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Modification of individual chemisorbed benzene molecules 01100 has recently been performed in
atomic manipulation experimenfs. Phys. Chem. A104, 2463(2000; Surf. Sci451, 219 (2000]. Benzene
dissociates under controlled voltage pulses in a scanning tunneling micrq&Hdgjunction. The reaction is
characterized as a dehydrogenation process and the fragments are identified as beghlzyrégI€ we present
a density functional theory investigation of the chemisorption of benzene on (1®@surface, the nature of
the bonding and its effect on the STM images. The fragments phenyl and benzyne formed after one-fold and
two-fold dehydrogenation of chemisorbed benzene are studied in the same manner. The stability of the frag-
ments is explored via their chemisorption energy, their electronic structure on the surface and their affinity for
hydrogen. Benzyne fragments seem to be the most stable, in agreement with the conclusion of the aforemen-
tioned STM experiments.
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I. INTRODUCTION the STM leads to the dissociation of benzene into smaller
fragments: The interpretation givéenis that benzene under-
The adsorption of organic molecules on surfaces is ofjoes a dehydrogenation reaction caused by the tunneling cur-
great interest from several different points of view. Indeedrent. The symmetry and corrugation of the constant current
much attentiof® is now given to the organic-inorganic in- STM images of the remaining fragments have been inter-
terface, relevant to a wide range of applications, from thepreted to indicate that benzyne is produced. Thus the re-
tuning of self-assembled monolayers to catalysis. In this pamoval of two hydrogen atoms from the benzene molecule
per, we report calculations of the chemisorption of benzengppears to be more favorable than the removal of a single H.
(CsHe), phenyl (GHs), and benzyne (gHs) on copper However singly dehydrogenated fragments are perfectly
(100. This study is mainly motivated by a recent experimen-giapje on noble metal surfaces. Phenyl fragments are found
tal study of single-molecule chemical reactions in the scan;gar iodobenzene dissociation on (€)% Phenyl has

. ; ; 1
ning tunneling microscope&STM). been extensively studied on Cu surfat&$he present work

The chemisorption of benzene on various metallic SUb'examines the nature of these two possible benzene dissocia-

strates has attracted considerable attention recently. Theor%tén fragments. i.e.. phenvl and benzvne. created via STM
ical studies of benzene on copp@i0) and(111) surface§= 9 , 1.6, pheny yne,

have been complementing experimental studies of these m%ehydrogenation. Theoretical simulations allow us to check
surfaces 14 Less work has been done on tHe®0) surface’ the experimental conclusions referring to the bonding, sym-

On the(111) and(100) surfaces it is generally concluded that Metry, and stability of the two different fragments on the
benzene adsorbs with the aromatic ring parallel to the suSUrface. The study of the chemisorption and H affinities of
face. This adsorption geometry suggests that the out-of-plarf® two different fragments provides a strong basis for
benzener orbitals are mainly involved in the bonding pro- identification of the fragments produced after atomic
cess. Benzene chemisorption on transition metals has aléganipulation.
been studied, as a model system for unsaturated hydrocarbon In Sec. I, we present the theory used in this work. Sub-
catalysis'® An example is the catalytic coupling of propyne sequently we explore the energetics, geometry, bonding and
on Cu111), yielding benzene among other produtt€op-  STM images of benzene on C00). In Sec. Il C we ex-
per is a noble metal, with a full band, thus reducing its plore, in a similar way, the chemisorption of phenyl, and
reactivity as compared with Ni or other transition metdl¥  benzyne fragments of CL00). The discussion sectiofSec.
In relation to pure benzene, copper is quite ifért*and  1V) addresses the comparison with published results on ben-
some theoretical workconcluded that the interaction is so zene chemisorption on Cu and Ni;** and the stability and
small that benzene physisorbs on(0R0). nature of the chemisorbed fragments after dehydrogenation.
The manipulation of benzene molecules on100) with Section V summarizes the conclusions of this work.
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Il. THEORY Our analysis of the electronic structure and the bonding of
benzene on QW00 was primarily based on an interpretation
of the PDOS on molecular orbitals and also electron density

ical method used. For a more complete description we SUGjitterences. In a supercell geometry, the PDOS on a molecu-

gest Refs. 24 and 25. ! . .
The density functional calculations of the free and chemi-Iar orbitala is defined as

sorbed molecule were carried out using a planewave, ultra-
soft pseudopotential method as implemented by the codes pal€)=2>, ok | Wam ) |2 8(e— €nk), 3)
DACAPO (Ref. 26 andvasp.??8 The exchange and correla- n.K

