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Abstract

Experimental results for acetylene and ethylene adsorption on metal surfaces indicate qualitatively different adsorbate

binding mechanisms, depending on the adsorbate and substrate material. Experiments on Cu(111)±C2H2 identify a strongly

distorted adsorbate while the adsorption energy is small. In contrast, recent experiments on Cu(111)±C2H4 have identi®ed a

weakly physisorbed adsorbate without noticeable structural changes. The qualitatively different binding behavior between

C2H2 and C2H4 with Cu(111) has been examined by ab-initio density functional theory (DFT) cluster studies. Restricted

geometry optimizations yield potential energy curves E(z) which exhibit two minima for both adsorbates. The outer minimum

refers to an undistorted adsorbate (indicating a physisorbed state) while the inner minimum yields a strongly distorted

adsorbate (con®rming a competitive binding state). Qualitative differences between the inner and outer potential minima of the

two systems can explain their different behavior. The E(z) curves can also rationalize why in experiments for Cu(111)±C2H2

and Cu(111)±C2H4 only one of the two adsorbate states has been veri®ed so far. However, the present calculations suggest to

further look for experiments where both adsorbate states can be prepared. # 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalytically activated reactions of hydrocarbons at

transition-metal surfaces start with the adsorption of

the organic reactant(s) at the catalyst surface. Here,

sophisticated experimental techniques allow one to

identify the local adsorption geometry (structural

parameters of the adsorbed molecules) before, and

after, a catalytic reaction has occurred which can yield

information about possible reaction pathways. The

catalyst surface is the stage for various processes such

as geometric/electronic restructuring of the adsorbate,

bond formation and reaction between adsorbates as

well as with the substrate, and reconstruction of the

substrate surface. Therefore, understanding basic

mechanism of any catalytic reaction requires a

detailed knowledge about electronic and geometric

properties of both, the catalyst surface and the reacting

molecules. As a next step, the characterization of

transition complexes formed from the adsorbates

and respective substrate atoms is needed. This gives

information concerning bond making/breaking in the
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adsorbate as well as about changes in the reactivity as

a consequence of modi®ed bonds. All above para-

meters in¯uence reaction pathways leading to the

desired reaction products.

The reacting hydrocarbon molecule may adsorb at

the surface by forming bonds of different strength and

character with the surface. If the binding energy is low

(<0.1 eV per adsorbing molecule) and the molecule

undergoes no geometric changes then it is physi-

sorbed. Here, binding is connected with the weak

adsorbate±substrate coupling of physical origin (e.g.

Van der Waals type) and leaves the electronic structure

of the adsorbate almost unchanged. Higher binding

energies (>0.7 eV up to several eV per adsorbing

molecule) indicate that the molecule is chemisorbed

at the surface. This process is characterized by a strong

adsorbate±substrate interaction of chemical origin

(formation of covalent or ionic chemical bonds). In

this case, both the electronic and geometric structures

of the molecule are affected by adsorption.

A full microscopic description of the adsorption

process has to take into account the local adsorbate±

substrate interaction as well as changes in the intra-

molecular binding of the adsorbate. The total energy,

characterizing the global surface interaction of the

molecular adsorbate, combines the contributions from

energies connected with different surface binding

(Van der Waals, ionic, covalent) with those from

changes in the intramolecular adsorbate binding. If

adsorption is only accompanied by minor changes in

the intramolecular structure, then adsorption ener-

getics are determined only by the adsorbate - substrate

binding. However, intramolecular binding may be

strongly affected by adsorption resulting in a major

geometric rearrangement of the adsorbate. Thus, the

corresponding energy contributions cannot be

neglected and the adsorption energetics may not

re¯ect the local adsorbate-substrate bond strength.

An obvious example is given by dissociative adsorp-

tion where the adsorbate loses its identity near the

surface [1,2]. Other examples are those where the

energy required for geometric rearrangements in the

adsorbing molecule can be overcompensated by the

energy gain due to local bond formation between the

distorted adsorbate molecule and the substrate surface

(competitive binding scheme). As a result, the global

surface interaction of the molecular adsorbate may be

weak but cannot be described by physisorption.

From the experimental results, as well as theoretical

cluster studies discussed below, the adsorption of

small organic molecules at metal surfaces is found

to be determined by different binding mechanisms

depending on the adsorbate and substrate material. In

the present theoretical study based on cluster model

calculations on the adsorbate Cu(111)±C2H2 and

Cu(111)±C2H4 systems, we point out that two

mechanisms, competitive binding and weak physi-

sorption, can occur in the same system. This theore-

tical result adds another detail to the rather complex

adsorption and reaction pathways of hydrocarbons on

metal substrates and may stimulate further experi-

mental work on these systems.

Section 2 reviews recent experimental and theore-

tical results referring to geometric and electronic

properties of small hydrocarbons at metal surfaces.

Section 3 gives a few basic-theoretical details of the

present work while Section 4 presents results and

discussion. Finally, in Section 5, we summarize our

conclusions from the present calculations.

