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C-Cu orbital interactions between a two-layer Cu10 or three-layer Cu34 cluster model of a Cu(111) surface
and an adsorbed single C60 molecule have been theoretically investigated, so as to elucidate the nature of the
C60-Cu(111) bonding and orientational configuration of the C60 molecule on a Cu surface. Geometry
optimizations and single-point calculations at the B3LYP/LanL2MB level of theory and fragment molecular
orbital (FMO) analyses, coupled with a paired-interaction-orbital (PIO) scheme at the extended Hu¨ckel level
of theory, have been performed for five symmetric adsorption models, in which a C60 molecule is attached
to the Cu10 or Cu34 cluster respectively by a six-membered ring (6-ring), by a five-membered ring (5-ring),
by a C-C bond belonging to two 6-rings (6-6 bond), by a C-C bond belonging to a 6-ring and a 5-ring
(5-6 bond), and by an edge carbon atom that is located at the center of two 6-rings and a 5-ring. Large
stabilization is obtained for adsorption by an edge carbon atom or a 6-6 bond, whereas the other coordination
types are not favored. Our result differs from an XPD experimental result for a C60 monolayer on Cu(111),
in which adsorption by a 6-ring is most favored. The discrepancy strongly suggests that C60-C60 interactions
contribute significantly to the determination of C60 orientations in C60/Cu(111) monolayer systems.

Introduction

Structures of fullerene-adsorbed surfaces (Cu,1-3 Al,1 Pt,4,5

Ni,2,4,6 Au,7-9 Pd,10,11 Ag,12,13 Si,14-16 and so on) have been
extensively studied by several experimental methods, e.g.,
scanning tunneling microscopy (STM), low energy electron
diffraction (LEED), X-ray photoelectron spectroscopy (XPS),
X-ray photoelectron diffraction (XPD), and so on. In particular,
binding and orientations of adsorbed C60 molecules on various
surfaces have attracted much attention in recent years. Fasel et
al. first determined the orientation of adsorbed C60 molecules
on a Cu(111) surface by the use of XPD and single-scattering
cluster (SSC) calculations.1 Since then, a variety of C60

orientations on different surfaces have been observed and
characterized by a combination of XPD and SSC calcula-
tions.1,3,11,13For example, it has been reported that C60 is bound
by a six-membered ring on Cu(111) and Al(111),1 by an edge
carbon atom on Al(001), and by a bond common to a five-
membered ring and a six-membered ring (5-6 bond) on Cu-
(110) and Ni(110).1,3 Several different C60 orientations were
found at the same time on Ag(001)13 and some semiconductor
surfaces such as Si(111).15

Two main factors, namely, C60-surface and C60-C60 interac-
tions, are considered to be important in determining the
orientations of C60 on substrates. In the experimental studies
mentioned above, C60 molecules form a monolayer, and
therefore C60-C60 van der Waals interactions should play an
important role in determining the orientation of C60. Indeed,

some experimental results showed the significance of C60-C60

interactions in C60 monolayer systems.3 C60-C60 interactions
have been studied theoretically17,18 by Nakamura et al., who
demonstrated a correlation between the band gap and C60-C60

distance in the C60 monolayers.18 The precise nature of local
C60-surface interactions has not yet been clarified19 despite
many studies on C60 monolayers.1,20 Thus, the theoretical
analysis of interactions between a metal surface and an adsorbed
C60 molecule is of great interest and indispensable for a better
understanding of the adsorption mode and binding of C60 on
many kinds of surfaces. Studies on C60-surface interactions
will also be helpful in interpreting such experimental results as
an STM study by Tang et al., in which they studied a single
C60 molecule rolling on Cu surfaces.21