tion effects were described by a generalized gradient apyhere Yo (r) and e ¢ are the Kohn-Sham wave functions
proximation. We used these two codes because the varioggmd energies for the molecule chemisorbed on copper with
codes developed to calculate the projected density of statésand indexn and wave vectoK in the SBZ, andy (1)
(PDOS and STM images were based on the Kohn-Shanyre the corresponding wave functions in the same supercell
wave functions generated yAcAPO, whereas the perfor- for a free molecule, with the same geometrical configuration
mance ofvasP was exploited to find the equilibrium geom- a5 the chemisorbed molecule, but for a single bemdro
etries of the systems. The (00 surface was modeled by a mimic the continuum of states of a semi-infinite substrate the
four-layer slab and a vacuum region of five empty layersgelta function in Eq.(3) has been convolutioned with a
between the slab and its periodic images. The calculation afaussian of 0.25 eV of broadening. The evaluation of the
the STM images of an isolated molecule dictates the use of 8verlaps in Eq(3) follows the procedure described in Ref.
rather largep(4x 4) surface unit. The centers of the benzenez4. The electron density difference is defined as the differ-
molecule in this ordered structure are about 10.5 A apart. Wence between the density of the chemisorbed molecule and
used &-point set with 16 points in the surface Brillouin zone the superposition of the densities of the free molecule and
(SB2). The change in energy when going from 9 to K6 the bare substraf&:3°

points was a few meV. The ultrasoft pseudopotentials al- e calculated the STM images using the Tersoff-Hamann
lowed for kinetic energy cutoffs of 25 and 21 Ry in the theory>*? and Kohn-Sham wave functions and energies of
plane-wave basis set fOACAPO andVAsP, respectively. The  the chemisorbed molecule. This theory is based osnaave
ionic structure was relaxed until the various components ogpproximaﬁon for the tip and givest zero temperature and
the force on each atom were less than 0.05 eV/A. In findingow tip_samp|e bia)ga tunne”ng conductance that is propor-
the minimum energy configuration for the chemisorbed molional to the local density of statésDOS), p(fo,€r), at the
ecule, we allowed a full relaxation of the benzene moleculg=ermj leveler and the positiorr, of the tip apex(curvature

as well as a relaxation of the first two layers of copper. Thezenter of the extremity of the tip Thus constant-current
binding energies obtained by these two codes agree withi8TM images correspond in this theory to constant LDOS
0.05 eV. The study of the phenyl (B5) fragment was also jmages. In a supercell geometry, this LDQ® ¢, €r), ob-

performed with a five-layer vacuum gap, while for benzynetained using the Kohn-Sham states and energies of the
(CgH4) the vacuum gap was 12 layers. The phenyl and benchemisorbed system, is given by

zyne calculations were relaxed only to 0.1 eV/A | due to the
numerous degrees of freedom explored. The spin polariza-

In this section we give a short introduction to the theoret-

. R . _ 2 _

tion of the electronic structure in all cases has been found to P(rO’EF)_% |k (1) * S €r— €nk).- 4

be zero. Hence the results presented in this work come from

unpolarised calculations. The procedure used to evaluate the ultrasoft pseudo-

We have calculated the chemisorption enef@yem 8S  wave-functions at the tip apex in the remote vacuum region
the difference between the total energy of the chemisorbefy gescribed in Ref. 24. The continuum of states of a semi-
molecular system and the sum of the total energies of thgfinite substrate is mimicked in the same manner as for the
free relaxed molecule and the surface. In the case of benzepg0s. We have also analyzed the additive contributions,
on CU100), the chemisorption energy is then given by Pk (o, €2) = | ¥ (Fo) |2 8(€r— €nk), from each Kohn-Sham
state top(rg, €r).

Echem: Ebenzene/Cu(lOOT ECu(lOO)_ Ebenzene (1) p( 0 F)
Another calculated quantity is the hydrogen affinay,If we IIl. RESULTS
take as an example the formation of phenykkg), the H

affinity is defined as In this section we present the calculated electronic struc-

ture for benzene (§Hg), phenyl (GHs), and benzyne
A=E (phenyt H)/cu(100)~ Ebenzene/cu(100) (20 (GeHy) on CU100. The electronic structure of the chemi-
sorbed molecules can be rationalized in terms of the elec-

whereEpnenyi: Hicu(100) IS the energy of the phenyl fragment 1onic structure of the free molecule and of the surfdce.
plus a hydrogen atom separately chemisorbed on the surface.

A positive affinity means that the energy balance favors the
hydrogenated compound. We have not analyzed the depen- A. Benzene on C{100

dence of the affinity on the H chemisorption site. In the The most favorable adsorption site ofty on CY100) is
reference experimental studtethe H atom likely ends up the hollow one, with a chemisorption energy ©0.68 eV,
chemisorbed onto the STM tip. followed by the bridge site;-0.47 eV, and then the top site,
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FIG. 1. Schemes of benzerta), phenyl (b), and benzynegc)

chemisorbed on G@00). Different perspectives are given for each
case in order to emphasize the different bondings. Benzane
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chemisorbs flat on the hollow site of tti&00) surface. Phenylb) ) E-E.(eV) E-E.(eV)
chemisorbs at an angle with the unpair C bonding onto the top site.
Benzyne(c) stands up on the hollow site. FIG. 2. (Color online Projected density of statéBDOS of the

