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Modelling of the Adsorption of C60 on
the Au(110) Surface

Richard J. Baxter,[a, b] Petra Rudolf,[c] Gilberto Teobaldi,[a]

and Francesco Zerbetto*[a]

The adsorption of organic molecules on inorganic surfaces is a
thriving field with applications that range from adhesion,
lubrication and chromatographic separation to the modification
of the properties of plasticized polymeric materials (e.g. , varying
the surface and interior concentration of reinforcing fillers), and
even to the biocompatibility of artificial internal organs.
Gold surfaces are a prime example of ™well-behaved∫ inor-

ganic surfaces because their reactivity and reconstruction
patterns are usually well-understood. While the Au(111) surface
is the most studied and exploited because of its high stability,
probably second is the more reactive Au(110), which recon-
structs into a (1�2) missing row motif, in which alternate rows
of atoms along [11≈0] are removed to produce stable (111)
microfacets with 8.16 ä periodicity and 1.4 ä height.[1] In recent
years, C60 has become one of the most investigated molecules
both because of its highly symmetrical shape and because of its
properties, foremost among them its electron-accepting capaci-
ty. The interaction of C60 with gold surfaces has attracted much
interest and the structural properties of the C60/metal interface
have been studied for Au(111),[2] Au(110),[3] Au(001),[4] and also for
polycrystalline Au substrates.[5] The Au(110) missing row (1�2)
reconstructed surface provides a corrugated surface, which
places more stringent geometric constraints than Au(111) on the

We can see in Figure 5 that the free energy of solvation is
linearly related to the shift of the �CO vibration of acetaminophen
for both expanded solvents. This linear behaviour between IR
spectroscopic data and the free energy of solvation has been
previously reported.[14] This result shows that the �CO mode is a
well-adapted probe to check the acetaminophen solubility
sensitivity to CO2-expanded solvent changes.
To conclude, our results show that high-pressure IR spectro-

scopy is a valuable tool to investigate, at the molecular-
microscopic level, macroscopic phenomena occurring in CO2-
expanded solutions, such as the solubility behaviour of suitable
solutes such as 1.
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formation of the C60 overlayer. The lower surface
stability also makes it more versatile, and two entirely
independent patterns were observed.[3b, 3c] Gimzewski
and co-workers[3b] showed that C60 adsorption induces
a (1� 5) interfacial reconstruction, in which the
maximum number of C60 molecules bonded to the
(110) surface is reached through the formation of a
distorted (6�5) overlayer. Pedio et al.[3c] found a more
complex C60 ±Au interface with a large number of Au
surface atoms displaced from the original position to
form calyxes or cups that accommodate the fullerenes.
The existence of the two interfacial patterns poses

the fundamental question of their relative stability and
provides a crucial test for any theory of adsorption that
requires the careful balance of C60 ± C60 van der Waals
interactions with the C60 ±Au ionic binding and the Au
metal state (on this surface the charge of C60 has been
evaluated as �1�1).[6]

The model used is the same as the one we employed
to investigate the adsorption of alkanes and 1-alkenes
on Au(111)[7] (other applications of the present model
can be found in ref. [8] . The adsorption energies of ten
short chains, up to decane and 1-decene, were
reproduced with an average error of less than
1 kcalmol�1. In that work, we also studied the un-
expected transition to disorder that occurs for the
deposition of chains between 18 and 26 carbon atoms,
and found that the mismatch between the Au(111)
lattice and the CH2 group periodicity hinders the
formation of short, that is, docking, C ±Au distances, an
event that does not take place for shorter and longer
chains.
Table 1 shows a summary of the details of the

calculations, including the number of C60 molecules
and gold atoms in the simulation cells and the axis
lengths. The large c axis value is necessary to create a
gap for the surface. For C60/Au(110), the structure
proposed by Gimzewski et al.[3b] has six Au atoms more
than the structure proposed by Pedio et al.[3c] Both of
them contain four C60 molecules in the simulation cell.
Because of the different number of Au and C atoms
that are present in the cells, a direct comparison of the
results is not possible and some care must be exerted.
Figure 1 compares the gold overlayers of refs. [3b] and
[3c] before and after geometry optimization. The initial,
ideal surfaces are obtained simply by mechanical
removal of gold atoms. In both cases, the final
structures appear smoother (less rough) to the eye.
The calyx structure also displays a tendency to
disorder, which is caused by the presence of six Au
atoms in the topmost layer that are characterized by
low coordination numbers, that is, few neighbors.
Table 1 also gives a summary of the energies of the

C60/Au cells. Comparison between the energies of the
two C60/Au(110) structures shows that the cell of
ref. [3b] is more stable. In fact, even assuming that the
six Au atoms missing in the second structure have the

Table 1. Summary of calculation details. Energies [kcalmol�1].[a] The values per Au atom or
C60 molecule are given in brackets.