2. Adsorption and binding of C2H2 and C2H4 at
metal surfaces

2.1. Experimental findings

Acetylene (C2H2) adsorption at metal surfaces is

characterized by overall small adsorption energies and

requires rather low temperatures in order to stabilize

the adsorbate near the surface [3±6]. On the other

hand, photoelectron diffraction (PED) experiments

for C2H2 on Cu(111) [3] and Ni(111) [4,5] as well as

X-ray adsorption (SEXAFS, NEXAFS) measurements

on Cu(100) [7] and Cu(111) [6] yield a highly distorted

adsorbate geometry. The C2H2 molecule, which is

linear in gas phase, stabilizes on Cu(111) over a bridge

site with the C±C axis almost parallel to the surface

[3]. Two carbon centers are located near two adjacent

threefold fcc and hcp hollow sites. This results in a

C±C distance of the adsorbate, dC±C�1.48�0.10 AÊ ,

which is greatly increased with respect to that of

the free molecule, dC±C�1.20 AÊ . A similar increase

in dC±C is concluded from C2H2 adsorption experi-

ments on Cu(100) [7], Ni(110) [8] and Ni(111) [9,10].

More detailed information on the C2H2 adsorbate
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distortion, including intramolecular dC±H distances

and C±C±H bending angles, requires measurements

of the hydrogen positions at the surface which are

very dif®cult in conventional diffraction experiments

due to small cross sections. Therefore, no direct

experimental data of hydrogen positions in adsorbed

C2H2 seem to be available at present. Indirect evidence

for bent C±H ends in adsorbed C2H2 may be obtained

from infrared [11] as well as from X-ray [6] absorption

experiments, but quantitative geometric results are

still missing.

Ethylene (C2H4) adsorption on metal surfaces is

also characterized by small adsorption energies

and low temperatures required to stabilize adsorbate

[4±7,12±16]. This molecule seems to bind differently

depending on the substrate surface. On Ni(111) PED

[4,5] as well as SEXAFS [7], experiments have

identi®ed major structural changes in C2H4 upon

adsorption. The planar gas phase molecule stabilizes

with its C±C axis parallel to the surface and its

C centers bridging nearest-neighbor atom pairs

(di-s orientation, perpendicular to that found for

C2H2 on Cu(111), Ni(111), see above). The C±C

distance is increased by adsorption yielding dC±C�
1.60�0.18 AÊ , compared to 1.34 AÊ for the free mole-

cule. A similarly stretched C±C distance for adsorbed

C2H4 was found in experiments on Cu(100) [7,13,14],

Ag(100) [13,14], and Cu(110) [12]. In contrast, recent

He atom scattering (HAS) and X-ray absorption

(NEXAFS) experiments on Cu(111)±C2H4 [6]

strongly suggest that the ethylene adsorbate is only

weakly physisorbed without noticeable structural

changes. This is also concluded from infrared

absorption experiments on Cu(100)±C2H4 [11] and

Cu(110)±C2H4 [16]. Further, hydrocarbon physi-

sorption without restructuring was observed for

Cu(111)±C2H6 [6].

Major molecular restructuring as a consequence

of adsorbate±substrate binding has also been observed

in other hydrocarbon/metal adsorbate systems. As an

example we mention benzene adsorption. Here, dif-

fuse low-energy electron-diffraction (DLEED) experi-

ments on Pt(111)±C6H6 [17] have identi®ed a Kekule

distorted C6H6 adsorbate with alternating C±C dis-

tances varying between 1.49 and 1.64 AÊ . Further,

recent X-ray absorption experiments on Pt(111)±

C6H6 [18] suggest, for the adsorbate, an out-of-plane

bending of the C±H bonds by ca. 308.

2.2. Theoretical findings

The adsorption of C2H2 and C2H4 on transition

metal surfaces has been discussed in various theore-

tical studies where both, electronic and geometric

properties have been considered. These studies are

based exclusively on the surface cluster approach

where both semi-empirical [19] and ab-initio [20±27]

techniques are used to determine the local electronic

structure in the adsorbate system. In early ab-initio

calculations [21,22], rather small MenC2H2, Me�Fe,

Ni, Cu, n�1±3, clusters have been considered and the

adsorbate geometry was varied within a very limited

range. The authors assume a distorted C2H2 species in

the clusters with the C±C distance being enlarged with

respect to the free molecule value and the C±H ends

bent away from the metal cluster (�(C±C±H)�1508).
For this geometry, the calculations yield a local

adsorbate±substrate bond which can be characterized

by a Dewar±Chatt±Duncanson donation mechanism

[28±30]. The donation mechanism is well known from

organometallic chemistry [30] and it its found to

weaken the C±C bond of the adsorbate. Very similar

conclusions concerning the distortion of the adsorbed

molecule and adsorbate binding have been obtained in

geometry optimizations of free CunC2H2, n�1±4,

compounds [23] as well for CunC2H2, n�4, 7, 22 and

for PdnC2H2, n�4, 7 surface clusters [24] simulating

acetylene±metal adsorption. These studies are based

on ab-initio Hartree±Fock wave functions with Mùller±

Plesset (MP2) type perturbative correlation corrections.

