital variation (CSOV) methétdThe CSOV decom- +0.358 3.6 -1.08 theory
position was made for both the energy and the dipole moment  Ag(111) +0.42 —0.7¢ experiment
at thez. determined from the MP2 calculations. These CSOV Au(111) 18'293 3.7 :(1)'1(7? égegﬁmem
calculations were made with the CLIPS program systém. "aad o b

) . ) / +0.31 3.8 0.8% theory
our previous work for the interactions ofls with Cu(111)??
the internal geometry of s was optimized and allowed to 2 See refs 22,302 From ref 21; for conversion, see tegt-rom ref

15. ¢ Present worke Simon Lukas, Dissertation, Faculty for Chemistry,

depart from being planar. We have redone the calculations for Ruhr-University Bochum, 2006,

CsHg on Cu keeping the benzene geometry frozen as for the
new calculations on Ag(111) and the older calculations for where M is Cu, Ag, or Au an@&(CeHe/M), E(M), and E(CeHe)
benzene on Au(11%) so that we can directly compare the are the total energies of the adsorbate systeg@Chte, of the
interactions of @Hg with all three noble metal surfaces. cluster alone, My, and of the free benzene molecule, respec-

For the substrate cluster, two different treatments were usediVely. For the interaction energfnr, we use the reversed sign
for the silver atoms. The seven Ag atoms nearest the adsorbat€© thatEwr > 0 corresponds to an attractive interaction while
are treated with an 11-electron effective core potential (ECP) Ent = 0 is repulsive; this convention is used to be consistent
where the Ag 4d and 5s electrons are explicitly treated and with the usual definition of interaction energies. In particular,
included in the wavefunction; the ECP and basis set parameterdh€ dissociation energie is taken asEnr at equilibrium, De
were determined by Hay and WadtSimilar 11-electron ECPs ~ — Eir(Z). The benzene adsorption geometry that we have used,
were also used in our earlier work fogld/Cu(111¥2 and for with benzene ring orientated parallel to the (111) surface, is
CeHe/Au(111)15 The other, more distant, Ag atoms in the first theé most common geometry for benzene adsorbed on metal
layer and all of the Ag atoms in the lower layers were treated surfa_lces in general and for coinage metal surfaces, including
with a one-electron ECP where only the Ag 5s electron is Ad: I partlcular?v“zZOur previous work for benzene on Cu-
explicitly retained in the wavefunction. We have used the basis (111) and Au(11£p#*has shown that the deviations from planar
set and ECP parameters originally given by Hay and M4#tin. geometry of the benzene are quite small for the weak interactions
One-electron ECPs were successfully used by Bagus?tal.  ©n the (111) face of noble metals, and this justifies our
to represent the contributions to the metallic conduction band @ssumption of planar geometry foriy/Ag. Our theoretical
that comes from the environmental atoms, while the substrateValues forDe and z are given in Table 1 where they are
atoms that interact directly with the adsorbate are treated with 0mpared to available experimental data By The experi-

