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Abstract: Using resonant and off-resonant X-ray emission spectroscopy, in combination with ground-state
density functional calculations, we examine the electronic structure of chemisorbed ethylene and benzene on
the Cu(110) surface to investigate the suitability of the donation/back-donation bonding model given by Dewar
and Chatt and Duncansb(DCD) for the interaction of unsaturated hydrocarbons with metal surfaces. We
give an experimental verification of the DCD model and find donation/back-donation to be twice as large for
ethylene as for benzene. In particular, the degree-et mixing (rehybridization) is found to correspond to

the amount of donation/back-donation, which is put in relation to the aromatic and nonarenchgicacters

of benzene and ethylene, respectively.

I. Introduction as a donation of molecular-electrons into the metal and back-
donation from the metal into the molecular antibondimty

A fundamental understanding of the bonding mechanism of o ia| Alternatively, the bonding mechanism has been rational-
unsaturated hydrocarbons to metal surfaces is of importance inj;aq in terms of bond preparation of the hydrocarbon molecule

many scientific areas such as heterogeneous catalysis, 0rganosy, an internabr—z* excitation in the formation of the surface
metallic chemistry, and more applied fields such as tribology chemical bond. This is the “spin-uncoupling mechanigm”,
and molecular environmental science. In general, the interactionwhich was inspired by the similarity of the geometric structure
of unsaturated hydrocarbons with metal surfaces is known to ¢ o gas-phasa—ax* triplet excited acetylene and ethylene
induce, at a rather low heat of adsorptfoa,weakening of the and the adsorbed species.

internal C-C bonds which must be due to a significant T ) I h licability of the DCD bondi
rehybridization of the molecular urit® These characteristics 0 experimentally test the applicability of the onding
model to hydrocarbon adsorption we need to establish the

are also common in transition metal complex chemistry involv- " ™ ‘ ; ied orbitals af ch " d ied
ing unsaturated hydrocarbons coordinated to transition metal EX/SIENCE O 0ccupied orbitals af” character and unoccupie

centers, like Zeises salt K[P&C,HJ)].” The bonding in these sr-orbitals. The latter would correspond to the donation and the

organometallic metal complexes and adsorbed unsaturateOi‘ormerto the back-donation part of the interaction. Furthermore,
hydrocarbons is commonly described in a frontier orbital from a chemical point of view it would be desirable to estimate

approach, developed by Dewaand Chatt and Duncansbn the degree of donation and back-_donati_on for d_ifferent unsatur-
(DCD model)3810|n the DCD model the bonding is described ated molecules and _substrates; t_h_ls requires a dlre_ct measurement
of the molecular orbital composition around the different atoms
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manner2 In this spectroscopy a core-hole is first created through
an X-ray absorption process. Since the core-levels of different
elements differ significantly one can selectively create the core-
hole on, e.g., only the carbons in the molecules bound to the
surface. The subsequent filling of the core-hole from an occupied
orbital normally results in the ejection of another valence
electron (Auger decay), but sometimes only a photon is emitted;
the energy gives the energy difference between the occupied
valence orbital and the core orbital. The intensity is proportional
to the amount of 2p contribution from the core-hole atom to
the valence orbital (dipole selection rule for 1s core-hole) and,
since an overlap between the unfilled core-orbital and the
valence orbital is required for a transition, only tbeal, atom-
specific2p character in the valence orbital is measured. Thus,
this in essence corresponds to an experimental atomic decom-
position or population analysis of the 2p-contributions to the
occupied molecular orbitalg. The direction of propagation of
the photon must, finally, be perpendicular to the direction of
the 2p contribution that generated the emission which, for an
ordered system, provides information on the spatial orientation
of the molecular orbitals.