full CgHg/Cu(100) system on free-molecule orbitals. The site is

—0.38 eV. Benzene adsorbs with its center of gravity ovefhollow. The molecule has &;, symmetry, but we have kept the
the hollow position; see Fig.(4). The carbon ring remains free-molecule symmetry notatidde;, . In (&) we have plotted the
parallel to the surface at a heigthf of 2.23 A. Four carbon PDOS onto occupied freg-molecule orbltals.(h)_ the PDOS cor-
atoms are near the first-layer copper atq@85 A), and the respond§ to the unoccupied frge-mplecule orbitals. In every PDOS
two remaining atoms are sitting on bridge positions 2.74 Acalcul_atlon we have used 16p0|n_ts in a 4x4 supercell, as in the
away from the copper atoms. The adsorption also induces awem'sorpt'on and STM calculation.
expansion of the carbon ring as compared to the free mol-
ecule. The C-C distance expands from 1.398 A to 1.414 oMO and the two By MOs and theo orbitals (the 3e,4
1.420 A, depending on the location of the pair of C atomsMOs). We find that the lower-lyingo orbitals interact
We also notice that the H atoms are lying approximately inweakly with the Cu states. The single peak in the PDOS for
the same plane as the benzene ring; however they are in faitte 3e,4 orbitals (their natural width cannot be resolved
slightly tilted away from the surface by about 8°. Looking at shows that the interactions with the copper conduction band
the substrate we remark that the four copper atoms lyingre weak. The a,, orbital and the two &, 4 orbitals interact
beneath the benzene ring elongate horizontally to 2.630 Astrongly with the copper conduction band, leading to a sub-
which represents 2% of the relaxed lattice parameter, anstantial broadening and shift of the original states relative to
vertically buckle away from the surface by 0.08 A, a changethe peak derived from theel, orbital. The secondary peak
of 4%. To sum up, the adsorption of benzene or(100)  in the PDOS for the &, orbitals is in the same energy range
induces slight geometrical distortions of both the adsorbatas thed band of copper, and shows that these orbitals hybrid-
and surface. These results are in good agreement with thee substantially with thel states of copper. Note that the
cluster calculations of Petterssenal.’ splitting of the twofold degenerate orbitals are negligible.
We analyze the electronic structure of thgHg/Cu (100 In Fig. 2(b), we show the calculated PDOS for the chemi-
system in terms of the electronic structure of both the freesorbed molecule for the lower-lying unoccupied molecular
molecule and the free surface. This analysis allows us teorbitals of the free, distorted molecule. All these molecular
understand the bonding of benzene tq1R0), as well as the orbitals interact strongly with the copper conduction band, as
STM images presented in Sec. Ill B. Yamagishial® gave s evident from their large broadening. The large broadening
a clear explanation of benzene bonding orilli) in terms  comes from the interaction with thep conduction band. In
of the frontier molecular orbitalghighest occupied molecu- particular, the &,, orbitals are considerably modified by the
lar orbital(HOMO) and lowest unoccupied molecular orbital interaction with the substrate. As a result, their degeneracy is
(LUMO)], similar to the approach we present here. broken with a splitting of about 2 eV, to be compared with
The slight geometrical distortions upon adsorption of thethe splitting of 0.05 eV for the free, distorted molecule.
molecule make it possible to describe the molecular orbital§hese orbitals generate long tails below the Fermi level, are
of the free, distorted molecule with the same notation as fopartially occupied, and hybridize with the copperstates.
the free undistorted molecule. These distortions reduce th€his back donation is dominated by electron transfer to the
symmetry of the free molecule fromg, to C,,, which in  le,, orbitals.
turn lifts the degeneracy of molecular orbitals wkhchar- The electron transfer to the LUMO of the;i8g molecule
acter and makes hybridization between some orbitals of difis in apparent disagreement with the calculated reduction of
ferent symmetry character with respectg, symmetry al- about 0.6 eV in the work function upon adsorptfGri>=>*An
lowed. However, for the molecular orbitals of interest hereelectron transfer suggests an increase of the magnitude of the
we find that the perturbations on these orbitals are weak ansurface dipole, resulting in an increase of the work function.
that they keep their character. We find that the shifts andHowever, the laterally integrated electron density difference
mixings of the energy levels of these molecular orbitals arelepicted in Fig. 3 shows not only the electron transfer but
small. also a large reduction of the electron density just above the
In Fig. 2(a), we show the calculated PDOS for the chemi- molecule. This reduction results in a net positive dipole mo-
sorbed molecule onto some occupied molecular orbitals ofnent due to the charge redistribution and a reduction of the
the free, distorted molecule. We have only projected ontavork function. These results show that it is the rearrange-
molecular orbitals which are resonant with the copper conment of charge about the molecule the cause of the work
duction band, namely, the complex comprising thed,, function change.
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0.4 : y : TABLE I. Chemisorption energy on QL00), E e, and hydro-
gen affinity A for CgHg, CgHs, and GH,. Equations(1) and (2)
02| ] give the definitions of the adsorption energy and the hydrogen af-
= finity. A positive affinity means that the system reduces its energy if
s 0 the molecule bonds to an extra hydrogen atom. For comparison we
s reproduce the same values for the corresponding acetylene series,
02 C,H,, CH, and G, published in Ref. 25.
s . o CeHe CeHs CeHa
10 -5 0 5 10 Echem (€V) —0.68 —2.59 —3.52
Z(A) A (eV) 1.56 0.84
FIG. 3. Induced density laterally integrated in units of electrons C,H, C,H C,
per A. Z=0 corresponds to tht_a topmost surface I_aye_r and negativg (ev) ~1.31 —4.22 —6.57
values indicate the bulk direction. The vacuum side is the positivey (eV) 0.58 0.82

