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he discovery of fullerene (Cg4() in

1985 by Kroto et al.,' and subse-

quent enormous progress in and de-
velopment of different carbon-based struc-
tures, started a renaissance of tailored
designing of nanomaterials.>~> Nanomateri-
als are now increasingly being used in dif-
ferent aspects of human life. Among their
recent applications are microelectronics,
semiconductors, space applications, drug
delivery systems, sporting goods, cosmet-
ics, sunscreens, stain-resistant clothing, and
many more. Interestingly, an issue of Chemi-
cal & Engineering News revealed that some
exotic cosmetics with embedded fullerene
nanoparticles are in the market.® Detailed
information about the synthesis, structures,
properties, and interactions of different
nanoclusters and nanodevices can be found
in recent review articles.*>”~'° Important
characteristics of nanoparticles include the
dependence of their physical properties on
particle size, internuclear distance, and
shape of these nanomaterials. Such unique
aspects significantly differentiate them from
both the bulk metals and the molecular
compounds.’’ For example, the absorption
maxima of gold nanoparticles red-shift with
the particle size.® Recently, using density
functional theory (DFT) calculations, we
have shown that, by changing the shape
and size of carbon nanoclusters, it is pos-
sible to design nanomaterials with differ-
ent conducting properties.'?

During the past few years, significant ef-
fort has been made to understand electron
transport in nanostructures including
nanocrystals, nanotubes, and molecular
devices."*™'* Park et al."® reported the fabri-
cation of C4o-based single-molecule transis-
tors in which fullerene was connected to
gold electrodes. The transport measure-
ment indicated the coupling of motion of
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ABSTRACT A theoretical study was performed to understand the structures and properties of C,,—gold

nanocontacts. In this investigation, C;, was sandwiched between gold clusters. In the studied clusters, the number

of Au atoms varied from 2 to 8 on each side of C,,. Molecular geometries of the investigated complexes were

optimized at the density functional theory level, employing the B3LYP functional. The 6-31G(d) basis set was used

for carbon atoms, while the LANL2DZ effective core potential was used for gold atoms. Geometries of all complexes

were optimized under C,, symmetry except for the C;,—10Au complex, for which ¢, symmetry was assumed.

Two different configurations, namely 1> and 12, for the binding of Au clusters with C,, were considered. It

was revealed that complexes corresponding to the latter configuration are more stable than those having the

former one. Ground-state geometries of the complexes involving odd numbers of gold atoms on each side of (g,

were found to be represented by the triplet configuration. The HOMO-LUMO energy gaps of C,,—gold complexes

were found to be lower than that of isolated C,. The charge transport properties in the studied system are

discussed in terms of molecular orbitals and the Fermi level.

KEYWORDS: C, - gold cluster - nanocontact - charge transfer -
nanomaterials - Fermi level

the center of mass of C,, and single-
electron hopping; the frequency of oscilla-
tion of C4, between gold electrodes esd
about 1.2 THz. Seideman and
co-workers'”™'? have extensively studied
current-induced oscillation in Au—Cg,—Au
heterojunctions using theoretical methods.
In their investigations, a C,, molecule was
sandwiched between two modeled Au elec-
trodes, where the Au atoms were oriented
along the (100) plane and the distance be-
tween the electrode surface and the Cg,
side was 2.3 A. It was revealed that the exci-
tation of vibrational motion of C¢, between
electrodes was due to the deposition of en-
ergy to the center-of-mass motion of
fullerene consequent to the current pass-
ing through the device. The tight binding
scheme within DFT has also been exten-
sively and successfully used to study the
band structure of different nanoclusters and
nanotubes and their interactions with metal
clusters.?°~2? The Gaussian embedded
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cluster method (GECM) scheme has been developed
to investigate electron transport properties of different
nanoclusters between different electrodes.?>2° Naka-
mura and Yamashita?” and Sergueev et al.?® have inde-
pendently studied transport properties in molecular
junctions by using nonequilibrium Green’s function in
combination with DFT.