a small core ECP. This same approximation has also been usednental binding energy for benzene on Ag(111) has been
in our previous work for gH¢/Cu22 For both the 11-electron ~ computed using the Redhead formula for the desorption
and the one-electron ECP Ag atoms, we added a diffuse emperature of 160 K reported in ref 21 and using a pre-
elementary Gaussian to the p-basis set and reoptimized theXPonential of 18 s™%. Our calculated values dd. are quite
exponents and contraction coefficients of the p-basis set to haveSimilar for all three of the noble metals, decreasing from 0.35
a better description of the Ag 5p contribution to the conduction €V for CeHe/Cu(111) to 0.31 eV for gHg/Au(111). These small
band. For the 11-electron atoms, a (3s,4p,4d) set of elementaryPe Values are fully consistent with the view that the metal
Gaussian basis functions was contracted, using an unsegmenteffeHs interaction is largely dominated by van der Waals, or
contraction, to (2s,3p,1d) contracted Gaussian-type orbitals dispersion, forces. Furthermore, our calculaizdvalues are
(CGTOs). The use of a minimal basis set for the Ag 4d orbital ~0-1 t0 0.2 €V smaller than the measured values. We have
is satisfactory because the main purpose of including this shell consistently found values @e in our previous cluster studies
explicitly in the wavefunction is to account for the steric ©f weakly interacting adigargfgls on metal surfaces that are
repulsion and the Pauli exclusion between the Ag 4d orbital smaller than eXperlmgﬁE = We have explamgd these
and the GHs adsorbaté@? For the one-electron ECP Ag atoms smaller values as arising from the fact that the relatively small
(3s,4p), elementary Gaussians were contracted to (2s,3p) cgCLlusters t_hat we use are not sufficiently large to represent the
TOs. The carbon and hydrogen atoms are treated as all-electrorfull polarizability of a metal surface. Indeed, as we increase
atoms using a 6-3H+G** basis set with a (12,6,1/5,4,1) the cluster size, thB. values become larger and approach more
CGTO set for C and a (10,4/3,2) set for H. For the CSOV closely to experiment. Thus, our theoretical results are consistent
calculations, somewhat different ECP and basis set parameterdVith experiment, and this lends considerable support to the
were used, but this is not expected to significantly affect the Validity of the analysis of the interaction energy and dipole
decomposition of the changes in the interaction energy and Moment that we present below. In Figure 2, we show the
dipole moment. For the new calculations for:&ZsHs, the same potential energy curve for benzene on Ag(111) as a function of

basis set and ECP parameters were used as in our previoug for two different levels of theory, SCF and MP2. We report
work 22 in Figure 3 the potential energy curves of benzene adsorbed on

Cu(111), Ag(111), and Au(11l), obtained at the MP2 level.
These potential energy curves have the form expected for a

Results and Discussion physisorption system, that is, a typical van der Waals type

(A) Adsorption Energy and Electronic Properties. The potential curve with a shallow minimum; see the inset of Figure
potential curveV(2), for the distance of planar benzene from 2. ) o )
the metal surface is defined as The conventional description of the benzene bonding to a
transition metal involves the-system, and it is essentially based
V(ZM) = E(C.H/M) — E(M) — E(C.H,) on the back-donation mechanism proposed by Blyhétder
d 6' '6 6' '6.

the CO/metal interaction. This Blyholder model has to be
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Figure 4. A schematic view of the dipole moments at a metal surface.
The dipole of the clean surface is directed toward the bulk. The dipole
moment induced upon adsorption (interface dipole) points outward and
100 . ‘ ‘ . ‘ increases the dipole of the clean surface, thus leading to a lowering of
“2.00 3.00 4.00 5.00 6.00 7.00 8.00 the work function.
distance from the surface/ A
Figure 2. SCF and MP2 potential energy curves for benzene on the  Although, as confirmed below for the cases of benzene on
Ag(111) surface as a function of the distance of the benzene ring to Ag(111) and on Cu(111), the direct chemical interactions

0.00

the surface. between benzene and the close-packed surfaces of the coinage
. . . : ‘ metals are weak, there are substantial changes of the substrate
benzene/Cu(111) (MP2-cor) —e— ) 3 i
benzene/Ag(111) (MP2-cor) —s=— work function upon adsorption of benzene. An important effect
0.40 benzene/Au(111) (MP2-cor) —e—

when weakly bound adsorbates are present on a metal surface
is that there is often a large change, a reduction, of the work
020 - function that can be-1 eV; see refs 22 and 33 and references
therein. A major origin of this change in the interface dipole is
the Pauli exclusion principl&;22:33a purely physical effect; the

0.00 mathematical embodiment of this exclusion is the antisymmetry
of the electronic wavefunction for exchange of the electron
coordinates. There may also be chemical contributions to the

Adsorption energy /eV

020 1 interface dipole arising, in particular, from the polarization of
the metal substrate due to the presence of the adsorbate. In the
a0l case of GHe/Cu(111), there is also a small contribution due to
' 7 donation from GHs to Cu?? In the next subsection, we will
200 300 00 500 00 — 500 present results for the different contributions of various mech-
distance from the surface/ A anisms to the changes in the interface dipole fgf4Cu(111)
Figure 3. MP2 potential energy curves for benzene on Cu(111), Ag- @nd GHe/Ag(111). In the following, we briefly review the
(111), and Au(111) surfaces. interpretation of the interface dipole in terms of the dipole

moment changes for our cluster models.