Recent experimental work in combination with ab initio _ _ _ _
ground-state calculations has been used to investigate inFigure 1. Optimal geometries for the adsorption of the nonaromatic

unprecedented detail the adsorbate electronic structure and tdYdrocarbon ethylene on Cu(110) (top panel) and the aromatic benzene
. . . on Cu(110) (bottom panel).

derive bonding models for simple molecules such g$-Nand

CO'>180n transition metals as well as more complex molecules

such as glycine on coppétThe spectroscopy may be viewed metry.

as providing an experimental population analysis of the 2p- | the present paper we use the adsorption of the aromatic
character of the molecular orbitals around a particular atom in pyqrocarbon benzene and the nonaromatic hydrocarbon ethylene
the moleculé? which makes it an ideal method for investigating gn the Cu(110) surface as model systems for a direct experi-
the orbital changes in the-system of unsaturated hydrocarbons mental investigation of the applicability of the DCD model to
upon adsorption. the bonding of unsaturated hydrocarbons with metal surfaces
To address the DCD model it is essential to identify the (Figure 1). On the basis of resonant and off-resonant XES
symmetry of the adsorbate states in terms ahdz* character measurements in combination with first principles ground-state
or ungeradeor geradesymmetry. For molecules with symmetry- calculations, we can determine the orbital symmetry of the
related core orbitals the XES spectra show a strong variation Valence states and determine their electron occupation. Thus
with the excitation energy. Since, e.g., amgeradecore-orbital ~ the degree of donation and back-donation of the molecular
can only be filled from ageradevalence orbital the emission ~@ndz* orbitals with the metal can be determined and is found
spectra will reflect the character of the intermediate core-hole 10 b€ twice as large for ethylene as for benzene. The degree of

state symmetry (parity selection rifte20). Upon adsorption the donation/back-donation is mirrored by the interaalr mixing

presence of the surface may formally break the symmetry, butWithin the .?ds‘?fbe" molecules. Th?se results giv.e an experi—
if the local symmetry is similar to that of the free molecule, the mental verification of the DCD donation/back-donation bonding

selection rules may still be partially retainEdTheoretical model for unsaturated hydrocarbons on metal surfaces.
simulations of the resonant XES process using DFT (Density || Experiment and Computation

Functional Theory) have been shown to give a rather good
agreement with experiments for ethylene and benzene adsorbetai

Chemisorbed benzene on Cu(110)

' on Cu(1103! under the assumption of maintained local sym-

The experiments were performed at Beamline 8.0.1 at the Advanced
ght Source, Lawrence Berkeley National Laboratory. The experi-
mental station houses in a confocal arrangement a Scienta SES-200

(12) Nilsson, A.; Hasselstro, J.; Fdilisch, A.; Karis, O.; Pettersson,

L.; Nyberg, M.; Triguero, L.J. Electron Spectrosc. Relat. Phend200Q electron energy analyzéta partial yield detector for X-ray absorption
in press. spectroscopy (XAS), and an X-ray emission spectronfétare

(13) Nilsson, A.; Weinelt, M.; Wiell, T.; Bennich, P.; Karis, O.;  spectrometers and the sample can be rotated independently along the
Wazizc)i%hl, N_-?th“F{: Ji/;V'SEIlIm'Ia'm’PL\AP'hySC.)Re\.NLett #9?} 8\7/0284d7'h| \ axis of the incoming beam which allows the polarization of the

ennich, P.; Wiell, T.; Karis, O.; Weinelt, M.; Wassdahl, N.; I P : ;

Nilsson, A.: Nyberg, M.; Pettersson, L. G. M. 8tpJ.: Samant, MPhys. incoming light and the direction of detect_lon to be vaned_ freely. Two
Rev. B 1998 57, 9274. Cu(110) ‘crystal.s were mount‘ed at a grazing angiettbthe incoming

(15) Fihlisch, A.; Nyberg, M.; Bennich, P.; Triguero, L.; Hasselstro beam with their “troughs” (i.e., [10] azimuths) parallel and per-
J.; Karis, O.; Pettersson, L.; Nilsson, &. Chem. Phys200Q 112, 1946. pendicular to the beam, respectively. Clean Cu(110) surfaces were

(16) Fanlisch, A.; Nyberg, M.; Hasselstno, J.; Karis, O.; Pettersson,  prepared by repeated Ar-ion sputtering and annealing, monitored by
L.; Nilsson, A.Phys. Re. Lett 200Q in press. .
(17) Nyberg, M.; Pettersson, L.; Karis, J. H. O.; Wassdahl, N.; Weinelt, (21) Triguero, L.; Luo, Y.; Pettersson, L.;gken, H.; Vaerlein, M. W.

M.; Nilsson, A.J. Phys. Chem200Q in press. ) P.; Fdnlisch, A.; Hasselstmo, J.; Karis, O.; Nilsson, APhys. Re. B 1999
(18) Skytt, P.; Guo, J.; Wassdahl, N.; Nordgren, J.; Luo, Yarehn, H. 59, 5189.