Since device miniaturization is an important aspect
of molecular electronics, a reliable and thorough under-
standing of the nature of metallic contact with materi-
als is necessary for understanding the transport proper-
ties in nanodevices. The electrical transport properties
of carbon nanotubes (CNTs) are significantly influenced
by the nature of the nanocontacts; contact resistance
poses a serious problem in understanding the intrinsic
electrical properties of CNTs.273" In Au/C,,/p-Si sand-
wich structures, the /-V characteristic was found to be
ohmic.? Fullerene-based materials have also been con-
sidered as prospective materials for photovoltaic cells,**
but the main challenge is to find a way to increase the
efficiency of conduction in these materials to create ef-
ficient fullerene-based solar cells. Gold nanoparticles
are also of interest due to their possible use as guest hy-
brid materials for applications in sensors and as cata-
lysts. Recently, it has been reported that hybridization
of single-walled carbon nanotubes (SWNTs) with gold
nanoparticles increases the electrical conductivity by
2-fold, and such hybridization does not change the
transmittance of the hybrid structure compared to that
of the neat SWNT film.3*

The coordination of metals with the Cq, surface is a
complex phenomenon, and such interactions depend
significantly on the nature of the metals used in the
investigation.>*=>® On the basis of the IR spectra of a
Au—C,, complex, Lyon and Andrews>® have suggested
the possibility of binding of Au to the pentagonal ring
of C¢o. On the other hand, on the basis of a B3LYP level
of calculation with the STO-3G* basis set for carbon
and SDD for gold, the same authors have found differ-
ent types of coordinations,>® which are in agreement
with computed results for silver complexes. Lichten-
berger et al.>”*® have studied the bonding of palladium
atoms and silver(l) ions with the five bonding sites of
Cqo Namely (i) a single carbon atom (n'-coordination),
(i) above the center of fused six-membered rings (n*
coordination), (iii) the center of fused five- and six-
membered rings, (iv) above the center of pentagonal
rings (n°-coordination), and (v) the center of hexago-
nal rings (n°-coordination). The m-coordination was fa-
vored among all bonding sites. Seminario and co-
workers*® have studied the electron transport
properties of group 10 and group 11 metals with thio
and isonitrile alligator clips using the B3PW91/LANL2DZ
level and the Green function approach. The perfor-
mance of group 10 metals at the metal—molecule inter-
face was found to be significantly better than that of
the group 11 metals, and particularly the performance
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Figure 1. Bonding configurations of Au clusters with Cg,.

of Pd was revealed as the best and that of Au and Ag
was found to be significantly inferior.>®

In theoretical modeling of electron transport
through C,, and CNTs placed between electrodes, the
surfaces of the electrodes are generally idealized. It is
well-known that the overall performance of electronic
devices is influenced by the nature of the contacts and
it is crucial to lower the contact resistance to achieve a
definite understanding of the intrinsic electrical proper-
ties of nanodevices. The actual atomic structures of
the electrodes, especially at the point of contact, are
not known. It is expected that the actual surface would
be rough and the structure at the point of contact
would vary from sample to sample, even when fabri-
cated under the same conditions. Thus, it appears that,
at the point of contact, only a few atoms from the elec-
trodes would be involved in interactions with the mate-
rials. It should be noted that the number of points of
contact would also depend upon the size of the atomic
clusters on the electrode surface in contact with mate-
rial, and this is of immense importance for nanodevices.
This study is devoted to understanding the structures
and properties of nanocontacts involving Cg, sand-
wiched between gold clusters of different sizes, model-
ing the nanocontacts.