In recent ab-inito studies on a Cu7(4,3)C2H2 surface

cluster, simulating theCu(111)±C2H2 adsorbate system,

the adsorbate±substrate binding has been analyzed in

some detail based on Hartree±Fock and con®guration

interaction (CI) [20] as well as density functional

theory (DFT) [25] calculations. The calculations yield

an optimized adsorbate geometry, where the C2H2

molecule is distorted increasing its C±C distance and

bending the two CH ends away from the substrate. The

binding analysis reveals a competitive scheme, where

energy is required to distort the C2H2 molecule in the

presence of the surface. The distortion energy is over-

compensated by the energy gain due to local bond

formation between the distorted adsorbate molecule

and the substrate surface characterized by Dewar±

Chatt±Duncanson donation [28,29]. The adsorbate

distortion is connected with rehybridization and leads
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to C±C bond weakening and to an increased intra-

molecular C±C distance. On the other hand, distortion

leads to C2H2 adsorbate orbitals of lower symmetry

which can couple more effectively with the substrate

than those of the free linear molecule. This yields

stronger binding between distorted C2H2 and the Cu

substrate as compared to that of free C2H2. Thus, the

competitive binding scheme and its geometric con-

sequences are consistent with the experimental results

for the Cu(111)±C2H2 adsorbate system [3±6].

Recently, the adsorption of ethylene at Cu(111) has

been studied theoretically by a Cu7(4,3)C2H4 cluster

model including respective geometry optimization,

where the electronic structure was determined within

ab-initio Hartree±Fock and DFT approaches [25,26].

The results for the cluster geometry of lowest energy

are completely analogous to those of the

Cu7(4,3)C2H2 cluster study [20,25]. The C2H4 adsor-

bate is found to stabilize over a Cu(111) bridge site

with the C±C axis almost parallel to the surface and its

C centers located near two adjacent threefold fcc and

hcp hollow sites. In this lateral geometry, the C±C

distance of the adsorbate is greatly increased with

respect to that of the free molecule and CH2 ends are

bent away from the substrate by 508. The binding

analysis suggests a competitive scheme as for

Cu(111)±C2H2 involving adsorbate distortion con-

nected with rehybridization and C±C bond weakening

and local adsorbate±substrate bond formation char-

acterized by Dewar±Chatt±Duncanson donation. The

concept of a dative adsorbate±substrate binding con-

nected with C±C bond weakening for adsorbed C2H4

was also supported by DFT cluster studies on

Ni14(C2H4)2 simulating the Ni(110)±C2H4 adsorbate

system [8,27]. However, the results for the Cu7(4,3)

C2H4 cluster do not seem to be in agreement with

experimental evidence for ethylene adsorption on

transition metal surfaces described above. While there

is no qualitative experimental information on the

Cu(111)±C2H4 adsorption geometry, recent experi-

ment [6] suggest ethylene physisorption without

noticeable adsorbate restructuring. Further, for

Ni(111)±C2H4 where experiments con®rm a distorted

C2H4 adsorbate [4,5] consistent with competitive

binding, the adsorbate orientation (di-�) differs from

that obtained for the Cu7(4,3)C2H4 cluster (cross-

bridge orientation, the di-s orientation does not yield

a stable adsorbate in the cluster).

In view of the discrepancy between existing theo-

retical and experimental results for the Cu(111)±C2H4

adsorbate system, we re-examine in the present study

the interaction of C2H2 and C2H4 with Cu(111) by

cluster models where we consider a wider range of the

adsorbate±substrate interaction.

3. Theoretical details

In the present work, the Cu(111) surface is simu-

lated by a Cu7(4,3) substrate cluster of CS symmetry.

This cluster forms a compact section of the ideal

Cu(111) surface with four atoms of the ®rst and three

atoms of the second surface layer and has proven to

yield rather reliable electronic substrate properties for

different adsorbates at the Cu(111) surface [31,32].

Further, separate calculations for acetylene adsorption

on larger substrate clusters, up to Cu22(12,7,3) [20]

and Cu30(14,8,8) [24], have shown that adsorbate

geometries and bindings are only slightly affected if

substrate clusters larger than Cu7(4,3) are considered.

The Cu±Cu nearest-neighbor distance in Cu7(4,3) is

set at the ideal bulk value, dCu±Cu�4.824 bohr, and is

kept ®xed in the calculations. The ®xed geometry is

justi®ed since the cluster is expected to simulate a

local environment at the Cu(111) surface rather than a

®nite (¯exible) Cu7 cluster. Acetylene adsorption is

modeled by the C2H2 species placed on the CS mirror

plane perpendicular to the substrate surface (see

Fig. 1). This cross-bridge orientation is suggested

by the PED experiments on Cu(111)±C2H2 [3].

Fig. 1. Geometric structure of the Cu7(4,3)C2H2 and Cu7(4,3)C2H4

clusters used in the present study. The left part of the figure shows

the cross-bridge orientation of the C2H2 adsorbate. For adsorbing

C2H4, two surface orientations are considered: (middle) cross-

bridge, and (right) di-s. The light balls in the figure represent Cu

substrate atoms (not included in the clusters) which are meant to

illustrate the Cu(111) surface geometry.
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Further, previous cluster studies on Cu7(4,3)C2H2

[20,25] have shown that a full geometry optimization

of the adsorbate yields the lowest cluster energy with

the C2H2 on the CS mirror plane. In the model

calculations on ethylene adsorption two adsorbate

orientations are considered (see Fig. 1). First, the

C2H4 species is placed with its C±C axis on the CS

mirror plane of the substrate cluster, analogous to the

cross-bridge geometry for Cu(111)±C2H2 described

before. Second, the C2H4 species is placed with its

C±C axis on a plane which points perpendicular to the

substrate and includes a Cu±Cu nearest-neighbor pair.