modified, however, for unsaturated hydrocarbons; the corre-  For the clean metal surface, the only nonzero component of
sponding description is fr§quently referred to as the Dewar, the interface dipoley, is along the surface normal;; for our
Chatt, Duncanson modé&i* Of course, these simple models  ¢jyster models that all hav@s, point group symmetry, again
significantly oversimplify the benzene/metal interaction, as 1, is the only nonzero component. To simplify our notation,
pointed out recently by the theoretical work of Pettersson we refer to this nonzero component asFor a clean metal
26,29,53 . .
etal ) . ] ) surface, electronic charge moves above the surface, and this
On more reactive transition metals like Pt, the adsorption of |eads to a dipole that is minus above the surface and positive
benzene is accompanied by a significant rehybridization of the o5 the surface. thus yielding a total dipole wjth< 0.56
C-atoms leading to a situation that bears some similarity 10 \yhen an adsorbate is added, an additional dipole moment is
_metal—orgam_c compounds I|ke_b|sbenzene-chromﬁ1rwh|ch induced, which frequently is referred to as interface digdle.
is accompanied by a substantial out-of-plane bend of the CH- For weakly bound adsorbates, like rare ga®sand certain

5 . X
bonds®® On Cu, the changes induced in the benzene geometryorganic molecule# this interface dipole is directed opposite

are smaller. However, on the more open Cu(110)-surface, therefrom that of the metal surface (i.e., plus above and minus toward
are also substantial, boatlike, distortions of the adsorbed €., P

benzené&® On the other hand, for benzene on the close-packed the surface); it thus reduces the work func,jﬁ.’én'he.total dipolg
Cu(111)-surface, as well as for the other close-packed coinagemomem of a clean surface and the additional interface dipole

metals, there is no evidence for a distortion of the CH-bonds induced by an adsorbate are shown schematically in Figure 4.
out of the G-C—C plane, and the forces binding benzene to FOr our cluster models, we consider the changes in the cluster
these surfaces are largely dominated by van der Waals (or4 between the cluster with benzene present and the bare cluster.
dispersion) forces. In accord with this expectation for Cu(111), This gives the interface dipol&u associated with a single

a detailed analysis reveals a small amount of charge back-adsorbate. This can then be converted to a change in the work
donation?? The latter finding is corroborated by a detailed function,A¢, by using the Helmholtz equation. Before we turn
comparison between the unsaturated hydrocarbon benzene antb the detailed analysis of the origins of the changes in the
the saturated hydrocarbon cylohexd@heOn Au(111), the interface dipole induced by adsorption of benzene, we point
chemical interactions are even smaller than those on Cu{%11). out that the work-function changes due to this induced dipole
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TABLE 2: CSOV Decomposition of the Interaction of CgHg

Ent/AENT #/AM

CSOV step Cu(111) Ag(111) Cu(111) Ag(111)
Uref —2.05 —-1.13
FO —0.46+ —0.38F —1.1440.90 —0.47H0.66
vary(substrate) —0.08+-0.39 +0.04H-0.43 —1.06A+0.08 —0.60~0.13
vary(GsHe) —0.034-0.05 +0.074-0.03 —0.71A-0.35 —0.284-0.31
full SCF — nonadditive —0.034-0.00 +0.074-0.00 —0.65H-0.06 —0.28H4-0.00
total Au —/+1.40 —/+0.85

moment arising from adsorption of benzene on metal surfacesnearz, the MP2Eyt is ~0.65 eV stronger than the SEyr.
may be quite large and cases whakggexceeds 1 eV have been However, this large increase Eir, due to physical dispersion

observed. forces, is in addition to the chemical CSOV decomposition given
(B) Decomposition of the Origin of the Interaction Energy in Table 2. It arises from the correlation of substrate and

and the Interface Dipole — A CSOV Analysis. To identify absorbate electrons, and it cannot be associated with one or the