one. There is a pileup of negative chafpere a positive number of
induced electronsbetween the molecule and the surface. The mol-
ecule center lies 1.93 A from the topmost surface ldgerow). The  chemisorbed molecule on the hollow site. As we shall dis-
induced dipole is thus positive, leading to a reduction of the surfacguss later, we have chosen a value f¢r,,eg) that repro-
work function. duces the observed corrugation height in a constant current
STM image. We find that the topography of this image, that
We find that the trend in the chemisorption energy amongs, a single protrusion with &,,-like symmetry, does not
the high symmetry sites correlates with the back donation tehange qualitatively for different values pfrq,eg). How-
the LUMO>%¢|n Figs. a) and Gb) we show the calculated ever, there are some quantitative changes in the topography;
PDOSs of the chemisorbed molecule in the top and bridgéoth the corrugation and the lateral extent of the protrusion
adsorption site, respectively, for the relevantand #* or-  change with the tip-surface distance. The protrusion has a
bitals of the free, distorted molecule. As can be seen fronmuch larger spatial extent than the molecule itself, and
Figs. 2 and 6, the trend is an overall downward shift in en-shows the need to use a large surface unit cell for the calcu-
ergy of the states derived from these orbitals, which is largedation of an STM image from an isolated chemisorbed mol-
for the hollow site and smallest for the top site. This trend isecule. The artifact of representing a single molecule with a
related to the degree of overlap of these orbitals with the(4<4) overlayer of molecules becomes noticeable through
copperd states for the different adsorption sites. For all sitesa relative increase of the corrugation between the molecule
the states derived from the orbitals are essentially fully and its periodic images when the tip-surface distance is com-
occupied and give a small contribution to the bonding,parable to a surface unit cell size of about 10 A. For the other
whereas the partial occupation of states derived from thadsorption sites, we also find a single protrusion with no
le,, degenerate orbitals is substantial, making a large conaodal planes in the calculated STM image. It is only for the
tribution to the bonding. The back donations to the,l bridge site that th€,, symmetry of the adsorption site can
orbitals are about 0.9, 0.56, and 0.2 electrons for the hollowbe discerned in the image, whereas for hollow and top sites
bridge, and top sites. This trend correlates well with the trendhe images seem to have higher symmetries than the adsorp-
of binding energies. tion site.
The topography of the calculated STM image can be
. readily understood from the behavior of the PDOS for the
B. STM images of GHs/Cu (100 molecular orbitals at the Fermi level as well as the spatial
In this section we present our calculated constant currertharacter of these orbitals in the lateral direction. In order for
STM images of the chemisorbed molecule, and discuss theme electronic states that derive from a molecular orbital to
in terms of the calculated electronic structure and the experieontribute top(rq,eg), the PDOS on that molecular orbital
mentally observed image. These images have been calculateds to have a substantial contribution at the Fermi level and
using the Tersoff-Hamann theory described in Sec. II. the orbital must also have a relatively slow decay into the
In Fig. 4(c), we show the contours of the constant localvacuum region where the tip apex is located. This decay is
density of statep(rg,eg) evaluated at the tip apey for the  governed by the kinetic energy of the lateral components of

(b) FIG. 6. (Color onlin@ PDOS onto free-
molecule orbitals for toga) and bridge(b) sites.
The tails corresponding to theej, (a, in Cy,)
state account for the back-donation. The back-
donation is bigger for the bridge case. Tha,l
PDOS is partially hybridized with thd band in
the top case, becoming larger than the 1
a,,-PDOS of the bridge case.

0.8 r

PDOS (eV"™)
PDOS (eV™)
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70 sites. Our approach allows an association of the STM image
with the PDOS at the Fermi level. In agreement with previ-
: g ous work, the calculated PDOS at the Fermi le(ilh. 6)

dpo -1 1]
d[o -1 1]
d[o -1 1]

and the calculated STM imag&ig. 4 show a site depen-
2 dence. Chemisorption at the bridge site gives images with a
C,,-like symmetry; the image is elongated perpendicular to

FIG. 4. Constant current images of a benzene molecule chemth€ two H atoms coinciding with Cu substrate atoms in the
sorbed ona) the top site(b) the bridge site along th@11] direc-  [011] direction. Meanwhile, the top-site image shows a high
tion, and(c) the hollow site. Analysis of these images, in terms of Symmetry with no preferential direction. The LDOS decom-
individual electronic states, permits us to assign the particular sitgosition permits us to understand the site-dependent image in
dependence to the PDOS presented in Figs. 2 and 6. terms of the MOs of benzene. At the hollow site, the, 1