RESULTS AND DISCUSSION

Two types of binding configurations were consid-
ered, corresponding to the bonding of Au clusters at
the top of the center of fused six-membered rings (1>©-
coordination) and that of the fused six- and five-
membered rings (n2*-coordination) (Figure 1). The
B3LYP-optimized geometries of the complexes are
shown in Figures 2 and 3. In these complexes, C, was
placed between Au clusters (nAu—Cg,—nAu). The clus-
ters on each side of fullerene were obtained by the sys-
tematic addition of Au atoms on both sides of Cg.
Therefore, for the C,,—nAu complex, where n repre-
sents the total number of Au atoms, there are n/2 at-
oms on each side of Cg, (n/2Au—Cgo—n/2Au). We have
considered complexes of up to eight Au atoms on each
side of C,,. Geometries were optimized under C,,;, sym-
metry, except for the C5o—10Au complex, for which C,
symmetry was obtained. The coordination distance, in-
teraction energy, and amount of Mulliken charge trans-
fer in the studied complexes are shown in Table 1.
Here, we would like to point out that we have also op-
timized the geometry of the Cqo—4Au complex
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under n'-coordination (single carbon atom
binding) within the C,, symmetry, but optimi-
zation converged to the 1*®-coordination
geometry.

It is evident from Table 1 that the Au—C co-
ordination distance is smaller for 1*©-type
complexes than for n2®-type complexes. The
coordination distance for the C,,—10Au com-
plex is similar for both types of complexes. This
similarity is due to the fact that, in this com-
plex, Au clusters are involved in the -
coordination (bonded to only one carbon
atom), and thus this structure represents a dif-
ferent type of anchoring. For the 1**-type
complexes, the Au—C distance is generally
about 2.4 A, except for the C,,—16Au com-
plex. In the case of the 1>®-type complexes,
the Au—C distance for the larger complexes is
smaller than the one in the smaller complexes.

The basis set superposition error (BSSE)-
corrected values of the interaction energies,
obtained by considering the interaction as a
three-body term, shown in Table 1, suggest
that C,, forms stable complexes with gold
clusters. Further, the complexes involving
n?©-coordination are significantly more stable
than those involving n2®-coordination. Thus,
our computed results are in agreement with
earlier investigations,®”*® where complexes of
palladium atoms and silver(l) ions with Cg, in-
volving n?©-type bonding were predicted to
be more stable than those with the other types
of coordination. Further, in general, the inter-
action energy was found to increase with the
size of the Au cluster for the 1*©-type bond-
ing, but such a trend was not revealed for the
n?®-type coordination. Thus, it appears that
n?®-coordination is more important for nano-
contacts, and it is more likely that such struc-
tures will be present in the real system. For the
larger clusters, the predicted interaction en-
ergy is in the range of 35-39 kcal/mol. Several
investigations have been performed to study
the growth of fullerene thin films and mono-
layers on the gold surface.**~* The adsorption
energy is estimated to be around 40-60
kcal/mol.***! Thus, our results of computed in-
teraction energy for n?©-type complexes are
in agreement with the estimated adsorption
energy data. It is also expected that such
agreement would be better for clusters involv-
ing larger numbers of gold atoms interacting
with Cg. It should be noted that, with larger
clusters, more coordination sites for bonding
of gold atoms with C,, are expected, and
these additional interactions would strongly
stabilize the whole complex.

www.acsnano.org

Coo-6Au (-13.7 eV; -3098.99916;
-3099.01798; -3099.01822 au)

Coo-14Au (-39.1 eV; -4182.97381;
-4182.98630; -4182.98654 au)

Ceo-16Au (-36.3 eV; -4454.01093 au)

Figure 2. Optimized geometries (singlet state) of C4,—gold complexes in 12©-

coordination. For each complex, the first value represents the interaction energy (in
eV), the second is the optimized singlet ground-state total energy, the third (in ital-
ics) is the single-point ground-state triplet energy, and the last one (in bold italics) is
the optimized triplet ground-state total energy.