By performing a fragment molecular orbital (FMO) analysis
coupled with a paired-interaction-orbital (PIO) scheme, some
of the present authors have studied orbital interactions between
C60 and transition metal complexes.22 Very recently, we reported
a theoretical study on the nature of the S-Au(111) bonding in
the organosulfur/Au(111) self-assembled monolayer systems
using the same method.23 In this study, we apply this method
to clarify the essence of the interaction between a single C60

molecule and Cu(111) surface.
Cluster Models and Geometry Optimizations.The Cu(111)

surface is stable against external perturbation and adsorbs C60

molecules without reconstruction.1,7-9 To determine possible
orientations of C60 molecules on a Cu(111) surface, we
considered five adsorption models in which a C60 molecule is
attached to a two-layer Cu10 cluster by a six-membered ring
(6-ring), by a five-membered ring (5-ring), by a C-C bond
belonging to two 6-rings (6-6 bond), by a C-C bond shared
by a 6-ring and a 5-ring (5-6 bond), and by an edge carbon
atom located at the center of two 6-rings and a 5-ring, as
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illustrated in Scheme 1. We label these models 6-ring model,
5-ring model, 6-6 bond model, 5-6 bond model, and edge-
atom model, respectively. In these models, we assumed that a
C60 molecule is located on the on-top site, that is, the center of
gravity of the C60 part is just above the central Cu atom of the
first Cu layer of the Cu10 cluster.1,24 We first optimized the
structure of a C60 molecule underIh symmetry at the B3LYP25/
LanL2MB26 level of theory. All of the B3LYP/LanL2MB
calculations in this work were performed using the Gaussian98
program package.27

Optimized lengths of the 6-6 and 5-6 bonds are, respec-
tively, 1.41 and 1.48 Å, consistent with results of an NMR (1.40
and 1.46 Å, respectively)28 and an X-ray (1.40 and 1.45 Å,
respectively)29 experiments. The geometry of the C60 part is
fixed in this Ih structure in geometry optimizations of the five
adsorption models.30 The distance between the adjacent Cu
atoms in the Cu10 cluster is fixed to be 2.56 Å, the value for
bulk Cu. Then, for each of the five adsorption models, we
optimized at the B3LYP/LanL2MB level the separationR
between the center of gravity of the C60 sphere and the central
Cu atom of the first layer of the Cu10 cluster, and the rotational
angleD of the C60 part around the surface normal that penetrates
the center of the Cu layers (z axis), as shown in Scheme 1. We
calculated the heats of adsorption of a C60 molecule by
subtracting the computed total energies of the Cu10 cluster
(E(Cu10)) and the optimized C60 molecule (E(C60)) from that
of an optimized C60-Cu10 system (E(C60 + Cu10)). Mulliken
populations were also calculated for the five adsorption models.

Next we attached 24 Cu atoms to the optimized C60-Cu10

models, in which the Cu-Cu distance is 2.56 Å, to investigate
interactions over a wider surface area. In the five C60-Cu34

models thus constructed, a C60 molecule is attached to a three-
layer Cu34 cluster, as illustrated in Scheme 2. As in the C60-
Cu10 models, we calculated the heats of adsorption of a C60

molecule and the Mulliken charges for the C60-Cu34 systems
by performing B3LYP/LanL2MB single-point calculations.

Results and Discussion

Adsorption of C60 on a Cu(111) Surface.We show in Figure
1 optimized structures of the C60-Cu10 models and the nearest
C-Cu distances. For the 6-ring model, our calculation gave a
structure with the azimuthal orientation different from the result
of an XPD experiment by 30°, although we started the B3LYP/
LanL2MB geometry optimization from a structure in which the
C60 molecule is oriented with respect to the surface in the same
manner as observed experimentally. Then, we optimized the
separationR of the 6-ring model with the rotational angleD
fixed to reproduce the experimental observation. We list in Table
1 calculated heats of adsorption for the C60-Cu10 systems,
separationsR’s, and charges on the Cu10 cluster. Judging from
the heats of adsorption, the strongest interaction is attained when
a C60 molecule faces to the Cu10 cluster by a 6-6 bond.
Coordination by an edge atom or a 5-6 bond also leads to a
considerable amount of stabilization, whereas interaction by a
6- or a 5-ring is much weaker. Whether the rotational angleD
is fixed or not, the 6-ring model has a large separationR and a
small stabilization energy, and therefore appears not to be
competitive. This is apparently in contrast to the XPD study on
a C60/Cu (111) monolayer,1 which reported that C60 should
adsorb on a Cu(111) surface by a 6-ring. The disagreement is
most likely to be attributed to C60-C60 interactions in the C60