Phys. Re. A 1995 52, 2572., (22) Martensson, N.; Balzer, P.; Bnwiler, P.; Forsell, J.-O.; Nilsson,
(19) Gelmukhanov, F. K.; gren, H.Phys. Rep1999 312, 87. A.; Stenborg, A.; Wannberg, B. Electron Spectrosc. Relat. Phendri94
(20) Glans, P.; Gunnelin, K.; Skytt, P.; Guo, J.; Wassdahl, N.; Nordgren, 70, 117.

J.; Agren, H.; Gelmukhanov, F. K.; Warwick, T.; Rotenberg FBys. Re. (23) Nordgren, J.; Bray, G.; Cramm, S.; Nyholm, R.; Rubensson, J.-E;

Lett 1996 76, 2448. Wassdahl, NRev. Sci. Instrum 1989 60, 1690.
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photoemission spectroscopy and low-energy electron diffraction
(LEED). Saturated monolayers of ethylene and benzene were prepared
at 80 K.

The Cu(110) surface has 2-fold symmetry with Cu rows in the first
atomic layer. For an azimuthally oriented adsorbate, the dipole selection
rules governing XES discriminate different emission directions; by
recording XE spectra in three different directions (normal emission and
grazing emission along the [001] and []idirections) we can thus
separate the spatial orientation of the atomic p-orbitals in the valence
electronic structurét

Simulated XE spectra were computed using the deMon progtam,
which implements the KohaSham approach to Density Functional
Theory (DFT). The gradient corrected functionals used to describe
exchange and correlation were those developed by Becked
Perdew?® respectively. The XE spectra were calculated using the
resonant term of the Kramergleisenberg equation as implemented
in the deMon prograr® The wave functions used were those of the
molecular ground state (“frozen orbital approximation”). As in earlier
works the core levels were described as symmetry adapted linear
combinations of the atomic C 1s orbit&lsThe surface is represented
by a cluster model consisting of 86 metal atoms, where the central
Cu4 subunit was described at the all-electron level and the surrounding
atoms were described using a one-electron effective core potential (ECP)
model developed by Wahlgren and co-worki&isurther computational
details and geometries have been given in refs 21 and 27.

Ill. Results and Discussion

Gas-phase ethylene belongs to B symmetry group and
the electronic configuration is (PA(1b1,)%(2ay)%(2b1u) (1)
(38))%(1lpg*(1by). The m-orbital is 1, and the lowest
unoccupied molecular orbital is 3§ which is ofr* character.
Benzene belongs to tHes, symmetry group and the electronic
configuration is (2&)*(2ex9*(3a1g(2b1)* (1020)*(3ew) (1apy)
(3e9*(Leig*. The two lowest unoccupied orbitals zdand 1hbyg,
are of z* character. Upon adsorption on the Cu(110) surface
the symmetry is reduced ©,, for both ethylene and benzene
due to the presence of the surface. To make the discussion
simple, the notation of the free molecules will be used.

The Cu(110) surface has 2-fold symmetry with Cu rows in
the first atomic layer. The ethylene molecule is adsorbed lying
down with the molecular axis parallel with the rows in a bridge
site coordinating to two Cu atorh® (Figure 1). This adsorption
geometry implies that the ethylene molecule is bound in the
so-called dig configuration. For an azimuthally oriented
adsorbate the dipole selection rules governing XES discriminate
different emission directions; by recording XE spectra in three
different directions (normal emission, and grazing emission
along the [001] and [1d] directions) we can thus project the
valence electronic structure on the corresponding atomic 2
2p,, and 2p orbitals3° Benzene is adsorbed with the molecular
plane parallel to the surface with no azimuthal orientatfoim.
this case we can only resolve in- and out-of-plane statesgi.e.,
and orbitals.

(24) deMon-KS version 4.0, Casida, M. E.; Daul, C.; Goursot, A.;
Koester, A.; Pettersson, L. G. M.; Proynov, E.; St-Amant, A.; Salahub, D.
R. principal authors, Duarte, H.; Godbout, N.; Guan, J.; Jamorski, C;
Leboeuf, M.; Malkin, V.; Malkina, O.; Nyberg, M.; Pedocchi, L.; Sim, F.;
Triguero, L.; Vela, A. contributing authors, deMon Software, 1997.