This orientation (di-s) is found, in PED experiments,

for the Ni(111)±C2H4 adsorbate system [4,5].

The electronic structure and derived properties of

the clusters are obtained with ab-initio density-func-

tional theory (DFT) method [33,34] using the local

spin density approximation (LSDA) for exchange and

correlation, based on the Vosko±Wilk±Nusair func-

tional [35]. Gradient corrected (GGA) exchange-cor-

relation functionals beyond LSDA can improve the

cluster binding-energy results. Therefore, total ener-

gies for characteristic cluster geometries are also

evaluated using the GGA-I functional [36]. The basis

sets of contracted Gaussian orbitals (CGTO's) are all-

electron type and are taken from free atom DFT

optimizations [37]. Full geometry optimizations of

the adsorbates in the Cu7(4,3)C2H2 and Cu7(4,3)C2H4

clusters based on total energy minimizations have

been reported previously [20,25,26]. In the present

study, we perform additional restricted optimizations.

Here, the adsorbates are ®xed with their C±C axes

parallel to the surface at different positions z above the

substrate (z denoting the perpendicular distance

between the ®rst substrate layer and the C±C axis)

and their adsorbate geometry is optimized locally.

This yields total energy curves E(z) of the clusters

characterizing the adsorbate±substrate interaction

along an adiabatic model reaction path which can

give information about different adsorbate states in

the system, as will be discussed below.

4. Results and discussion

4.1. Acetylene adsorption

Fig. 2 shows a total energy curve E(z) for the

Cu7(4,3)C2H2 cluster along the adiabatic adsorption

path obtained from the restricted optimization

described in Section 3. Here E(z) has been shifted

such that the energy zero coincides with the total

energy at in®nite adsorbate±substrate separation, i.e.

E(z!1)�0 characterizing the free, linear molecule

state (A). Obviously, there is an attractive interaction

between the C2H2 adsorbate and the Cu7(4,3) substrate

already for large distances z along the adsorption path

with an outer energy minimum (B) at z�5 bohr. In this

minimum (B), the adsorbate is weakly bound to the

substrate and its geometry is almost identical to that of

the free C2H2 molecule, as can be seen from the inset

of Fig. 2 and from the quantitative results listed in

Table 1. The molecule increases its C±C and C±H

bond distances by only 0.01 and 0.02 bohr, respec-

tively, and its CH ends are bent away from the linear

geometry by 18. Further, orbital analyses together with

Mulliken populations listed in Table 2(a) yield only

minor charge rearrangements in the adsorbate which

accumulates an overall small positive charge

(�0.22 au). This indicates that the weak adsorbate±

substrate interaction at the outer energy minimum (B)

has almost no effect on the electronic structure of the

adsorbate and must, therefore, be attributed to a weak

polarization interaction.

For distances z below the value of the outer energy

minimum (B) the C2H2 adsorbate starts to distort the

total energy curve E(z) slightly. Thus, the gain in total

energy due to weak polarization attraction (dominat-

ing at large adsorbate±substrate distances) is over-

compensated by the energy required to distort the

Fig. 2. Total energy curve E(z) for the Cu7(4,3)C2H2 cluster along

an adiabatic adsorption path obtained from a restricted optimiza-

tion (see text). The inset visualizes the geometry of the adsorbate at

four selected points of the path: (A) free C2H2 molecule, (B) outer

minimum, (C) barrier, and (D) inner minimum.
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adsorbate. This process continues until a distance

z�4.50 bohr, where E(z) reaches a local maximum

(C). At this maximum, which de®nes a transition state

and lies 0.10 eVabove the outer energy minimum (B),

the intramolecular distances dC±C and dC±H differ from

those of minimum (B) by only 0.04 and 0.01 eV.

However, the CH ends are bent by 198 from the linear

geometry (#(CCH)�161.08, see Table 1). For dis-

tances z smaller than that of the barrier (C), the total

energy curve E(z) decreases dramatically until it

reaches a local minimum (inner minimum (D) at

z�2.65 bohr and 1.77 eV below the outer minimum

(B)) beyond which E(z) rises steeply. The energy

decrease between (C) and (D) is combined with major

restructuring of the adsorbate. At the inner minimum

(D), the C±C distance adsorbate is increased by

0.35 bohr, the C±H distance by 0.05 bohr, and the

CH ends are bent by 648 with respect to the free

molecule geometry (see Table 1). Further, the adsor-

bate assumes a small negative charge (ÿ0.20 au., see

Table 2(a)). Obviously, the changed molecular geo-

metry allows for strong adsorbate±substrate binding

which can overcome the energy required to distort the

C2H2 molecule.

In order to study the effect of exchange correlation

functionals beyond LSDA, the Cu7(4,3)C2H2 cluster

energy is re-evaluated for all characteristic geo-

metries, (A) to (D), at the adiabatic adsorption path,

where the gradient corrected GGA-I functional [36] is

applied. Table 3(a) lists adsorbate binding energies

Eb, computed from respective total energy differences,

for geometries (B) to (D), where Eb is determined

using both the LSDA and the GGA-I functional.