monolayer systems. The models with large adsorption energies
have small separationsR’s and large negative charges on the
Cu10 part, which points to the importance of electron delocal-
ization from C60 to Cu(111) surface. This is opposite to a general
trend in organic systems (and alkali metal salts), where C60 plays
a role as an electron acceptor. We demonstrate later that electron
delocalization from the Cu(111) surface to C60 is weak in the
single molecule adsorption of C60.

Table 2 presents results of the B3LYP/LanL2MB calculations
on larger C60-Cu34 models. In contrast to the C60-Cu10 models,
the edge-atom model attains as strong a stabilizing interaction
as the 6-6 bond model. This indicates that a C60 interacts with
more Cu atoms in the edge-atom coordination than in the 6-6
bond coordination, as discussed later. Tables 1 and 2 show the
same tendency, except for the heats of adsorption and electric
charges of the edge-atom model. Thus, for the C60-Cu34 models,
the preference is in the order of edge atom≈ 6-6 bond >
5-6 bond> 6-ring> 5-ring, being also different from the XPD
result.1

The outcome of the B3LYP/LanL2MB calculations is con-
sistent with the experimental observations for a single C60

molecule that the 6-6 bonds behave like olefinic unsaturated
bonds in chemical reactions, e.g., adduct formation with
transition metal complexes,31 addition of electrophiles,32 the

SCHEME 1

SCHEME 2
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Diels-Alder reaction with some dienes,33 and dimerization
reactions,34 where five-membered and six-membered rings are
inactive.

Copper is the only element of the first transition metal row
where relativistic effects are important. We partially performed
single-point calculations with the SDD basis set35 to look at
whether the relativistic effects of the Cu34 cluster affect the order
of stability in these models. The 6-6 bond and edge-atom
models are 0.363 and 0.323 eV more stable than the 6-ring
model, respectively, at the B3LYP/SDD level of theory. The
important order of stability is confirmed to be identical at the
B3LYP/LanL2MB and SDD levels of theory.

PIO Analysis. Let us now look at the origin of C60-Cu-
(111) bonding by applying the paired-interaction-orbital (PIO)

scheme23 within the framework of the extended Hu¨ckel MO
theory36 to the C60-Cu34 models. As we will see, the PIO
analysis agrees qualitatively with the energetics from B3LYP/
LanL2MB calculations on the C60-Cu34 models. One will find
that there is no key orbital interaction which should favor the
single C60 adsorption by a 6-ring or a 5-ring.

Method of Analysis. To see what orbitals of C60 and the
Cu(111) surface participate in C-Cu orbital interactions, we
have carried out a PIO analysis on the C60-Cu34 models. The
geometrical parameters around the reaction sites are identical
to those optimized for the C60-Cu10 models. We have 187
occupied MOs and 119 unoccupied MOs for the Cu34 cluster
and 120 occupied MOs and 120 unoccupied MOs for an
adsorbed C60 molecule in the extended Hu¨ckel MO scheme.
Delocalization of electrons between the two fragment systems
occurs through combinations of the occupied MOs of one part
and the unoccupied MOs of the other part.

Consider here an interaction between the occupied MOφi of
one fragment, A, and the unoccupied MOψl of the other
fragment, B. The interaction gives rise to two orbitals of the
composite system, A-B. Assuming that the occupied MOφi is
located lower in energy than the MOψl, as is often the case,
the occupied MO of A-B is given by

When the interaction between the two fragments is very weak,
ci andcl are given by

in which the integrals are defined for the Hamiltonian operator,
H, of A-B

The strength of interaction and the energy gap between the two

Figure 1. Optimized structures of the C60-Cu10 systems at the B3LYP/LanL2MB level of theory. An XPD result on C60/Cu(111) monolayer is
also shown.