Structure of ref. [3b] Structure of ref. [3c]

Nr. of C60 molecules per cell 4 4
Nr. of Au atoms per cell 204 198
Nr. of Au layers per cell 8 8
a [ä] 17.31 17.31
b [ä] 20.40 20.40
c [ä] 50. 50.
Vtot � 14399.0 � 13847.9
Vbinding�Vtot�VAu(relax.)�VC60(relax.) � 116.4 �287.6
Vint�Vtot�VAu�VC60 � 182.6 �283.1
VAu � 15623.3 (�76.6) � 14988.5 (�75.7)
VC60 1406.8 (351.7) 1423.7 (355.9)
�V� 100K � 14251.8 � 13736.9
�V� 300K � 13988.4 � 13473.5

[a] For Au(110) the cell energy is �18681.0 kcalmol�1 ; for Au(110)�p(1� 2) the cell
energy is �21040.6 kcalmol�1 ; VAu(bulk)��87.24 kcalmol�1 (3.78 eV) per atom.

Figure 1. a) The idealized gold overlayer of the structure of ref. [3b] , b) the optimized gold
overlayer of the structure of ref. [3b], c) the idealized gold overlayer of the structure of ref. [3c] ,
d) the optimized gold overlayer of the structure of ref. [3c] , e) C60 on Au(110) following ref. [3b]
at 300 K; the tips of the arrows indicate the location of the atoms in the ideal icosahedral
configuration (the size of the arrows is multiplied by a factor of 10 to assist the eye) ; f) C60 on
Au(110) following ref. [3c] at 300 K; arrows as in (e).
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energy of the bulk, that is, the maximum stability, the cell
proposed by Gimzewski et al.[3b] is 27.7 kcalmol�1 lower in
energy. Interestingly, however, both the interaction and the
binding energies (see ref. [9] for a detailed definition) of the
interface of the cell of Pedio et al.[3c] are much larger than that for
the structure of ref. [3b] . The gold and the C60 arrangements
energetically penalize the calyxlike structure. If the growth
conditions favor metal ±molecule interactions, for instance
when free Au atoms stick to C60 rather than to each other, the
structure of Pedio et al. could become important.
To assess the effect of temperature on the structures, we ran

molecular dynamics (MD) simulations. Table 1 displays the
average energy at 100 and at 300 K. Each average is an enthalpy
rather than a free energy, and entropic contributions are not
obtained. While the differences of the number of atoms in the
cells persist and still make direct comparison difficult, one can
notice that at 0 K, that is for the optimized geometry, the energy
difference, �V, between the two structures is 551.1 kcalmol�1,
while both at 100 and 300 K, �V�514.9 kcalmol�1. The energy
difference has decreased by 36.2 kcalmol�1! This amount is more
than the energy difference that one can estimate at 0 K between
the two unit cells, and brings Gimzewski's and Pedio's structures
into direct competition. Additionally, the structure of Pedio et al.
is more disordered, a property that favors it entropically.
The model also provides the amount of charge transfer from

the Au surface to the C60 molecules and the relevant gold ±
carbon distances. Table 2 gives the charges of the individual
cages at 0 K and their variations obtained from the MD

calculations at 100 and 300 K. The fullerene charge is higher
for the structure of Pedio et al. than for the other structure. This
is in agreement with the calyx conformation of gold atoms
around the molecule and their greater interactions. An increase
in the temperature diminishes the average charge on the cages,
although in both of the (110) structures one of the fullerenes has
a higher charge at 300 K than at 0 K. This higher charge agrees
with the parallel decrease in the average distance between the
center of mass of C60 and the closest Au atom that are given in
Table 3 and Table 4. The amount of charge transfer is below one
atomic unit (1 electron), in agreement with that deduced from
the vibrational spectra of this interface.[6] It is also consistent with
a charge transfer lower than 1.0� 0.2 atomic units, deduced
from the comparison of valence band photoemission intensity
near the Fermi edge of C60 on Au(110)[10] and C60 on polycrystal-
line Au.[11] The increased width observed for the C1s photo-

Table 2. Average charges, Q, of the individual C60 molecules inside the cells.