(25) Becke, A.Phys. Re. A 1988 38, 3098.

(26) Perdew, JPhys. Re. B 1986 34, 7406.

(27) Triguero, L.; Pettersson, L.;gken, H.J. Phys. Chem. A998 102,
10599.

(28) Mattsson, A.; Panas, |.; Siegbahn, P.; Wahlgrenflkieby, H.Phys.
Rev. B 1987, 36, 7389.

(29) Buisset, J.; Rust, H.-P.; Schweizer, E. K.; Cramer, L.; Bradshaw,
A. Phys. Re. B 1996 54, 10373.

(30) Karis, O.; Hasselstm, J.; Weinelt, M.; Wassdahl, N.; Nilsson, A.;
Nyberg, M.; Pettersson, L.; Samant, M.;"BtpJ.J. Chem. Phys200Q
112 8143.
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Figure 2. Resonant X-ray emission spectra of ethylene on Cu(110)
excited at 284.8 and 288.8 eV excitation energies. Spectral features
are labeled by the gas-phase molecular orbital notation. States arising
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Figure 3. Resonant X-ray emission spectra of benzene on Cu(110)

excited at 285 and 289 eV excitation energies. Spectral features are

labeled by the gas-phase molecular orbital notation. States arising from
the surface chemical bond are denofedand.

Figures 2 and 3 show XE spectra for ethylene and benzene
chemisorbed on Cu(110) following excitation using two different
photon energies. The polarization vector of the exciting radiation
was almost perpendicula=g5°) to the substrate surface. Hence
only transitions into states derived from theorbitals of the
adsorbate could be excited. The lower energy was chosen to
coincide with the first XA resonancegsonant excitationof
the respective adsorbate (284.8 (ethylene) and 285 eV (ben-
zene)). The second energyfftresonant excitationin the case
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of ethylene (288.8 eV) yields an excitation in the Rydberg
region. For benzene (289 eV) it coincides with the secohd

resonance of the surface-adsorbed species. The peak due to
elastically scattered photons was removed from the XE spectra

as described in earlier wofk:3! The spectra are plotted on a
binding energy scale relative to the Fermi level, obtained by
subtracting the C1s core-level photoemission binding enéfgies
(284.8 and 284.9 eV for ethylene and benzene, respectively).
The upper panel of Figure 2 shows the symmetry-resolved p
components of the XE spectra of chemisorbed ethylene. The
2p, component in the top frame is directed perpendicular to the
C—C axis and parallel to the surface. Here, two strong peaks
corresponding to the pand 1bg orbitals are observed. These
states are bonding within the local-®& unit and weakly
bonding and antibonding along the-C axis. The middle panel
contains the symmetry-resolveggomponent, which is directed
along the C-C axis. In this component, XE from states
representing the moleculargand 2l o orbitals are observed.
In the free molecule, these orbitals are strongty@bonding
and antibonding, respectively, and upon adsorption these
characters are retained. A third peak is observed at 5 eV, which
is a component of the kporbital along they axis. This peak
is a consequence of the internal rehybridization of the molecule.
In the lower panel of Figure 2, the XE pomponent is shown.
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Figure 4. Calculated nonresonant X-ray emission spectra decomposed
according to molecular orbital symmetry. Top panel: The X-ray

This component is orthogonal to the surface and states repre-gmissionz component of ethylene on Cu(110). Bottom panel: The

senting the molecular %k orbital and the 2pcomponent of
the 3g orbital are observed. Additionally, a broad band between
0 and 4 eV is found, which we denote as thdand.

Figure 3 shows the experimental XE spectra of the chemi-
sorbed benzene on Cu(110). In the top panel,ctistates are
shown, representing the 2e3aig, 2by, 1bp,, 3ew, and 3egg
molecular orbitals. In the lower panel of Figure 2 the molecular
n-states are shown, representing the,kad legy orbitals of

the free molecule. Furthermore, a new peak between 2 and 0

eV is found, which we again denote as thidand. This state

X-ray emissionz component of benzene on Cu(110).

experiment that both the empty states close to the Fermi level
and the occupied states should have bottib,y) andm(1bsy)
character. These results are in agreement with the DCD model
where a donation ofr electrons into empty states and back-
donation intosr* states yields a symmetry mixing in the
occupied and unoccupied orbitals.