TABLE 1: Results of B3LYP/LanL2MB Calculations on
C60-Cu10 Systems

coordination
mode

heat of
adsorptiona

separation
Rb

charge on
Cu10

c

6-6 bond -1.935 6.022 -0.795
edge atom -1.824 6.043 -0.743
5-6 bond -1.763 6.093 -0.744
6-ring -1.624 6.105 -0.637
6-ringd -1.358 6.276 -0.563
5-ring -1.436 6.300 -0.632

a Estimated by [E(C60 + Cu10) - E(C60) - E(Cu10)] (in eV).
b Distance between the center of gravity of the C60 sphere and the center
Cu atom of the first layer of Cu10 (in Å). c Estimated by Mulliken
population analysis.d Rotational angleD is fixed to be consistent with
an XPD experimental result on a C60/Cu(111) monolayer system.

TABLE 2: Results of B3LYP/LanL2MB Calculations on
C60-Cu34 Systems

coordination
mode

heat of
adsorptiona

separation
Rb

charge on
Cu34

c

6-6 bond -3.010 6.022 -0.932
edge atom -3.015 6.043 -0.949
5-6 bond -2.795 6.093 -0.928
6-ring -2.479 6.105 -0.889
5-ring -2.447 6.300 -0.790

a Estimated by [E(C60 + Cu34) - E(C60) - E(Cu34)] (in eV).
b Distance between the center of gravity of the C60 sphere and the center
Cu atom of the first layer of Cu34 (in Å). c Estimated by Mulliken
population analysis.

Φ1 ) ciφi + clψl with |ci| > |cl| (1)

ci = 1 (2)

cl =
Hil - SilHil

Hii - Hll
(3)

Hii ) ∫φiHφidV, Hll ) ∫ψlHψldV, Hil ) ∫φiHψldV

Sil ) ∫φiψldV (4)
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orbitals φi and ψl are represented by the numerator and the
denominator of eq 3, respectively. The sign of the coefficient
cl in eq 1 depends on the sign ofci. Thus, the product of two
coefficientscicl can be a good measure of the mixing of the
two MOs.

Each MO of the composite system A-B of two fragments is
given in the extended Hu¨ckel MO calculation by a linear
combination of the AOs of the two fragments. Then, the MO
Φf of A-B can be rewritten in terms of a linear combination
of the occupied and unoccupied MOs of the two fragment
species, A and B

whereφi (i ) 1, 2, ...,m) andφj (j ) m + 1, m + 2, ..., M)
denote respectively the occupied and unoccupied canonical MOs
of the fragment A andψk (k ) 1, 2, ....,n) andψl (l ) n + 1,
n + 2, ...,N) indicate respectively the occupied and unoccupied
MOs of the fragment B. This is our fragment molecular orbital
(FMO) scheme.38 Now, we may regardPil defined by eq 6 as
the measure of interaction between the occupied MOφi of A
and the unoccupied MOψl of B in A-B39

Electron delocalization from C60 to the Cu34 cluster is
represented by 120× 119 orbital interactions. Now, let us carry
out simultaneous transformations of the fragment MOs within
the occupied MO space of the C60 part and within the
unoccupied MO space of the Cu34 cluster, by diagonalizingP†P,
the (i, l) element ofP beingPil.40 The purpose of doing this is
to represent electron delocalization in terms of pairs of interac-
tion orbitals φ′i and ψ′l, the former being given by a linear
combination of the occupied canonical MOsφi of C60 and the
latter by a linear combination of the unoccupied canonical MOs
ψl of the Cu34 cluster. As a consequence, we can reduce 120×
119 orbital interactions to the interactions of 119 paired orbitals
(φ′i; ψ′l), i, l ) f ) 1 ∼ 119.41 One will find shortly that the
description of interactions is even simpler, being represented
by still fewer orbital pairs. Delocalization of electrons from the
Cu34 cluster to the C60 part is presented by 187× 120 orbital
interactions in the canonical MO scheme, but is dominated by
several orbital pairs in our scheme.