(LUMO) degeneracy is lifted and the image reflects the two
the plane waves that build up this orbital, which favors or-nodal planes of the LUMO. As we explained in Sec. Il A,
bitals with the smallest lateral spatial variation. In particular,the one-electron structure is shifted upwards on the top and
states with the fewest number of nodal planes, as provideBridge sites. The contribution of the LUMO to the STM im-
by the totally symmetric orbitals, will have the slowest decay2des on both sites is reduced, where the contribution of the
into the vacuum region. In this case, the,4 orbital is to- HOMO iis increased, as compared with the hollow site case.
tally symmetric and its PDOS is as large as the LUMOFigure &a) shows that for the top site the twej; (HOMO)
PDOS at the Fermi level, as shown in Fig. 2. Thus states thatre totally degenerate while the degeneracy is lifted at the
derive from this orbital should give a dominant contribution Pridge site. Hence, at the top site the STM image presents the
to the STM image. This explains why the image consists of &ontribution of both &,, orbitals: this gives a totally sym-
single protrusion with no nodal planes. metric image. Nevertheless, the contribution fragrlike or-

The conclusion that the protrusion is derived from thebitals is still the largest. At the bridge site, the degeneracy is
4ay, orbital is confirmed by an analysis of the additive con-lifted [Fig. 6b)], and only one of the &, orbitals contrib-
tributions from different Kohn-Sham states p¢r,,er). In  utes to the STM image. This orbital presents a nodal plane
Fig. 5, we have plotted the contributiops(ro,er) from all  along the[011] direction. The corresponding image is fairly

Kohn-Sham stateith band indexn) at thel” point within symmetric because of the dominatiag orbitals, but does

an energy range of 0.25 eV from the Fermi level. As can bd?€come elongated along they direction.
seen in Fig. 50, (ro,€r) in (3 and (e), with zero nodal To conclude, the calculated STM image is in good agree-

planes, give the dominant contributions. The corresponding€Nt With the observed constant-current image gffigad-
states overlap with theady orbital. Thep.k(rq,€g) contri- ort_)ed on C(ILOO)' . The oﬁt?served image shqws a single pro-
bution in (d), with two nodal planes, is smaller by a factor 4 usion with a height b1 A and an overall width of about 7
(note the different vertical scaleThe corresponding state A, with a fourfold rotation axis symmetry, which |s_n|cely
has a large overlap with the free-molecule LUMO orbital,“?pmduced by the calculated image at an average tip-surface
le,,. Finally, thep«(rq,€g) contributions in(b) and(c) are distance of 5.7 A away from the molecule.
smaller by three orders of magnitude. Thus the analysis con-
firms that the protrusion arises from states that derive from
the 4a,4 orbital, at least within the Tersoff-Hamann approxi- ~ The aim of the work reported in this section was to study
mation. the two chemisorbed fragments of benzene, i.e., phenyl
Weiss and Eiglél demonstrated the chemisorption site (CqHs) and benzyne (§H,), obtained by the removal of
dependence of the STM image ofld;/Pt(111). This site one or two H atoms. The phenyl {8s) fragment was found
dependence is particularly important on semiconductor suto chemisorb with the C ring forming an angle of 20° with
faces, where the molecular geometry is strongly perturbed bghe surface; see Fig(ld). The C atom without a H is closest
the adsorption proces8.On metallic surfaces, Sautet and to the surface and the phenyl ring folds slightly about the
Bocquet® explained this dependence by studying the modi-mirror plane perpendicular to the surface which contains the
fication of the molecular orbitals at different chemisorptionunsaturated carbon atom. The phenyl fragment thus presents

dio11] dio11] dio111

C. Dehydrogenation fragments

-8 - -8 -6 -

4!1[’] (a) axI'.'l (b) x°0 (c) 1:10 (d) 4:1.’) (e)

FIG. 5. Three-dimensional plots of the contributiomg(?o,ep), from individual Kohn-Sham states to the local density of states
pni(Fo.€F) at the Fermi level(a)—(e) are all the states within 0.25 eV from the Fermi level and afitqmoint (K =0) (a) and(e) correspond
to states of symmetrg, belonging to theC,, point group, whereagh) and (c) correspond to eigenstates that contain no contribution of
molecular statedd) is the symmetrya, part of the contribution of the lowest unoccupied molecular orbitgl, Jat the Fermi level.
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1.4 1.4
1.2 ,’"'u 8a" (a) 12} (b)
1 il L
~ 10 I,"u| ! 3b FIG. 7. (Color online Projected density of
3 08 1 Tou states(PDOS for CgHs in (a) and GH, in (b)
§ 06 l; ‘l| ’,\98' A ‘1} chemisorbed on Q@00). Dashed lines denote the
® 04 ! l[\:\ﬁa mr 0 ! density of states projected on molecular orbitals
or / i\ i with a nodal plane perpendicular to the C ring.
!