Table 3(a) also contains values for the barrier height,

�BC, between the outer minimum (B) and barrier (C),

computed with both approximations. As expected, the

GGA-I based binding energy values are, for all geo-

metries well above those of the LSDA treatment which

Table 1

Geometry of the Cu7(4,3)C2H2 cluster for selected points along the adiabatic adsorption path described in the text. Here, zC±Cu denotes the

perpendicular distance between the first substrate layer and the C±C axis of C2H2 while dC±C, dC±H, and #(CCH) refer to intramolecular

distances and angles in the adsorbate. All distances are given in bohrs and angles in degrees

zC±Cu dC±C dC±H #(CCH)

(A) Free molecule Ð 2.30 2.05 180.0

(B) Outer minimum 5.00 2.31 2.07 179.1

(C) Barrier 4.50 2.35 2.08 161.0

(D) Inner minimum 2.65 2.65 2.10 116.0

Full optimization 2.63/2.77 2.65 2.10 116.3/119.8

Experiment [3] 2.61/2.72�0.06 2.80�0.19 Ð Ð

Table 2

Mulliken populations q of all adsorbate centers and total adsorbate charges Q in the model clusters (a) Cu7(4,3)C2H2 and (b) Cu7(4,3)C2H4 for

selected points along the adiabatic adsorption path. For a definition of points (A)±(D) see text and Table 1

(a) Cu7(4,3)C2H2

q(C1) q(C2) q(H1) q(H2) Q(C2H2)

(A) Free molecule 6.27 6.27 0.73 0.73 �0.00

(B) Outer minimum 6.23 6.16 0.71 0.68 �0.22

(C) Barrier 6.25 6.18 0.71 0.68 �0.18

(D) Inner minimum 6.37 6.37 0.73 0.73 ÿ0.20

(b) Cu7(4,3)C2H4

q(C1) q(C2) q(H1/H2) q(H3/H4) Q(C2H4)

(A) Free molecule 6.46 6.46 0.77 0.77 �0.00

(B) Outer minimum 6.45 6.47 0.72 0.70 �0.24

(C) Barrier 6.51 6.55 0.68 0.66 �0.25

(D) Inner minimum 6.78 6.80 0.65 0.64 ÿ0.16
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brings the theoretical results, closer to experiment.

Further, the GGA-I based barrier height �BC is larger

than the LSDA result. However, the GGA-I treatment

does not alter the qualitative features of the adiabatic

adsorption path discussed above where LSDA results

are used.

The binding in free linear C2H2 is described by a

C±C triple bond and C±H bonds derived from sp hybri-

dization at the carbon centers. The distortion of the

molecule by bending its CH ends (to yield the adsor-

bate shape) results in a bond situation which is typical

for sp2 hybridization and may be visualized as creating

an incomplete C2H4 molecule with one hydrogen

missing on each side. Thus, the molecule distortion

leads to an effective transition from a C>C triple to

weaker double bond and from sp to sp2 hybridization

near the adsorbate C centers. The sp2 hybrid orbitals

are not fully saturated, making the C centers reactive

and available for binding with the metal surface. Thus,

the binding situation of the inner minimum (D) is

characterized by competing effects where energy is

needed to distort the adsorbate and gained by an

increased binding between the distorted adsorbate

and the substrate. This competitive binding scheme

has been discussed previously [20,25] in great details,

based on orbital and population analyses. The analysis

has shown that the Dewar±Chatt±Duncanson type

dative binding is stronger for the distorted than for

the linear C2H2 adsorbate and that sp to sp2 rehybri-

dization at the carbon centers of the distorted adsor-

bate can explain the increased C±C binding distance.

Table 1 also contains results from a full geometry

optimization of the adsorbate in the Cu7(4,3)C2H2

cluster of CS symmetry [25]. Here, the adsorbate

stabilizes in a geometry very close to that of the inner

minimum (D) of the restricted optimization. The

intramolecular distances, dC±C and dC±H, are almost

identical for the two optimizations while the full

geometry optimization yields slightly different adsor-

bate±substrate distances for the two C centers of C2H2

combined with different CH bending angles. Calcula-

tions yield zCl±Cu�2.63 bohr for Cl near the fcc hollow

and zC2±Cu�2.77 bohr for C2 near the hcp hollow site

on Cu(111) with bending angles #(C2C1H)�116.38
and #(C1C2H)�119.88. This corresponds to a dis-

torted C2H2 adsorbate with its C±C axis inclined at 38
with respect to the substrate surface. The nonequiva-

lence of the two adsorbate C centers is explained by

the substrate environment differing somewhat near

adjacent fcc and hcp hollow sites at the substrate

surface. However, the comparison shows altogether,

that the present restricted optimizations are also able

to account for the fully optimized adsorbate geometry

of the Cu7(4,3)C2H2 cluster.