The MOs of A-B are now represented in terms of trans-
formed occupied and unoccupied orbitals of the two fragments,
some of which participate in the bonding between the fragments
by making orbital pairs and some of which do not contribute
significantly to the bonding, being unpaired

The contribution of each PIO to the change in energy∆E is
given by eq 8, when the interaction is not yet strong

in which

It turns out, however, that|H′il - S′ilH′ii| is not very small,
relative to |H′ii - H′ll|, in the systems under consideration.
Then, ∆Eil may be evaluated by subtracting 2H′ii from the
twice of the lower eigenvalue of the following secular equations,
to be used to estimate the magnitude of the contribution of each
PIO to the C-Cu bonding in the following discussion:

|H′il - S′ilH′ii| and |H′ii - H′ll| are still useful parameters in
discussing the strength of electron delocalization, although we
do not directly use eq 8 in this study.

Orbital Interactions between C60 and a Cu(111) Surface.
Table 3 presents results on the three pairs of orbitals with the
largest∆E participating in delocalization of electrons from C60

to the Cu cluster, and from the latter to the former, for the five
C60-Cu34 models. For each model, we also list the total value
of ∆E’s over 119 orbital pairs and that over 120 pairs, which,
respectively, represent the electron delocalization from C60 to
Cu34 and that from Cu34 to C60. Electron delocalization takes
place predominantly from C60 to Cu34 in all of the five models,
being consistent with the results of Mulliken population analysis
at the B3LYP/LanL2MB level of theory (see Tables 1 and 2).

6-6 Bond Model. First let us look at orbital interactions in
the 6-6 bond model. We present in Figure 2 the three pairs of
interaction orbitals with the largest∆E’s that contribute to
electron delocalization from the C60 part to the Cu34 part in the
6-6 bond model. The occupied orbital of C60 is shown above
and the paired unoccupied orbital of Cu34 is given below in
each pair. One finds that the orbitals have a large amplitude on
the reaction sites but are delocalized over several carbon or Cu
atoms around the reaction sites, indicating that the interactions
between the two fragments are not weak, but also not very
strong.

We illustrate in Scheme 3 the main part of the orbital pairs
in Figure 2. In the first pair of orbitals, pair 1, an in-phase
combination of two pπ-type AOs of the 6-6 bond overlaps in
a bonding manner with a hybrid of dominant 4s and subsidiary
4p AOs of the central Cu atom of the first layer. This orbital
interaction is strong, as shown by the large|H′il - S′ilH′ii| and
∆E values. In pair 1, the extent of localization of the orbitalφ′1
on the 6-6 bond is 69% and that of the orbitalψ′1 on the
central Cu atom is 84%, according to the Mulliken population
analysis at the extended Hu¨ckel level of theory. The contribution
of the other Cu atoms in the first layer toψ′1 is 10%, and the
contributions of the second and third layers are very small. Thus,
the interaction orbitals of pair 1 are well-localized on the reaction
site, and the orbital interaction represented by pair 1 is quite
effective. Pairs 2 and 3 show that the 2pz orbitals of the other
carbons of the two fused 6-rings of C60 also overlap in a bonding
manner with the 4s orbitals of the neighboring Cu atoms, thus
assisting the interaction at the main reaction site. The two orbital
pairs look very similar to each other, but they are not degenerate.
As seen in the smaller values of|H′il - S′ilH′ii|, the orbital
overlaps in pairs 2 and 3 are less effective than that in pair 1,
and therefore, contributions of these pairs to the C60-Cu34

bonding are small (∆E’s are small). However, these weaker
orbital interactions can make the 6-6 bond be parallel to one
of the diagonal Cu-Cu-Cu bonds of the first-layer hexagon.