0.2

0 P =

a quastCg symmetry on the surface. The unpaired C liesthe surface, while ther bonding tries to optimize the overlap

close to a Cu atom and the phenyl fragment can basicallyith the substrate, pushing the C ring parallel to the surface.

turn about the axis perpendicular to the surface on this Cés a result, the molecule is tilted.

atom. As a consequence the chemisorption energy of phenyl The removal of a second H atom from benzene to create

with the C ring over the hollow site is-2.59 eV, while the benzyne changes the bond picture. The LUMO basically cap-

chemisorption energy with the C ring over a bridge site is tures two electrons from the surface, and theverlap with

—2.56 eV. The atop configuratiamhere the C ring is ver- surface states is greatly reduced. The molecule presents a

tical) is not favored, with a chemisorption energy of vertical C ring. The bonding is directed by the two unsatur-

—1.39eV. The H affinity of the gHs; fragment isA  ated C atoms, and both the symmetry of the LUMO and the

=1.56 eV when chemisorbed on @00). induced charge are reminiscent of acetylene bonding on
Benzyne, GH,, chemisorbs through its two unsaturated Cu(100).%

C atoms; the C ring is vertical, see Fig(cl It has two

mirror planes and thus its symmetry belongs to@3g point D. STM images of GHs and CgH4 on Cu(100)

group. The p.referr.ed chemisorption site Is the h.oIIovx./ site, The calculated STM constant-current images of phenyl
with a cherﬂlsorptmn energy of-3.52 eV. The ring lies and benzyne on QW00 both show planar symmetries, in
along the[110] axis. It is possible that this result is cover- gccordance with the molecular symmetB:like for phenyl,

age dependent. We have checked that the direct interactigghq C,,-like for benzyne. But the two images are rather
between free benzyne molecules is negligible in the preser’fimilar. The only important difference is the corrugation.
p(4>< 4)’\ structure, but substrate-mediated interactions maBenzyne presenthO_S_A h|gher Corrugation than pheny|
play a rde. We have also found a metastable state in whicthecause its C ring is perpendicular to the surface plane. Only
the C ring is tilted by 46° with respect to the surface planewhen the simulation is carried out very near to the sur-
The chemisorption energy for this intermediate geometry iace does theC,,-like benzyne become distinct from the
—3.27 eV. The value of the hydrogen affinity is 0.84 eV.  phenyl case. Constant-current images may thus be insuf-

It is interesting to compare the electronic structure of theficient to enable the identification of the fragment formed
two benzene fragments. As in the case of benzene, thgxperimentally.
chemisorption of phenyl and benzyne are largely dominated The molecular-orbital origin of the STM images of the
by electron donation from the metal surface into the LUMO.fragments reflects the prevailingbonding in both cases. In
The donation is large enough to equilibrate the spin polarizapoth fragments the responsible LUMO shows nodal planes
tion of the free phenyl molecule once it is chemisorbed, sgerpendicular to the C ring that would image as depressions
that the spin polarization disappears. The highest occupiegh the STM. Hence, despite the perturbation caused by the
benzene orbital that involves the bonding of H atoms s thejistortion of the molecule and the new electronic structure
3eyy state of benzene. Aa H atom is separated from the pear the Fermi level, the origin of the STM image of phenyl
benzene molecule, theeg, state shifts upwards in energy, s similar to that of benzene and due to an unoccupied highly
becoming the half occupied molecular orbitalal2of phe-  symmetrical molecular orbital over the C ririge., the or-
nyl. In the case of benzyne, botleg, benzene states evolve pjtal 4a,, of benzeng On Cu111), phenyl images are to-
into the HOMO, 1@;, and LUMO, &,. tally symmetric, with a close resemblance to benZ&rien-

The projected density of states as defined in 8).is  zyne stands up on €100, and the unoccupiedlike
shown in Fig. 7 for(a) C¢Hs and (b) CgH, chemisorbed on  orbitals arew-like over the C ring: this means that a nodal
Cu(100. In phenyl, the LUMO 13" becomes occupied plane coincides with the C-ring plane. This is not what is
upon chemisorption, as can be seen in Fi@).7The other seen in the calculated STM image. The electronic structure
3e,, state becomes thea8 orbital. The binding of phenyl originating in the HOMO is totally symmetric about the
proceeds through substrate donation into the'12orminga  C-ring plane. Hence, the STM image presents features re-
o-like bonding. The chemisorption geometry of phenylflecting the HOMO, contrary to phenyl and benzene. The
arises from the competition between thelike bonding to  reason why the HOMO contributes in benzyne and not in
the surface of the LUMO 1& and thew-like bonding in-  phenyl and benzene is twofoldi) phenyl and benzene are
volving orbitals 1&', 13a’, 9a”, and 1@". Theo bonding largely planar, hence nodal planes about the C ring will not
interaction tends to cause the C ring to stand perpendicular taffect the STM image; angi) the absence of the two hydro-
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gens shifts ther-like orbitals towards the Fermi level, hence molecular orbitals with the higher-lyind states of Ni than
the benzyne HOMO presents no nodal plane about the C ringn Cu results in a substantial back donation.
which is now vertical. The electronic structure originating in ~ This conclusion about the importance of the position of
MOs without nodal planes will yield a larger contribution to the d states in the bonding of benzene to metal surfaces is
the LDOS, and hence to the STM image, as shown here. supported by Koschedt al?* in their experimental study of
benzene adsorption on (iL1) and Cu/N{111). They used
temperature programmed desorption and angle-resolved ul-
) _ traviolet photoelectron spectroscopy to explore the strength
Table | shows the chemisorption energy for benzene, phest the adsorption and the shift of the molecular levels upon
nyl, and benzyne, as well as the hydrogen affinity for the tWospemisorption. Their results showed that a single Cu layer on
fragments. It is instructive to compare these values with\i(111) changed the reactivity of the Ni surface from strong
those obtained for the acetylene geﬁ%m both series, the  chemisorption and large level shifts to weak chemisorption
chemisorption energy increases with the degree of dehydrog,q small level shifts, as typical of Cu.
genation since the degree of surface bonding increases. The pq 4 consequence of charge transfer and surface screen-
hydrogen affinity A is positive because the hydrogenateding we find a large depletion of electrons in the vacuum