Ceo-6Au (-7.0 eV; -3098.98952;
-3099.00677; -3099.00729 au)

Coo-10Au (-9.8 eV; -3641.01476;
-3641.02828; -3641.02952 au)

Coo-14Au (-13.6 eV; -4182.94198;
-4182.95739; -4182.95747 au)

Ceo-16Au (-9.0 eV; -4454.05020 au)

Figure 3. Optimized geometries (singlet state) of Cs,—gold complexes in -

coordination. For each complex, the first value represents the interaction energy (in
eV), the second is the optimized singlet ground-state total energy, the third (in ital-
ics) is the single-point ground-state triplet energy, and the last one (in bold italics) is
the optimized triplet ground-state total energy.
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TABLE 1. Computed Au—C distances (A), Mulliken Charges (in au) on Each Au Cluster, BSSE Values (Hatrees), BSSE-
Corrected Interaction Energies (AE;,,,, kcal/mol), HOMO-LUMO Energy Gap (H-L, eV), and Fermi Level Energy (E,, eV) of

n>® and n**® Types of C,,—Gold Complexes”

n*®-coordination

complex Au—C charge AE BSSE HL®
Cgo—4Au 2403 —0.155 —215 0.0118 22
Cgo—6Au 2,409 —0.128 =70 0.0130 0.23(1.53)
Cgo—8Au 2402 —0.194 —235 0.0137 1.60
Cgo—10Au 2.205 —0.095 —9.38 0.0125 0.28 (1.22)
Ceo—12Au 2.397 —0.205 —243 0.0063 1.50

Ceo— T4Au 2.400 —0.228 —136 0.0180 0.21(1.41)
Cgo—16Au 2541 —0.174 —=9.0 0.0110 1.89

n*9-coordination

Au—C charge AF;, H-L® BSSE Eo©
2322 —0.139 —30.9 2.37 0.0146 —5.06
2355 —0.200 —13.7 0.23 (1.60) 0.0130 —5.03
2372 —0.197 —334 1.80 0.0137 —491
2.205 —0.048 —20.0 0.50 (1.25) 0.0147 —4.75
2302 —0.143 —36.4 212 0.0180 —4.86
2.285 —0.088 —39.1 0.31(1.35) 0.0168 —4.96
2.306 —0.181 —36.3 2.01 0.0047 —5.07

“Interaction energy calculation as a three-body term; Mulliken charges are on each gold cluster of the complex. ®Values in parentheses corresponds to those obtained from

the single-point energy calculation of the triplet state using the reference singlet ground-state optimized geometry. ‘Computed value for Cy is

The computed Mulliken charges on each side of Au

cluster, shown in Table 1, suggests that generally a sig-
nificant amount of charge transfer takes place from Cg,
to gold atoms. Due to symmetry, the amount of charge

transferred on each side of the gold clusters should be
the same. Evidently, C,, acquires equal amounts of
positive charge; thus, the interactions of C,, between

gold clusters would be dominated by electrostatic inter-
actions. However, a clear trend connecting the amount

of charge transferred from Cg, to the gold cluster with

the number of gold atoms cannot be established. In an-

other investigation, in which Kumar et al.** studied the
interaction of gold clusters (four and eight atoms) with
guanine-cytosine (GC) and adenine-thymine (AT) DNA
base pairs at the DFT level, employing the B3LYP func-
tional, a significant amount of electronic charge trans-
fer from the base pairs to the corresponding gold clus-
ters was revealed.
The distribution of Mulliken charges in the form of

a color plot (varying color of atoms in the complex,

"( ’..b?a

Ceo-8Au: -0.217-0.238

Ceo-10Au: -0.384 —0.203
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Ceo-16Au: -0.237-0.410

Figure 4. Distribution of Mulliken charges in the 1 type
of Cqo—nAu complexes. The red color represents the loca-
tion of largest negative charge, while the green color repre-
sents the largest positive charge. The range of charge (red to
green) in each plot is given next to the name of the corre-
sponding complex. The Mulliken charges (in au) for major
contributing atoms are also given.
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—4.61eV.