In Scheme 4, we illustrate the main part of the three orbital
pairs with the largest∆E’s representing electron delocalization

Φf ) ∑
i)1

m

cfiφi + ∑
j)m+1

M

cfj φj+ ∑
k)1

n

cfkψk + ∑
l)n+1

N

cflψl (5)

Pil ) 2 ∑
f)1

m+n

cficfl (6)

Φf ) ∑
i)1

m

dfiφ′i + ∑
j)m+1

M

dfjφ′j + ∑
k)1

n

dfkψ′k + ∑
l)n+1

N

dflψ′l (7)

∆Eil =
2(H′il - S′ilH′ii)

2

H′ii - H′ll
(8)

H′il ) ∫φ′iHψ′ldV, H′ii ) ∫φ′iHφ′idV, H′ll ) ∫ψ′lHψ′l dV

S′il ) ∫φ′iψ′l dV (9)

|H′ii - ε H′il - S′ilε
H′il - S′ilε H′ll - ε |) 0 (10)
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from the Cu34 cluster to C60 in the 6-6 bond model; the
occupied orbital of Cu34 is shown below and the paired
unoccupied orbital of C60 is given above. Pair 1 indicates that
electric charge is transferred from the 3dxz AO of the central
Cu atom of the first layer to the out-of-phase combination of
the two 2pz AOs of the 6-6 bond. However, the orbital
interaction by this pair is much weaker than that in pair 1 of
Figure 2 (Scheme 3). In pair 2, the 3dz2 orbital of the central
Cu atom overlaps mainly with the in-phase combination of the
two 2pz orbitals of the 6-6 bond in a bonding manner, involving
small antibonding interactions with the 2pz orbitals of the C
atoms adjacent to the 6-6 bond. Pair 3 shows that 2pz orbitals
of the C atoms around the main reaction site interact in-phase
with the 4s orbitals of the neighboring Cu atoms. Orbital
interactions in pairs 2 and 3 are not effective, either. In total,
orbital interactions showing electron delocalization from the
Cu34 part are not strong, compared to those representing electron
delocalization from the C60 part. This is the reason electrons
are transferred from the Cu cluster to C60.

Edge-Atom Model.Schemes 5 and 6 illustrate three impor-
tant orbital pairs that contribute to electron delocalization from

C60 to Cu34 and from Cu34 to C60 in the edge-atom model. The
C60 molecule interacts with the Cu34 cluster not only through
an edge carbon atom but also through several surrounding
carbons. The coordination through an edge carbon atom bears
a resemblance to that by a 6-6 bond, in that bonding overlap
between the in-phase combination of 2pz AOs of a 6-6 bond
and the 4s AO of the central Cu atom plays the most important
role (pair 1 in Scheme 5). The out-of-phase combination of the
2pz AOs of the 6-6 bond (pair 1 of Scheme 6), which is similar
to pair 1 in Scheme 4, is also important. However, stabilization
caused by pair 1 of Scheme 6 (-0.131 eV) is much smaller
than that by pair 1 of Scheme 5 (-0.391 eV), being similar to
the case of the 6-6 bond model. This tells us that electron
delocalization takes place from C60 to Cu34 also in the edge-
atom model.

It is interesting that a 6-6 bond mainly interacts with the
Cu34 cluster in the edge-atom model. Being similar to the 6-6
bond model, the 2pz AOs of other carbon atoms of the two fused
6-rings contribute significantly to orbital interactions in pairs 2
and 3 in the edge-atom model. The interaction orbitals are not
localized at the interaction center as significantly as in the 6-6
bond model. Localization of orbitalφ′1 on the 6-6 bond is
60% and that of orbitalψ′1 on the central Cu atom is 81% in
pair 1 of Scheme 5, being smaller than those for pair 1 of Figure
2 (Scheme 3) (69% and 84%, respectively). This is a part of
the reason that electron delocalization from the C60 part
(represented by the first three pairs) is slightly weaker than that
in the 6-6 bond model; the sum of∆E over pair 1∼ pair 3 is
-0.527 eV in the edge-atom model, being smaller than-0.541
eV for the 6-6 bond model. The sum of∆E over 119 orbital
pairs (-0.622 eV) is also slightly smaller than that of the 6-6
bond model (-0.641 eV).