In the case of benzene the dependence of the XE spectra on
the excitation energy is much more pronounced indicating the

has also been observed by two-photon photoemission spectrospreparation of core holes of more pure symmetry upon excitation

copy (2PPEJ3:34

The adsorption-related-band of chemisorbed ethylene and
benzene contains important information regarding the surface
chemical bond. Therefore, we will center the discussion on the
zcomponent of the ethylene XE spectrum andtteomponent
of the benzene XE spectrum.

to the firstzr*. Upon resonant excitation the most intermspeak
consists of three components {3elb,, 2by), which also
dominate the resonant XE spectrum of free ben2éiae 3eq
peak shows significant intensity in the resonant spectrum but
should be forbidden according to the parity selection rule. This
behavior is known from the XE spectrum of free benzene, where

For adsorbed ethylene a weak excitation energy dependencdhe intensity has been shown to be caused by vibronic coupling

on the relative intensities of the two orbitals in each of the p
and g component spectra can be seen. Thgahd 33 orbitals

to an antisymmetric €C stretch modé®36 The 7 is clearly
enhanced upon resonant excitation, which implies the same

are enhanced indicating that we generate more core holes ofsymmetry as the first* orbital (‘LUMO-like”). There is little
ungerade symmetry than gerade symmetry when we excite toevidence for anyr donation but, on the other hand, there is the

the first resonance close to the Fermi level. This indicates that
we have more contributions af(1b,g) thans(1bs,) character

on the adsorbate in the states right above the Fermi level. For
the free molecule, resonant excitation into tiferesonance
imposes strict parity selection rules on the subsequent XES.
If we now look in the pcomponent spectra we do not see any
significant change in the intensity between the twstates for

the different excitation energies. We can conclude from the

(31) Fahlisch, A.; Hasselstm, J.; Bennich, P.; Wassdahl, N.; Karis, O.;
Nilsson, A.; Triguero, L.; Nyberg, M.; Pettersson, L. G. Fhys. Re. B
200Q in press.

(32) Nilsson, A.; Zdansky, E.; Tillborg, H.; Bjaeholm, O.; Matensson,
N.; Andersen, J. N.; Nyholm, RChem. Phys. Lettl992 197, 12.

(33) Munakata, T.; Sakashita, T.; Tsukakoshi, M.; Nakamur&h&m.
Phys. Lett1997, 271, 377.

(34) Munakata, T.; Sakashita, T.; Shudo,JXElectron Spectrosc. Relat.
Phenom 1998 88, 591.

(35) Gunnelin, K.; Glans, P.; Rubensson, J. Eth8aC.; Nordgren, J.;
Li, Y. GeI'mukhanov, F.; Ayren, H. To be submitted for publication.

appearance of a back-donation statertdfsymmetry close to
the Fermi level. However, since the back-donation state is of
relatively low intensity we cannot rule out some small sym-
metry-mixing also in the excited state providing only a small
perturbation of the free molecule parity selection.

To investigate the hybrid states directly involved in the surface
chemical bond in detail, we computed the symmetry-resolved
nonresonant XE spectra of the pomponents in adsorbed
ethylene and benzefle (Figure 4). Good agreement with
experiment is found and in particular the much strorigband
of ethylene compared to benzene is well reproduced. For
ethylene, the 14 (7*) components and the 1b(:z) are shown
in the gas-phase notation of tBe, symmetry group, whereas
in benzene the symmetry reduction from gas-pHaggto the
adsorbateC,, symmetry group notation does not give a one-
to-one correspondence of and 7* derived states in the

(36) Vaerlein, P.; Fink, R.; Wurth, WPhys. Re. A 1998 57, 4275.
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Figure 5. Molecular orbital representation of the ethylengglfx*) Figure 6. Molecular orbital representation of the ethylene1r)

interacting with the Cu(110) surface. Left panel: The unperturhgq ( interacting with the Cu(110) surface. Left panel: The unperturtxgd (
orbitals of free ethylene. Right panel: Calculatedglbonresonant orbitals of free ethylene. Right panel: Calculated,ltonresonant
X-ray emission component (see Figure 3). Middle panel: Corresponding X-ray emission component (see Figure 3). Middle panel: Corresponding
molecular orbital plots of the chemisorbed ethylene. molecular orbital plots of the chemisorbed ethylene.