red being the most negative and green being the most
positive charged atoms) is shown in Figure 4. The
amount of the Mulliken charge (in atomic units) at im-
portant atomic sites is also shown in the figure. It is evi-
dent that the most negative charges are generally local-
ized on gold clusters, except for the Cq,—12Au
complex, where C—C atoms of C,, bonded with gold
atoms have the largest negative charge. Further, in gen-
eral, the gold atoms involved in direct bonding with
Ceo have significant positive charge. In fact, for most of
the complexes, they possess the maximum amount of
positive charge. However, the complementary carbon
atoms of Cg, involved in direct interactions with gold
clusters generally have smaller negative charge. Fur-
ther, interactions of gold clusters have mainly a local-
ized effect on Cg,: most atoms of Cg, have electronic
charges close to zero. Thus, on the basis of the theoreti-
cal calculation, we find that, for all complexes, at the mi-
croscopic level in the contact region, the electronic
charge is transferred from the gold atom to the contact-
ing carbon atoms. This causes corresponding polariza-
tion of the gold atoms. In the experimental investiga-
tion of the metal—Cg, contact region, a transfer of
electronic charge from the gold surface to C,, was
revealed.>®** Thus, for the Cq,—Au complex as a whole
(macroscopic level), there is a substantial amount of
electronic charge transfer from the Cg, to the gold clus-
ters, while at the metal—surface contact region (micro-
scopic level), electronic charge is transferred from the
gold atom to the contacting carbon atoms.

The computed HOMO-LUMO energy gaps of the
studied complexes are shown in Table 1. In our earlier
calculation on Cg, and selected carbon nanostructures
at the B3LYP/6-31G(d) level of theory, it was found that
the energy difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) for Cg is about 2.77 eV, and
this energy difference was found to decreased signifi-
cantly with changes in the shape and size of the carbon
nanostructures.'? The band gap of solid Cg, is found
to be 2.3 = 0.1 eV.*® Thus, given the agreement, the
HOMO-LUMO energy difference can be approximated
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as the band gap of C, in the solid phase. The com-
puted HOMO-LUMO energy gap presented in Table
1 shows that the band gaps of C4,—gold com-
plexes are significantly lower than that of the iso-
lated C. Further, for those complexes where odd
numbers of gold atoms on each side of C, are in-
volved in the complex formation, the energy gap is
significantly lower than for complexes involving
even numbers of Au atoms. In general, with increas-
ing size of the gold cluster, the HOMO-LUMO en-
ergy gap was found to decrease. However, it would
be interesting to determine the HOMO-LUMO en-
ergy gap of complexes involving significantly big-
ger gold clusters, since with the larger gold clusters,
the point of contact with Cg, will also increase. This
is currently under investigation in our laboratory.
Satio and Oshiyama“® have obtained the HOMO-
LUMO gap of C4, as 1.9 eV and the band gap of face-
centered-cubic Cg, crystal as 1.5 eV. These authors
performed this excellent work in 1991 using the lo-
cal density approximation. At that time, geometry
optimization of C,, at that computational level was
almost impossible. The authors took the experimen-
tal parameters of fullerene, r; and r,, as 1.46 and
1.40 A, respectively) and performed single-point en-
ergy calculations. Therefore, the difference with re-
spect to our computed result is due to the different
approaches used in the investigation.

The HOMO, LUMO, and other close-lying occu-
pied and unoccupied orbitals of C,—4Au and
Cgo—6Au are shown in the Figures 5 and 6, respec-
tively, while relevant orbitals corresponding to other
complexes are provided in the Supporting Informa-
tion; some selected orbitals of these complexes are
shown in Figure 7. It is evident that the HOMOs of all
the complexes are generally localized on metal clus-
ters (some delocalization on Cg, in a few complexes
is also found), but the nature of the LUMOs is en-
tirely different. In the case of those complexes where
even numbers of gold atoms are present on each
side of Cg (NnAU—Cgpo—nAu; n = 2, 4, 6, and 8), the
LUMO is mainly localized on C, except for the
Cgo—8Au and C,,—16Au complexes, where some
delocalization on gold atoms is also revealed. How-
ever, for the C,,—6Au, Coo—10Au, and C,—14Au
complexes, the LUMO is mainly localized on gold
clusters, though for C,,—10Au some delocalization
on the carbon atoms at the contact region of C, is
also found. Further, analysis of the HOMOs of
Cgo—6AU, Co—10Au, and C,,— 14Au complexes
shows that both sides of the Au clusters have the
same orbital-phase symmetry. We also performed
single-point energy as well as geometry optimiza-
tion calculations for the triplet state of these com-
plexes. Computed total energies are shown in Fig-
ures 2 and 3. It was found that, although for the
Cgo—4Au complex the ground state is singlet, for

www.acsnano.org

LUMO+1; -3.83 eV

LUMO+2; -3.80 eV

Figure 5. Frontier orbitals and orbital energies of the C,,—4Au complex, having

n

2(6)

-coordination.