In addition to theoretical results, Table 1 includes

experimental PED data for the adsorbate geometry of

the Cu(111)±C2H2 system [3]. These results are in

very good agreement with the theoretical cluster

results from the full optimization and from that of

the inner minimum (D). The calculations re¯ect the

experimentally veri®ed adsorbate orientation at the

Cu(111) surface and reproduce the C±C distance of

the adsorbate as well as the C±Cu distances of the two

nonequivalent adsorbate C centers rather well. Unfor-

tunately, calculated C±H distance values and CCH

bending in the C2H2 adsorbate, which are important

ingredients to substantiate the theoretical bond for-

mation scheme, cannot be compared with experiment

since hydrogen positions have not been evaluated by

PED [3]. However, the experimental results together

with the present theoretical cluster data suggest

strongly that C2H2 adsorption on Cu(111) can be

described by a competitive binding scheme re¯ecting

the inner minimum (D) of the calculations. In contrast,

the outer minimum (B), describing physisorption, has

not been observed so far by experiment. Very recent

theoretical cluster studies on hydrocarbon adsorption

at Cu surfaces [38] con®rm the present ®ndings and, in

addition, show that the two adsorption states discussed

Table 3

Adsorbate binding energies Eb of the clusters (a) Cu7(4,3)C2H2 and

(b) Cu7(4,3)C2H4 for selected points along the adiabatic adsorption

path. For a definition of points (B)±(D), see text and Tables 1 and

2. The quantity �BC gives the barrier height between points (B)

and (C). Results based on both the local spin density (LSDA) and

the generalized gradient approximation (GGA-I) are listed. All

energies are given in eV

(a) Cu7(4,3)C2H2

Eb (B) Eb (C) Eb (D) �BC

LSDA ÿ0.60 ÿ0.50 ÿ2.37 0.10

GGA-I ÿ0.17 ÿ0.01 ÿ1.02 0.16

(b) Cu7(4,3)C2H4

SDA ÿ0.78 ÿ0.43 ÿ0.78 0.35

GGA-I ÿ0.23 �0.36 �0.34 0.59
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in the present study can be interpreted in terms of

differently prepared bond states where excited states

of the adsorbate are involved.

4.2. Ethylene adsorption

Restricted optimizations for the Cu7(4,3)C2H4 clus-

ter are performed for two orientations of the C2H4

adsorbate at the surface, di-s (bridging a Cu±Cu

nearest-neighbor pair at Cu(111)) and cross-bridge

(analogous to that of Cu7(4,3)C2H2), see Fig. 1. The

calculations for the di-s orientation yield a repulsive

total energy curve E(z) with no binding minimum [26].

Thus, di-s oriented ethylene does not stabilize on the

Cu7(4,3) cluster which could suggest that the di-s
oriented C2H4 adsorbate may not be observed on the

Cu(111) surface. In contrast, the E(z) results for C2H4

approaching the Cu7(4,3) substrate in a cross-bridge

orientation are qualitatively very similar to those of

the Cu7(4,3)C2H2 cluster discussed above. This

becomes obvious from Fig. 3 which shows the total

energy curve E(z) obtained for Cu7(4,3)C2H4 for the

cross-bridge oriented adsorbate. As before, E(z) has

been shifted such that E(z!1)�0, where z!1
characterizes the free planar molecule state (A). Note

that preliminary results from restricted optimizations

on Cu7(4,3)C2H4 have been communicated before (cf.

E(z) curve in Fig. 3 of Ref. [26]). However, the

physical implications of E(z) have not been pointed

out in detail previously [26].

Fig. 3 shows an attractive interaction between C2H4

and the Cu7(4,3) substrate for large distances z along

the adsorption path with an outer energy minimum (B)

at z�4.81 bohr. Note that the weak polarization inter-

action between C2H4 and Cu7(4,3) seems to be effec-

tive at larger distances compared to those of the

interaction between C2H2 and Cu7(4,3). The origin

of this behavior is not obvious and may be partly due

to different polarizabilities of the two adsorbates.

However, while this point needs to be studied in

greater detail, it does not in¯uence the present con-

clusions. At minimum (B), the adsorbate geometry is

very close to that of the free C2H4 molecule as can be

seen from the inset of Fig. 3 and from the quantitative

results listed in Table 4. The molecule increases its

C±C bond distance by only 0.04 bohr and the HCH

angles are almost unaffected (#(CCH)�120.18) while

the CH2 ends of C2H4 are bent away from the planar

Fig. 3. Total energy curve E(z) for the Cu7(4,3)C2H4 cluster along

an adiabatic adsorption path obtained from a restricted optimiza-

tion with the C2H4 in cross-bridge orientation (see text). The inset

visualizes the geometry of the adsorbate at four selected points of

the path: (A) free C2H4 molecule, (B) outer minimum, (C) barrier,

and (D) inner minimum.

Table 4

Geometry of the Cu7(4,3)C2H4 cluster for selected points along the adiabatic adsorption path described in the text. Here, zC±Cu denotes the

perpendicular distance between the first substrate layer and the C±C axis of C2H4 while dC±C, dC±H, #(HCH), and #(CCH2) refer to

intramolecular distances and angles in the adsorbate. All distances are given in bohrs and angles in degrees. Note that the experimental data

refer to the Ni(111)±C2H4 system [4,5]

zC±Cu dC±C dC±H #(HCH) #(CCH2)

(A) Free molecule Ð 2.52 2.08 120.0 180.0

(B) Outer minimum 4.81 2.56 2.08 120.1 172.1

(C) Barrier 4.00 2.61 2.08 120.1 161.3

(D) Inner minimum 3.12 2.88 2.09 113.6 133.4

Full optimization 3.13/3.13 2.88 2.09 114.0 132.8/133.9

Experiment [4,5] (3.59�0.04) (3.02�0.34) Ð Ð Ð
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geometry by 7.88. The latter is quanti®ed by #(CCH2),

describing the angle between the C±C axis and each of

the CH2 planes of the adsorbate. Orbital analyses

together with Mulliken populations listed in

Table 2(b) yield only small charge rearrangements

in the C2H4 adsorbate which becomes positively

charged by �0.24 au. This indicates, analogous to

the acetylene adsorbate, a weak adsorbate±substrate

interaction at the outer energy minimum (B) which

hardly affects the electronic structure of the adsorbate

and must be due to a weak polarization coupling rather

than chemical-bond formation.