to the varying contribution of the Cu d-orbitals witly tind g
adso_rbate and we are fo_rced to use B symmetry group symmetry interacting with the ethyleneg}lat different binding
notgnon..Thej transformation betweBg, andC, is shown as energies. In a phenomenological approach, we can describe this
an inset in Figure 4. ) observation as a continuous rotation of the lobes of the Cu
In adsorbed ethylene an appreciable amountrt{fLbzg) d-orbitals, leading to maximum overlap with the ethylengg1b
occupation is observed. mgnlfested as the.double peak structurgyy high binding energy and gradually diminishing overlap toward
between 0 and 4 eV binding energy in Figure 4. Ti{&bs,) the Fermi level. The top orbital plot represents an antibonding
orbital is observed at 5.5 eV, and additional states centered atcompination between the ab(r*) and the d-orbitals.
2 eV are found. This means that the region betweensthe Figure 6 shows orbital plots with () character. Again,
(1bsy) orbital and the Fermi level consists of a distribution of - the |owest orbital plot, representing the state of highest binding

states with a_mixture of andz* character,_ W_hich is the reason energy, shows a strongly bonding combination of the ethylene
for the experimentally observed weak variations of XES spectral 1y, with the d-orbitals of the two coordinated Cu atoms.

features for resonant and off-resonant excitation. In adsorbed,:ouowing the evolution of orbital character toward the Fermi
benzene, there is a clear separation of the same valence regiofkye|, a continuous rotation of the lobes of the Cu d-orbitals is
between 0 and 4 eV into benzemederived states of gand a observed, as for the* interaction in Figure 6. This is leading
symmetry between 0 and 1.5 eV and the benzerderived  toward the Fermi level to states, which are less bonding between
states of and b symmetry above 1.5 eV. This is the result of  he ethylene and the two coordinating Cu atoms, and less anti-
much weakerr andz* mixing for benzene than for ethylene. bonding between the two Cu atoms (middle panel of Figure 5).
To illustrate these orbital interactions further, we show in The unoccupied state, shown in the upper panel, is in complete
Figures 5 and 6 orbital plots of the relevant hybrid states, formed analogy to the equivalent state@f symmetry in Figure 5 but
in the interaction between the ethylen®(1bzy) and mz(1bsy) introduces additional nodes between the substrate atoms.
with the Cu spd band. On the right-hand side of the figures,  On the basis of this analysis we can make a simplified model
the symmetry-resolved spectra of théand from Figure 4 are  for the chemical bond of ethylene on Cu(110), shown in Figure
shown again. The arrows indicate the energy position in the 7: the HOMO (1h,) and the LUMO (1by) of the ethylene
spectrum of the corresponding molecular orbital plots. The interact with the 4; and g Cu d-orbitals and form two manifolds
orbital plots in the top part of the figures correspond to empty of hybrid states. The lowest orbitals in both symmetries are
states above the Fermi level. bonding between the,&d and ethylene orbitals and the highest
The lowest orbital plot in Figure 5 shows a strongly bonding is antibonding. The middle orbitals shown ag tepresent a
combination of the ethylene ip(n*) with the d-orbitals of distribution of orbitals in the energy range around thg{®and
the two coordinated Cu atoms. For symmetry reasons this hybridwhich consists of a mixture of different Cu d-orbitals. This mix-
orbital is strongly antibonding between the two Cu atoms. Going ing causes a rotation of the gyuorbitals from having an
toward the Fermi level, another strong state of;dymmetry amplitude toward the carbon atoms to an essentially nonbonding
is observed with the corresponding molecular orbital plotted in configuration with the d-orbital amplitude between the carbon
the middle panel. In comparison to the previous discussed atoms.
molecular orbital, the bonding combination between the ethylene How do these observations fit into the Dew&hatt-
1bsy and the two coordinated Cu atoms is weaker. This is due Duncanson (DCD) model for the adsorption of unsaturated
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Figure 7. Schematic representation of the bonding mechanism of
ethylene/Cu(110. (a) Top panel: lllustration of thenteraction with
d-metal orbitals. (b) Bottom panel: lllustration of thé& interaction
with d-metal orbitals.