On the other hand,∆E’s over 120 orbital pairs add up to
-0.355 eV, being larger than that of the 6-6 bond model
(-0.305 eV). Therefore, electron delocalization from the Cu34

cluster is stronger in the edge-atom model than in the 6-6 bond
model. In total, the sum of∆E over 239 (119+ 120) interactions
(-0.977 eV) slightly exceeds that in the 6-6 bond model
(-0.946 eV). Thus, C60 is considered to interact slightly better
through an edge atom with a Cu(111) surface. These results
are in line with those obtained by the B3LYP/LanL2MB
calculations on the C60-Cu34 systems, which give a slightly
lower energy and slightly larger negative charge on the Cu34

cluster for the edge-atom model.
5-6 Bond Model. The coordination by a 5-6 bond is less

favored. The first pair representing electron delocalization from
C60 to Cu34 is dominant, as in the 6-6 bond and edge-atom
models. The in-phase combination of the 2pz AOs on a 5-6
bond overlaps in-phase with the 4s AO of the central Cu atom
in the first pair, as shown in Scheme 7. The shape of the first
pair resembles those of the corresponding first pairs in the 6-6
bond model and edge-atom model, although the key pπ orbital
is on a 5-6 bond in this case, whereas those of the preferred
two models are on 6-6 bonds. However,∆E for the first pair
(-0.270 eV) of the 5-6 bond model is small compared to the
corresponding∆E’s in the two favored models (-0.402 and
-0.391 eV). Some neighboring atoms assist the interaction at
the reaction center, but the subsidiary interactions are weak.
Electron transfer occurs from C60 to Cu34, as expected. Thus,
coordination of C60 by a 5-6 bond is less likely, if not
negligible.

6-Ring Model. Pairs 1 and 2 of Scheme 8 show that two
occupied orbitals of C60, resembling the degenerate HOMOs
of benzene, interact with the 4s AOs of several Cu atoms. These

TABLE 3: Stabilization Caused by Three Strongest Pairs of
Interaction Orbitals (Namely the PIOs with the Largest
Three ∆E’s) (in eV)

coordination
mode (H′il - S′ilH′ii)a (H′ii - H′ll) ∆E

sum of∆Es
over all pairs

edge atom
from C60 to Cu34

pair 1 -0.936 -4.011 -0.391
pair 2 -0.386 -3.873 -0.075
pair 3 -0.347 -3.877 -0.061 -0.622b

from Cu34 to C60
pair 1 -0.532 -4.199 -0.131
pair 2 -0.608 -7.390 -0.099
pair 3 -0.278 -3.050 -0.050 -0.355c

6-6 bond
from C60 to Cu34

pair 1 -0.938 -3.903 -0.402
pair 2 -0.269 -1.775 -0.079
pair 3 -0.346 -3.896 -0.060 -0.641b

from Cu34 to C60
pair 1 -0.420 -2.876 -0.119
pair 2 -0.732 -11.976 -0.089
pair 3 -0.246 -3.100 -0.039 -0.305c

5-6 bond
from C60 to Cu34

pair 1 -0.743 -3.776 -0.270
pair 2 -0.314 -2.109 -0.090
pair 3 -0.280 -2.553 -0.060 -0.519b

from Cu34 to C60
pair 1 -0.480 -5.643 -0.081
pair 2 -0.370 -4.083 -0.066
pair 3 -0.347 -5.196 -0.046 -0.245c

6-ring
from C60 to Cu34

pair 1 -0.264 -1.567 -0.086
pair 2 -0.264 -1.567 -0.086
pair 3 -0.360 -4.366 -0.058 -0.353b

from Cu34 to C60
pair 1 -0.276 -3.363 -0.045
pair 2 -0.276 -3.363 -0.045
pair 3 -0.428 -10.261 -0.036 -0.195c