For distances z, smaller than the value of the outer

energy minimum (B), the C2H4 adsorbate starts to

distort which is combined with increasing E(z) values.

This means that, in analogy to the C2H2 adsorbate

result, the total energy gain due to weak polarization

attraction at large adsorbate±substrate distances is

balanced by the energy required to distort the adsor-

bate with the latter becoming more important at

smaller distances. The total energy continues to

increase until a distance z�4.00 bohr, where E(z)

reaches a local maximum (C). This maximum de®nes

a transition state where the intra adsorbate distance

dC±C is slightly increased (by 0.04 bohr relative to

geometry (B)) while the dC±H distance and the HCH

angles remain unchanged. In contrast, the CH2 ends of

C2H4 are bent away from the planar geometry by a

sizeable amount of 18.78 (#(CCH2)�161.38, see

Table 4). The barrier height for C2H4 de®ned by the

difference in total energy between the physisorption

minimum (B) and the barrier top (C) yields 0.35 eV

which is more than three times as large as the corre-

sponding value for the C2H2 adsorbate (0.10 eV).

Obviously, the distortion energy connected with the

movement from (B) to (C) is much larger for C2H4

than for the C2H2 adsorbate. As a result, the adsorbing

ethylene molecule requires more energy to overcome

barrier (C) compared to adsorbing acetylene which

may make the barrier crossing less likely for C2H4.

For distances z below that of barrier (C), the total

energy curve E(z) for Cu7(4,3)C2H4 decreases and

reaches a local minimum, inner minimum (D), at

z�3.12 bohr. The E(z) value at this minimum lies

only 0.02 eV below that of the outer minimum (B).

The energy decrease between (C) and (D) is, as for

acetylene adsorption, accompanied by major restruc-

turing of the C2H4 adsorbate. At the inner minimum

(D), the C±C distance of the adsorbate is increased by

0.36 bohr, the C±H distances by 0.01 bohr, and the

CH2 ends are bent 478 with respect to the free mole-

cule geometry while the HCH angles are decreased by

only 68, see Table 4. In addition, the adsorbate

becomes negatively charged (ÿ0.16 au., see

Table 2(b)). This strongly changed adsorbate geome-

try of C2H4 at the inner minimum (D) suggests an

adsorbate±substrate binding scheme which is qualita-

tively identical to that of C2H2.

The in¯uence caused by exchange correlation func-

tionals beyond LSDA is examined analogous to the

acetylene adsorbate system by computing

Cu7(4,3)C2H4 cluster total energies for all character-

istic geometries (A) to (D) at the adiabatic adsorption

path using the gradient corrected GGA-I functional

[36]. Table 3(b) lists adsorbate binding energies Eb,

computed from respective total energy differences, for

geometries (B) to (D), where Eb is determined using

both, LSDA and the GGA-I functional. Note that the

de®nition of Eb yields negative values if the adsorbate

binds to the substrate while positive values point at

metastability, or instability, with respect to the sepa-

rated adsorbate limit (A). Table 3(b) includes also

values for the barrier height, �BC, between the outer

minimum (B) and the barrier (C). As for

Cu7(4,3)C2H2, the GGA-I based binding energy

values are, for all geometries, above those of the

LSDA treatment. In addition, the inner minimum

(D) describes a metastable state with an energy only

slightly below that of barrier (C). Further, the GGA-I

based barrier height �BC is increased over the LSDA

result. This may make the inner minimum (D) dif®cult

to reach in the experiment. Altogether, the GGA-I

treatment suggests a double minimum binding curve

as found in the LSDA results where, however, the

relative energy position of the two minima differs for

the two approximations.

The binding in free planar C2H4 is described by a

C=C double bond and C±H bonds derived from sp2

hybridization at the carbon centers. The distortion of

the C2H4 molecule, by bending its CH2 ends (to yield

the adsorbate geometry), results in a bond formation

which is typical for sp3 hybridization and may be

visualized as creating an incomplete C2H6 molecule

with one hydrogen missing on each side. Thus, the

molecule distortion leads to an effective transition

from a C=C double to a weaker single bond and from
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sp2 to sp3 hybridization near the adsorbate C centers.

The sp3 hybrid orbitals are not fully saturated making

the C centers reactive and available for binding with

the metal surface. Altogether, adsorbate binding at the

inner minimum (D) is characterized by competing

effects where energy is required to distort the adsor-

bate and is gained by an increased Dewar±Chatt±

Duncanson type dative binding between the distorted

adsorbate and the substrate. In addition, orbital and

population analyses for Cu7(4,3)C2H4 show [25,26]

that sp2 to sp3 rehybridization at the carbon centers of

the distorted adsorbate can explain the increased C±C

binding distance at the inner minimum (D). The

results from a full geometry optimization of the

C2H4 adsorbate in Cu7(4,3)C2H4 [25] assuming CS

symmetry and cross-bridge orientation are included in

Table 4. They show that the adsorbate stabilizes in a

geometry very close to that of the inner minimum (D)

of the restricted optimization which was concluded

also from the calculations on acetylene adsorption.