the detailed contributions of the benzefgg interaction toEnT other as is done for the chemical terms in Table 2. The dipole

and to the interface dipole, we have used a constrained spacenoment induced by the adsorption of benzefg, has also
orbital variation3458 or CSOV, analysis to decompose the been computed taking into account the MP2 perturbations in
interaction into the contributions of individual physical and the case of gHg/Ag(111). For a wide range of distances about
chemical mechanisms. The CSOV analysis, as applied to thez, the MP2Au differs by a nearly constant amount from the
interaction of GHg and GH12 adsorbed on Cu(111), is described SCF Au. This shows that the dispersion forces add a constant
in detail in ref 22; here, we shall review the essential features to the chemical SCRAu taken into consideration in Table 2.
of the CSOV steps. The first, or frozen orbital (FO), step gives  The CSOV contributions t&nt and tou for the Cw,CsHs

the properties of the superposition of the substrate agttk C  and Ag.CsHe clusters are given in Table 2. This analysis is
charges to form an antisymmetric wavefunction as required by made for distances d{CsHe/Cu) = 3.6 A andz(CsHg/Ag) =

the Pauli exclusion principle. This step has a purely physical 3.7 A thez obtained with MP2; see Figure 3. As noted above,
origin because there are no chemical changes taking place. Atthe results for @H¢/Cu(111) are slightly different from those
the FO step, the interaction enerdgr, reflects electrostatic reported earlief2 Also, we do not include BSSE corrections

forces and steric repulsion, and the dipole momeistmodified because, while these corrections indicate the magnitude of the
from the sum of the dipole moments of the separated substrateuncertainties in the calculated values due to the finite basis sets
and adsorbate by the Pauli exclusion. Typicallyr(FO) < 0 used, the quantitative values of the “so-called” corrections have
because the steric repulsion dominates AngFO) = u(FO) been questionet:*°In any case, these corrections are expected

— u(substrate}- u(adsorbate) idu > 0.152233The next CSOV  to be small for our SCF wavefunctions. Furthermore, we have
step, denoted vary(substrate), allows the metal cluster chargeused slightly different basis sets and ECPs, for the CSOV
density to vary and to respond to the presence of the adsorbatecalculations than for the MP2 calculations. However, the
For GsHe, this step is dominantly determined by the substrate changes in basis set and ECP should not significantly change
polarization to reduce the steric repulsion. We recall that at this the computed properties, especially at the HF-SCF [&vat.
stepAu may be positive due to motion ef charge below the each CSQV step, we give tlignt andAET, in eV, and thex
surface or negative if the motion afcharge upward, especially —and Au, in Debye. Except for the FO CSOV step, thé& T

at the edges of the adsorbate domin&tdadeed, we shall see  and Au are the changes with respect to the preceding CSOV
that the different cancellation of contributions A due too step. At the FO stepAE\nt is not defined and\u is taken as
andsr charge motion is one of the major differences between the change from the sums of the dipole moments of the separated
CeHs Oon Cu and on Ag. The next CSOV step, denoted vary- systems. Becauase theHs is fixed to be planar(CeHe) = O,
(CeHe), allows the GHg charge to polarize due to the presence and the reference dipolg,s in Table 2, is simply the dipole

of the surface charge of the metal substrate. In general, the effecinoment for the bare Gu or Ags, clusters. Thex and Au

of vary(GsHe) on Ejnt is expected to be smah but, surprisingly, reported are the componentsoin thez direction, that is, along
the effect on the interface dipole at the vanfffg) is a the normal to the surface.
significant fraction of the total\u.?? Finally, we examine the For both Cu(111) and Ag(111), the FO results are similar,