chem|sorbeq molecule is energetlcallly more favorable. A?egion[negative values ol p(Z)] and a large concentration
compared with the gas-phase valugsis much smaller on ¢ ajectrons between the molecule and the surface. Thus the
the surface because the fragment is partially saturated by thgi induced dipole is positive, leading to a reduction of the
surface and because the freed H atom is chemisorbed. As the, function. This result is similar to the analysis of Held
degree of dehydrogenation increasesjncreases for the o 5140 concerning the work function reduction for benzene
ac_ety_lene series, but it_diminishgs for the. benzene fragmemﬁdsorption on R(©001). They argued that despite the back-
This is a remarkable difference in behavior between the tWoyonation evaluated in their calculation, their calculated work
series. Benzyne adsorbs more strongly than phenyl and ifgnciion shift is due to the total positive induced dipole
bonds are almost saturated by the surface, so its affinity fog, ;seq by the charge counterbalance of the top two substrate
hydrogen is a factor 2 smaller than in the phenyl case. This 'fsayers‘,‘o analogous to our Fig. 3. The change of the work
an indication of the greater stability of chemisorbed benzyng ., tion has its origin in the rearrangement of charges about

E. Hydrogen affinity and fragment stability

as compared with the phenyl fragment on copper. the molecule rather than in the ill-defined total charge
transfer.
IV. DISCUSSION There have been a very limited number of calculations of

STM images for chemisorbed molecules based on density

In this section we discuss our results for the geometridunctional calculations, because these calculations, require a
and electronic structuréand STM imagesof benzene and large surface unit cell to represent the image, as well as the
its fragments on GO0 in relation to results obtained by somewhat controversial Tersoff-Hamann approximations for
other electronic structure calculations and experimental datene tunneling current and the tip. However, the calculations
for adsorption on metal surfaces. The hollow adsorption siteising this approach for £, on Cu100) have shown that it
and the planar configuration of the moleci¥eth the cant-  gives a good account of the observed images, in particular
ing of the H atompis generally found in experimental stud- for the images recorded by a functionalisedfifrior to this
ies of benzene adsorption on metal surfaté$This geo-  work, to our knowledge, there have been no reports of den-
metric configuration is characteristic of bonding via thesity functional calculations of STM images for benzene on a
m-* complex of molecular orbitals. metal surface. The only results that have been reported so far

The relative participation of these orbitdl®., 7 vs. 7*) were obtained for benzene on(Pt1) using extended Hikel
to the bonding is found to be specific to the metal surfacecalculations and a Landauer approach for the tunneling
Our conclusion that the bonding is predominantly throughthat is more sophisticated than the Tersoff-Hamann
electron donation to ther* molecular orbitals, and that approximatior:®
chemisorption is weak on copper, was also obtained in the Finally, it is worth noting that, as in previous repotts’®
density functional calculations for the chemisorbed moleculeve find a site dependence of the STM image. The image
on CU100 (Ref. 7) and Cy110 (Ref. 20 surfaces. In the reflects, to some extent, the symmetry of the chemisorption
density functional calculations by Mittendorfer and Haftfer, site, which is a consequence of the rehybridization of the
using a slab model for the¢€ls chemisorption on th€l00,  4a,, state with the states of the different neighboring sub-
(111), and(110 surfaces of Ni, they found the chemisorption strate atoms. On other substrates, the balance of the molecu-
energy to be about 1.5 eV larger than on Cu, while the molar orbitals at the Fermi level will certainly change, as is the
ecule was closer to the surface by about 0.3 A and the C-Gase for P(111) (Refs. 37 and 30or Ag(110.**
distance elongated by 0.03 A on the(N)O) surface. The chemisorption of benzene fragments of the type that

As pointed out by Weinelet al,? the stronger chemi- might be formed by STM dehydrogenation can be under-
sorption bond and perturbation of the molecule by Ni than bystood quite easily. The chemisorption energy increases at in-
Cu can be understood in terms of the more active role of thereasing stages of dehydrogenation because of the more un-
highest occupiedr orbitals le;4 and the partially occupied  saturated character of the new molecular bonds. This is same
states of Ni than on C(where thed states are fully occupied the trend found in the acetylene dehydrogenation sétibs.
and lower in energy In particular, the interaction of these  the cases we have consider@eé., phenyl and benzynehe
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H affinity is positive, meaning that the system prefers fullon a plane wave, ultrasoft pseudopotential method using a
hydrogenation on GQd00), because the surface bonding is slab model of the copper surface andoé4x4) ordered
not sufficient to saturate the molecular bonds of the adsoreverlayer to represent the isolated molecule. The STM image

bate species. _ _ _has been calculated using the Tersoff-Hamann approximation
The present dehydrogenation process which occurs duringnd the Kohn-Sham states of the benzene-covered surface.
STM dissociation is not clear yet. Lauhon and'tsbow that We find that benzene is weakly chemisorbed and that the