HOMO-2; -6.72 eV

HOMO-4; -6.76 eV

(=9«

LUMO; -491 eV

LUMO+2; -3.97 eV

s )
o

LUMO+3; -3.97 eV

Figure 6. Frontier orbitals and orbital energies of the C;,—6Au complex, having

n

2(6)

-coordination.
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Cgo-8Au: HOMO-3; -6.62 eV

»
‘\

Ceo-12Au: HOMO-8; -6.68 eV

[

Ceo-16Au: HOMO-3; -6.13 eV

Ceo-14Au: HOMO-9; -6.96 eV Ceo-14Au: LUMO+2;-3.90 eV

Figure 7. Some important orbitals and orbital energies of selected C4,—gold
complexes having n*©-coordination.

the Cqo—6Au complex the triplet state is about 0.5 eV
more stable than the corresponding singlet state.
Analogous results were found for other complexes,
which suggests that the singlet ground state is ener-
getically favorable for the complexes with even num-
bers of gold atoms on each side of C,, but the triplet
state is more favorable for complexes with odd num-
bers of gold atoms on each side of C¢,. No significant
change in the geometry of the complex under triplet
ground-state optimization compared to the corre-
sponding singlet geometry was revealed. This fact is
also evident from the similarity among the energy val-
ues obtained from the single-point calculations and op-
timized triplet states of the respective complexes (Fig-
ures 2 and 3). In the triplet state, the band gap would
correspond to the energy difference between the high-
est occupied and lowest unoccupied a-orbitals, and
the computed band gap is shown in Table 1. Examina-
tion of the LUMO+1, LUMO+2, and LUMO+3 orbital
energies of the C,,—6Au (Figure 6) and C,,— 14Au
(Supporting Information, Figure S5) complexes sug-
gests that these orbitals are almost degenerate. Fur-
ther, these orbitals are about 0.8 — 0.9 eV higher in en-
ergy than the corresponding LUMO orbital. It should be
noted that Cg, has three degenerate LUMO orbitals.”

ACANT AN ] ;
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Thus, it appears that the LUMO+1, LUMO+2, and
LUMO+3 orbitals generally correspond to degen-
erate LUMOs of Cg,. The LUMO, LUMO+1, and LU-
MO+ 2 orbitals of each of the complexes with
even numbers of gold atoms on each side of Cg,
are also nearly degenerate (maximum energy dif-
ference being about 0.1 eV); therefore, these orbit-
als also correspond to the degenerate LUMOs of
Ceo-

Ab initio calculations have been found to be
very useful in the exploration of charge transport
efficiency of molecular systems.*”~*° It has been
found that those orbitals which are closely posi-
tioned near the Fermi level and delocalized
throughout the entire molecule are important in
facilitating the charge conduction across the mo-
lecular junction. For example, Seminario et al.*®
have studied the conduction properties of
polyynes and alkanes and found that, due to the
delocalized nature of molecular orbitals of
polyynes near Fermi level, the conductance was
significantly larger than that in the alkanes, al-
though the densities of states for both systems at
the Fermi energy were similar. Further, the =
charge cloud associated with the C—C bond pro-
vides a route for the transport of electron currents.
The same is true for C,, since electron current can-
not directly pass diagonally through the inside of
the cage.”®