5-ring
from C60 to Cu34

pair 1 -0.175 -1.738 -0.035
pair 2 -0.181 -1.858 -0.035
pair 3 -0.302 -4.661 -0.039 -0.162b

from Cu34 to C60
pair 1 -0.213 -2.491 -0.036
pair 2 -0.213 -2.531 -0.035
pair 3 -0.345 -8.512 -0.028 -0.122c

a S′il is taken to be positive.b Sum over 119 pairs.c Sum over 120
pairs.
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pairs of orbitals do not have effective bonding overlap between
the two fragments, as demonstrated by the small|H′il - S′ilH′ii|
and∆E values. Note that these two pairs are degenerate in the
system under consideration. In pair 3 of Scheme 8, the occupied
orbital of C60 that looks like the lowest lyingπ MO of benzene
interacts with the 4s AO of the central Cu atom, but∆E is small

(-0.058 eV). The reason is that the occupied C60 orbital of pair
3 has strong bonding character and low energy and, conse-
quently, leads to a large|H′ii - H′ll| value (-4.366 eV)
compared to those of pairs 1 and 2. Electron delocalization from
the Cu cluster to the C60 fragment is ineffective and charge
transfer takes place from C60 to Cu34. The C-Cu bonding in
the 6-ring model is weaker than that in the 5-6 bond model.

Figure 2. Three strongest pairs of interaction orbitals representing electron delocalization from the C60 part to the Cu34 cluster part in the 6-6 bond
model. Orbitalφ′ indicates the occupied interaction orbital of C60, andψ′ denotes the unoccupied interaction orbital of the Cu cluster in each pair.

SCHEME 3

SCHEME 4

SCHEME 5

SCHEME 6

SCHEME 7

SCHEME 8
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5-Ring Model. In the 5-ring model, interaction orbitals of
C60 look like π MOs of cyclopentadiene, which interact mainly
with the 4s AOs of Cu34. Matching of the orbital phase in each
orbital pair is worse than that in the 6-ring model, and
delocalization of electrons between the interaction orbitals is
more difficult. Coordination by a 5-ring is least favored among
the five models.

The PIO results are totally consistent with the B3LYP/
LanL2MB calculations in energies and electronic charges shifted
from the C60 part to the Cu34 part. According to our calculations,
preference for the adsorption mode of a single C60 molecule to
the three-layer Cu34 cluster is in the following order: edge atom
≈ 6-6 bond> 5-6 bond> 6-ring > 5-ring. The 2pz AOs on
a 6-6 bond of C60 and the 4s AO of the central Cu atom of the
first layer play very important roles in the C60-Cu34 bonding
in the 6-6 bond model and the edge-atom model, whereas there
is no key orbital interaction that strongly stabilizes coordination
by a 6-ring or a 5-ring.

Conclusions

Using a two-layer Cu10 cluster and a three-layer Cu34 cluster
as models of a Cu(111) surface, we have investigated the
adsorption of a single C60 molecule onto a Cu(111) surface in
terms of energetics and orbital interactions. Our B3LYP/
LanL2MB calculations show that a single C60 molecule should
contact a Cu(111) surface preferably by an edge carbon atom
located at the center of two six-membered and one five-
membered fused rings or by a C-C bond jointing two
six-membered rings (6-6 bond). A paired-interaction-orbital
(PIO) analysis in the extended Hu¨ckel MO scheme yields results
consistent with the B3LYP/LanL2MB calculations. In coordina-
tion by a 6-6 bond, electron delocalization takes place
efficiently from the occupied 2pπ orbital localized on a 6-6
bond to the unoccupied 4s orbital of the Cu atom located beneath
the midpoint of the 6-6 bond. In edge-atom coordination, the
interaction orbitals are not significantly localized, and a greater
number of carbon atoms participate in the interaction with the
Cu34 cluster, whereas the shapes of important interaction orbitals
are similar to those of the 6-6 bond coordination. This mode
of coordination is slightly more favored than coordination by a
6-6 bond. Electron delocalization from the Cu34 cluster is not
efficient in every case studied, and C60 should act as an electron
donor, unlike its role in other organic reactions. No key orbital
interaction that favors coordination by a six-membered ring or
a five-membered ring has been found. These results do not agree
with an XPD result for a C60 monolayer on Cu(111) where C60

molecules were suggested to bond to Cu(111) through a six-
membered ring. The disagreement indicates that C60-C60

interactions are also important to determine C60 orientations on
solid surfaces.
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