Thus, the present restricted optimizations are able to

account also for the fully optimized adsorbate geo-

metry of the Cu7(4,3)C2H4 cluster.

So far, the present theoretical geometry data for

ethylene adsorption cannot be compared quantita-

tively with experimental values since explicit geo-

metry parameters have not been measured for the

Cu(111)±C2H4 system. Experimental PED data for

the adsorbate geometry of the Ni(111)±C2H4 system

[4,5], which are included in Table 4, con®rm the

increased C±C distance of the C2H4 adsorbate

obtained in the cluster calculations for the inner

minimum (D). However, the Ni(111)±C2H4 measure-

ments ®nd the adsorbate in a di-� orientation which is

excluded in the present model calculations for

Cu(111). This discrepancy is most likely due to dif-

ferent d electron participation in the surface binding as

a result of the open shell 3d9 structure of Ni compared

to a closed shell 3d10 for Cu. Recent He atom scatter-

ing (HAS) and X-ray absorption (NEXAFS) experi-

ments on Cu(111)±C2H4 [6] give strong indications

that the ethylene adsorbate is only weakly physisorbed

without noticeable structural changes. This is consis-

tent with the present theoretical cluster results for the

outer minimum (B), whereas C2H4 adsorption on

Cu(111) described by competitive binding at the inner

minimum (D) has not been con®rmed so far by

experiment.

5. Conclusions

The nature of hydrocarbon binding and reactions on

metal surfaces is very complex and involves, in gen-

eral, different kinds of molecularly and dissociatively

adsorbed species. Here, the adsorbate molecules may

be physisorbed (without signi®cant changes in their

electronic structure), molecularly chemisorbed (con-

nected with chemical surface binding), or may trans-

form to chemisorbed/physisorbed products where

energetic barriers separate the different sorption states.

The heights of the barriers, together with relative bond

strength of the different sorption states, will determine

respective reaction paths and ®nal products.

The present DFT cluster model studies reveal inter-

esting details of the binding of acetylene and ethylene

at the Cu(111) surface which can be relevant also for

other metal±hydrocarbon adsorbate systems. The cal-

culations indicate, for both Cu(111)±C2H2 and

Cu(111)±C2H4, two local potential minima, denoted

by (B) and (D), which refer to adsorbate states of a

different character and are separated by a barrier. The

potential minimum belonging to the smaller adsor-

bate±substrate distance (`inner minimum' (D)) is

described, in both systems, by competitive binding

and a strongly distorted adsorbate. In addition, the

present calculations yield, for both systems, a poten-

tial minimum at larger adsorbate±substrate distance

(`outer minimum' (B)) which represents a weakly

physisorbed state, where the hydrocarbon molecule

is not affected in its geometry. There are three main

differences in the theoretical interaction potentials

which distinguish between the Cu(111)±C2H2 and

Cu(111)±C2H4 systems and shed some light on the

different adsorption behavior of the two adsorbates.

First, the outer physisorption minimum (B) for ethy-

lene is located closer to the surface and lies energe-

tically somewhat lower than that of acetylene which

can be explained by different polarizabilities of the

two adsorbates. Second, the inner potential minimum

(D) is substantially lower than that of the outer mini-

mum (B) for acetylene (cf. Fig. 2). This contrasts with

ethylene, where the total energies of the inner and

outer minima assume almost the same value in the

LSDA treatment, see Fig. 3, while the GGA-I calcula-

tions place the inner minimum well above the outer.

The adsorbate±substrate interaction near the mini-

mum (D) is described for both the systems by a
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competitive scheme, where energy is required to dis-

tort the adsorbate molecule but is gained by increased

Dewar±Chatt±Duncanson type dative binding. Pre-

vious calculations [25] have shown that the distortion

energy is larger for C2H2 than for C2H4 which,

together with the present results, suggests that the

increased dative binding of distorted ethylene is less

effective than that of acetylene. Third, the calculated

energy barrier, separating the inner from the outer

minimum, is three times smaller for adsorbing acet-

ylene than for ethylene. As a consequence, acetylene

approaching the Cu(111) surface may stabilize in the

outer physisorption minimum (B) only shortly there-

after it moves closer to the inner chemisorption mini-

mum (D) overcoming the relatively small energy

barrier and gaining substantial binding energy. In

contrast, ethylene approaches the Cu(111) surface

and stabilizes in the outer physisorption minimum

(B) from where a transition to the inner minimum

(D) is much more dif®cult due to the higher energy

barrier and results in only little binding energy gain

(LSDA results) or may even require energy (GGA-I

results). These results are consistent with the experi-

mental ®ndings of competitive binding for Cu(111)±

C2H2 [3], while for Cu(111)±C2H4, so far physisorp-

tion [6] is observed. However, the present theoretical

results suggest that both adsorbate states exist in the

real systems and may be observed by appropriate

sample preparation.
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