the dissociation reaction takes place at a tip-sample bias ¢fp|iow site is the most favourable adsorption site amongst
2.9 V. In the case of deuterated benzene, dissociation takqﬁe high symmetry sites. The molecule is adsorbed in a pla-

place at 4.4 V. T.hﬁ ocqgrrence IOf thcijs thrdeshold behlavior i(?ar configuration with a slight tilting of the H atoms away
not consistent with a vibrational mediated process. Insteagy,, e carhon ring. This adsorption site is in agreement

as suggested in the case of the dehydrogenation of a silicq};)i,[h results from scanning tunneling microscopy experi-

surface?? the initial excitation mechanism seems to be elec- . . .
. . .ments. The planar configuration is supported by the good
tronic in nature. Hence the electronic structure of the chemi- b 9 pp y 9

sorbed molecule must influence the dissociation protess agreement of the calculated STM image with the observed

As shown by the isotopic effect, the actual dissociation bia‘mqge. Our qua_lltatlve analysis of the bonding in terms of the

will depend on the complicated ,dynamics of the dissociatiorsgrojeded density of stat.es suggests that the bond is formed
redominantly by donation of electrons to the lowest-lying

process. Heavier atoms move more slowly and since the sy 7% orbitals of the molecule, which interact strongly with the

conveved by the impinaina electron spbands of copper. In particular, we find that the hollow site
Lau);\on gn d b c?on%luge d that Benzyne fragments aregives rise to the largest charge donation to these orbitals,

formed after studying the constant current STM image an(yvhlch makes the hollow site the most stable site. The bond-

the inelastic electron tunnelindETS-STM) spectrum. The ng = orp|tals of the mol_ecule are found to hybridize
: : strongly with thed andp, orbitals of the copper atoms. How-
experimental constant current STM image presentS,a

symmetry, of the type that a standing up benzyne fragmen ver, this does not give rise to any substantial donation of
would show. The C-H stretch mode is not detectable for, lectrons to the copper surface, which has a fully occugied

benzene. However. after STM manioulation a C-H Stretchband, in contrast to what has been found for other transition

mode be.comes de'EectabIe Lauhon gnd Ho araues that C- etal surfaces with partially occupietlbands. Donation to
Y ' 9 . he unoccupiedp conduction band is very small due to the

bonds sticking out of the surface would be more easily de;

tectable by IETS-STM. Hence benzyne the most likely frag-?é?ﬁieer:g%i mismatch between the HOMO peak and the

ment in the experimental reaction induced by the STM is The calculated STM image, exhibiting a single and sym-

ber\]/\z/é/gi'et al22 have shown that phenvl fragments Chemi_metric protrusion, cannot be rationalized in terms of tunnel-
that pnenyl frag L ing through states derived from the LUMO. Instead, we find
sorbed on C(111) show a cylindrical symmetry, similar to . : ;
. . . that states derived from a totally symmetric, unoccupied
chemisorbed benzene molecules. Our STM simulations show

that constant-current imaaes of phenvl and benzvne presed bital of the molecule give the dominant contribution to the
S 9 pheny yne p g™ image. In general, we expect that states derived from
certain similarities. STM images of phenyl fragments cen-

tered on the bridge site of C100) present &C,, symmetr those molecular orbitals with the least number of nodes
9 P 20 SY Y. long the surface and which give the most substantial con-
Hence the symmetry of the constant-current image may noﬁ

be enough to determine the identity of the fragment. More. ibutions to the PDOS at the Fermi level should determine

over, in phenyl C-H bonds can also point away from thethe shape of the STM image at a low tip-surface bias.
surface so that IETS-STM detection of C-H based modes 1" dehydf:ogenbanon flragmeg_tsdphenr)]/le('@) and fben-
form phenyl cannot be ruled out. zyne (GH,), have een also studied on t e(0uo surface.
These facts give a special value to the calculations pre;{]gegur;g:eb?;h ﬁ:rr:gllIqﬁ{f—?}?)isdi;hat;fri%ﬁ?onndlig%r;w?r-
sented. The hydrogen affinity drops by a factor of 2 for ben-, -1 phenyl, 9 P
tgnt enough to tilt the molecule, whereas for benzyne the

zyne as compared to phenyl. On the other hand, benzyn X i
presents a chemisorption energy larger than the phenyl fra nolecule stands up on the two unpaired carbon atoms. Ben

ment. The stability of benzyne on the copper surface i yne is more strongly bound than.p.henyl to the surface, but it
greater in two senses: it is more strongly bound to the S;urpresents a smaller hydrogen affinity. We conclude that the

Lo : stability of benzyne on the QLOO) surface is greater than
face, and it gains less energy than phenyl in the hydrogenghenyl, and hence benzyne is the fragment most likely to be

tion process. The study of the energy balance in the chem “und after STM manioulation
sorption of benzyne and phenyl shows that benzyne is more u ipulation.
stable than phenyl on €L00, and hence more likely to be

the fragment created in the STM experiments.

tem can de-excite before dissociafidmore energy must be

|22
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