changes irEnt andu by allowing a full unconstrained, or full  the steric repulsion is-0.1 eV smaller for GHg/Ag than for
SCF, variation. Nonzero values afEnt and Au at this step CsHe/Cu, and the decrease in the interface dipdle, due to
indicate the extent to which the constrained variations are not the Pauli exclusion principle is0.25 D smaller in magnitude
additive; small values oAEnt and Au show that the decom-  for Ag than for Cu. The origin of these differences comes from
position of the total interaction into individual terms is reliable, the fact that the gHg is 0.1 A closer to Cu than to Ag. The
while large values indicate the need for additional CSOV driving force for both the steric repulsion and the: is the
cycles®® We also recall that the CSOV is based on Hartree  overlap of the charge distributions of the substrate and the
Fock, HF, SCF wavefunctions that do not include the vdW adsorbaté® and this overlap increases exponentially as the
dispersion forces and the total interaction, except for small distance between the surface and the adsorbate decreases. The
artifacts introduced by BSSE will be repulsi#eDespite this, polarization of the substrate charge at CSOV step V(substrate)
the SCF wavefunctions give an excellent description of the leads in both cases to a decrease in the steric repulsion of
chemical changes arising at the individual CSOV steps and, thus,essentially the same magnitudeg;nt = 0.4 eV. However, the
form the basis for a reliable interpretation of how this chemistry effect of the substrate polarization on the interface dipole is
affects both the interaction energy and the interface dipole. quite different for the Cu and Ag surfaces. As shown in ref 22,
Before we discuss the CSOV analysis of the interactions at the Au for the substrate polarization arises from a cancellation
the SCF level, we comment on the differences between the SCFof the contributions of metal charge ofsymmetry and ofr
and MP2 results foEnt andu. As can be seen from Figure 2, symmetry. Thes charge directly below the gl moves below



Adsorption of Benzene on Coinage Metals J. Phys. Chem. A, Vol. 111, No. 49, 20012783

the surface leading toau > 0, while thexr charge at the edges  function by about 1 eV. This significant effect is of considerable

of the GHg moves upward leading to Au < 0. For the Cu importance for the electronic level alignment at electrodes in
surface, ther contribution is larger and the néu > 0, while electronic devices where charge has to be injected from metals
for the Ag surface, the contribution is larger and the totaAlu into organic semiconductors. Our detailed analysis reveals that

< 0. From our analysis for Xe/Cu(113, this different the displacement of charge at the metal surface due to the Pauli
cancellation is related to the distance of the adsorbate from theexclusion between the metal electrons and the electrons of the
surface with thes contribution to increasg becoming larger adsorbed benzene (frequently referred to as “cushion effect”)
as the distance of the adsorbate from the surface becomesauses this phenomenon, thus confirming earlier findings for

smaller. For both Cu and Ag surfaces, thé&nt and Au benzene (and other weakly interacting adsorbates) deposited on
v(CgHg) CSOV step indicate a weak chemical bond duerto  Cu and Au surface®.22:33
donation from @Hs to the surfac® with the bond being slightly In addition, the chemical contributions to the benzene/Ag-

weaker for the Ag surface than for the Cu surface. The terms (111) interaction were analyzed in the framework of a step-by-
contributing to the CSOV decomposition are clearly additive step analysis of the adsorption-induced changes of the electronic
because the changes for the full unconstrained SCF calculationstructure. This analysis, which clearly allows us to separate
are quite small. The major difference between the effecitbcsC  “physical” contributions like Pauli Exclusion induced distortions
adsorption on the interface dipoles is that the increagteuos of the electronic structure from chemical contributions like a
larger on a Cu than on an Ag surface; thus, the reduction in charge transfer, points out that charge-donation from the
work function due to adsorption ofe¢Hg is larger for Cu than adsorbate to the metal for Ag(111) is significantly weaker than
for Ag. The difference in thé\u comes from a combination of  that for Cu(111) and has about the same magnitude as that on
changes in several of the CSOV contributions; see Table 2. TheAu(111).

overall conclusion is that the reduction of the substrate work
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If we assume that the changes in the dipole moment of the
cluster upon adsorption of benzene correspond to the dipole

compute the changes in the work function by using the
Helmholtz equation.If we take the coverage of benzene inthe = " . X : . .
monolayer equal to that for Au(111), 2>4 104 cm 2,15 the I(ggglhsl;rﬁ)s well as fruitful discussions with Dr. G. Witte
change in dipole moment for Ag(111) (see Table 2) corresponds '
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