Witek et al.?’ computed the energy of the Fermi
level (Eg,) of Cyg, Cgo, and C,, by taking the average
of the HOMO and LUMO orbital energies. The com-
puted value of E, for Cy, and C,, was found to be about
—4.7 eV at the BLYP/cc-pVTZ and BLYP/3-21G levels and
about —5.0 eV at the SCC-DFTB level, while for C,g, de-
pending upon the level of the theory, it was predicted to
range from —5.1 to 5.2 eV.?! Our computed E, values for
the studied complexes are shown in Table 1. The com-
puted value for Cp, at —4.6 €V, is in good agreement with
that obtained by Witek et al.?" It is evident that gold clus-
ters have a significant influence on the Fermi energy of
Ceo (Table 1). Since the Fermi energy of Au metal is about
—5.3 eV,*® the computed E¢, values of the studied com-
plexes (in the range of —5.1 to —4.8 eV) are near the av-
erage E, of bulk Au and that of Cy,,.*" Itis evident that, for
the C;,—4Au complex, the HOMO, HOMO—6, and LUMO
orbitals are delocalized and located about 1.19 and 2.02
eV below and 1.18 eV above the Fermi level, respectively.
Therefore, HOMO and LUMO orbitals of the C;,—4Au
complex, being nearer to the Fermi level, are important
for the charge transport in the system. In the case of the
Ceo—8Au complex, the HOMO—3 and LUMO orbitals, be-
ing 2.6 eV apart and about 1.7 eV below and 0.9 eV above
the Fermi level, respectively, are significantly delocalized
(Figure 7). Therefore, HOMO—3 and LUMO are the most
important for the charge transport in the C,,—8Au sys-
tem. For the C,—12Au complex, the HOMO—8 and LU-
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MO+ 1 will dominate for the charge transport under suffi-
cient bias (Figure 7). Similarly, for the C4,—16Au complex,
the HOMO—3 and LUMO orbitals will play an important
role for charge transport in the system (Figure 7). Further,
the HOMO—1, HOMO—5, and LUMO+1 of the C;,—6Au
(Figure 6), the HOMO, HOMO—5, and LUMO+1 of
Cgo—10Au, and the HOMO—6 and LUMO+2 of

Ceo— 14Au (Figure 7) are generally also delocalized; there-
fore, they are expected to contribute to the conduction
of respective systems under sufficient external bias.

CONCLUSIONS

Carbon fullerene forms stable complexes with gold
clusters. The complexes in which gold clusters are
bonded at the top of the center of fused six-membered
rings (m?®-type coordination) are significantly more
stable than those bonded at the top of the center of

COMPUTATIONAL DETAILS

Molecular geometries of complexes were optimized at the
DFT level using Becke's®' three-parameter nonlocal hybrid ex-
change potential with the nonlocal correlation functional of Lee,
Yang, and Parr (B3LYP).>2 The standard 6-31G(d) basis set was
used for carbon atoms, while the LANL2DZ effective core poten-
tial (ECP) was used for gold atoms. Geometries of complexes
were generally optimized under the C,;,, symmetry. It is well-
known that the computation of interaction energy with finite ba-
sis sets introduces error known as basis set superposition error
(BSSE). Since interaction energy is defined as the energy differ-
ence between the complex and the constituent monomers, the
BSSE error arises due to the fact that different numbers of basis
functions are used to describe the complex and monomers for
the same basis set. Due to the larger number of basis functions,
the complex has comparatively lower energy that the sum of its
components. The BSSE-corrected interaction energy was com-
puted using the Boys-Bernardi counterpoise correction
scheme.>® The interaction energies of complexes were com-
puted from the three-body terms given by eq 1:

m

Eint = Ensc — Eamso) — Esaso) — Eciaso

where E,, represents the interaction energy, Egc is the total
energy of the complex, Egagc, represents the total energy of the
Cgo With ghost atoms in place of the rest of the system, and
Enagcy @and Ecagc, represent the total energy on either side of the
gold clusters of the complex with ghost atoms for the rest of the
system. The BSSE correction is important to determine the
stability of complexes correctly. All calculations were performed
using the Gaussian 03 suite of programs,®* while molecular
orbitals were visualized using the Molekel program.>®
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