hydrocarbons? The-donation in the DCD model corresponds
to the unoccupied antibonding (@ orbital and thez*-back-
donation to the occupied bonding g}porbital. Since the XES
process corresponds to an experimental population analysis we
use the calculated spectra for each symmetry to quantify the
degree of donation and back-donation. If we normalize the
integrated intensities of each symmetry to the intensity of the
(1bgy) orbital of free ethylene we obtain an estimate of the total
occupancy of each symmetry in electrons per atom. The result
is an occupancy of the (1bg,) by 0.52 electron, equivalent to
a donation of 0.48 electron, and an occupation of 0.22 electron N . / )
of the 7* (1byg), equivalent to back-donation. In comparison,  Figure 8. Molecular orbital plots of orbitals of ethylene and benzene
for adsorbed benzene electron populations of Gr&ectrons adsorbed on Cu. The ethyleng, 8abital shows a significant distortion
and 0.1z* electrons per carbon atom are found which is only from the gas phase symmetry, due to strong—z hybridization upon
half the donation and back-donation per carbon atom obtainedadsorption. The equivalent benzengg3®bital is less distorted due to
for ethylene. From this it is evident that adsorbed benzene, to weaker hybridization upon adsorption.
a much larger degree than ethylene, keeps the orbital structure i o
of the free molecule intact upon adsorption. The orbital structure kcal/mol. This large excitation energy cannot be compensated
of adsorbed benzene is rather complicated, however, sinceby the C-Cu bonds! Consequently, the planarity of the free
benzene has many mareorbitals than ethylene. However, for ~benzene molecular carbon ring is largely maintained upon
both molecules an overall loss afcharacter takes place upon @dsorption as no direct covalent carbaopper bonds to the
adsorption, which is in full agreement with the observed substrate can bg fqrmed and the bonding must take place only
decrease in work function for hydrocarbon-adsorption. through a polarization of the-system. . ,
Energetically, the adsorption of ethylene and benzene on Cu- Th_e Iarge_ difference in the degree pf_donat|on/back-donat|on
(110) has been computed in a previous stfidyhere the and in particular the d(_agree of—n_mlxmg for ethylene and
chemisorption energy of ethylene was determined to be 13 kcal/P&nzene upon adsorption can be illustrated through molecular
mol and that for benzene to be 14 kcal/mol. Under the Orbital plots of characteristio orbitals of the chemisorbates,
assumption that each carbon atom contributes equally to thel-€-, the ethylene 3aand benzene 3gorbitals. For ethylene
total chemisorption energy we obtain for ethylene a chemisorp- (UPPer panel Figure 8) a significant distortion of the ethylene
tion energy per carbon atom of 6.5 kcal/atom, while for benzene 38 9as-phase orbital due to the interaction with the d-orbitals
it is 2.3 kcal/atom. This trend in chemisorption energetics per Of the two neighboring Cu atoms is found. For benzene, in the
carbon atom follows the degree of donation and back-donation lower panel of Figure 4, the distortion of the benzeng, 8as-
for adsorbed ethylene and benzene. phase orbital upon adsorption is much smaller in comparison
In the spin-uncoupling mechaniéte interaction energy per {0 the corresppndmg state of ethylene. Our obserygtlons of
molecule upon adsorption is seen as a balance of the rehybrid-Strongo—z mixing for adsorbed ethylene, but weak mixing for
ization cost and the gain from the formation of bonds to the Penzene, can also be put into perspective of the known
surface. The rehybridization cost is obtained by explicitly €longationdr of the C-C bonds upon adsorption. For ethylene,
considering the excited state of the adsorbate that correspond®T iS three times larger¢ = 0.06 A) than for benzenedt =
to the bonding state. Adsorbed ethylene corresponds to the0-02 A)s
eclipsed conformation of the triplet gas-phase ethylene, where
the electron occupation of theorbital per carbon atom is equal
to 0.5. To achieve the sameoccupancy per carbon atom for In summary, the XE spectroscopy allows the symmetry of
the benzene molecule the benzene molecule must be promotedhe adsorbate states to be identified in terms @ndz* and
into the septet state with an excitation energy exceeding 300consequently the suitability of the DewaChatt-Duncansson

IV. Conclusion
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model to be verified. This model captures the overall mechanism donation/back-donation bonding model for unsaturated hydro-
of the interaction of unsaturated hydrocarbons with metal carbons on metal surfaces.

surfaces well, by postulating donation and back-donation
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