Structure Molecule 0 K (Opt. geom.) 100 K 300 K

ref. [3b] C60(1) � 0.232 �0.229 �0.225
C60(2) � 0.241 �0.241 �0.221
C60(3) � 0.281 �0.321 �0.315
C60(4) � 0.337 �0.304 �0.270

ref. [3c] C60(1) � 0.417 �0.396 �0.346
C60(2) � 0.353 �0.353 �0.338
C60(3) � 0.355 �0.348 �0.421
C60(4) � 0.400 �0.391 �0.291

Table 4. Atomic charges, Q, for the optimized geometry and their variations with respect to the average values of the molecular dynamics runs at 100 K and 300 K.
The carbon and the gold atoms are the same whose C-Au distances, R1 and R2 , are given. Positive values indicate decrease of the electronic charge.

Structure from ref. [3b] Qcarbon(R1) Qcarbon(R2) Qgold(R1) Qgold(R2)

C60(1) �0.018/0.002/0.002 � 0.018/0.001/0.001 0.062/0.000/� 0.003 0.072/�0.010/�0.013
C60(2) �0.018/0.001/0.002 � 0.015/�0.002/� 0.002 0.062/� 0.001/� 0.003 0.062/�0.001/�0.003
C60(3) �0.017/0.001/0.003 � 0.017/0.000/0.001 0.052/0.008/0.004 0.083/�0.023/�0.027
C60(4) �0.017/0.001/0.002 � 0.017/0.000/0.001 0.052/0.009/0.009 0.044/0.037/0.017
Structure from ref. [3c] Qcarbon(R1) Qcarbon(R2) Qgold(R1) Qgold(R2)
C60(1) �0.015/� 0.002/0.000 � 0.020/0.001/0.003 0.040/0.018/0.009 0.069/�0.015/�0.020
C60(2) �0.011/�0.003/�0.003 � 0.012/�0.002/0.004 0.078/� 0.016/� 0.015 0.078/�0.016/�0.025
C60(3) �0.012/� 0.002/� 0.002 � 0.011/� 0.003/�0.004 0.076/� 0.008/� 0.020 0.076/�0.008/�0.020
C60(4) �0.016/� 0.001/0.000 � 0.021/0.003/0.004 0.038/0.009/0.012 0.029/0.020/0.021

Table 3. Shortest distance from Au atoms to the C60 center of mass, ä, and two shortest C-Au distances, R1 and R2 , ä, for every fullerene of the cell numbered from 1 to
4. The numbers separated by a slash refer to the optimized geometry, the variation of the distance with respect to the average value of the molecular dynamics run at
100 K and the variation of the distance with respect to the molecular dynamics run at 300 K. Positive values indicate elongation of the distance.

Structure from ref. [3b] RCM R1
[a] R2

[a]

C60(1) 5.471/0.067/0.075 2.444/� 0.036/� 0.108 2.498/�0.018/0.022
C60(2) 5.456/0.019/0.111 2.370/0.042/� 0.035 2.389/0.101/0.086
C60(3) 5.068/�0.240/� 0.231 2.346/0.009/� 0.057 2.475/�0.038/�0.044
C60(4) 4.743/0.180/0.429 2.311/0.029/�0.082 2.340/0.092/0.103
Structure from ref. [3c] RCM R1

[a] R2
[a]

C60(1) 4.410/0.087/0.333 2.238/0.099/0.054 2.524/�0.084/-0.098
C60(2) 4.715/�0.002/0.024 2.321/0.049/� 0.030 2.344/0.100/0.074
C60(3) 4.713/0.034/� 0.405 2.350/0.005/� 0.050 2.351/0.088/0.061
C60(4) 4.481/0.043/0.605 2.358/� 0.004/� 0.068 2.399/0.094/0.023

[a] In the average over the MD trajectory, the atoms with shortest or second shortest distance may vary.



248 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemphyschem.org ChemPhysChem 2004, 5, 245 ±248

emission line of C60 on Au(110),[10] which was explained as being
due to different sites, agrees well with the existence of differently
charged cages found here.
C60 adsorption also affects its symmetry. In Figures 1e and 1 f,

the tip of the arrows indicate the average location of the ideal
icosahedral structure while the atoms occupy an average
position during the MD run at 300 K (the displacement is
multiplied by a factor of ten). The direct consequence of the
symmetry reduction and of the presence of atoms with different
charges is the prediction of the activation in the vibrational
spectra of C60 on Au of lines that are ™silent∫ in the crystal of the
molecule, a feature observed experimentally.[12]

Computational Methods

The molecular force field: We decided to adopt the MM3[13] force
field because of the previous experience in our laboratory with this
model.[14]

The glue model: The gold surface and its bulk are simulated by the
glue model,[15] which contains a density-dependent many-body term
in addition to the usual two-body interactions. The former mimics
the ™gluing∫ character of the cohesion due to the conduction
electrons in metals, where the exact position of neighboring ions is
™relatively∫ unimportant. The potential has a short-ranged ™density
function∫ attached to the atoms, so that for each atom in the system
one calculates an effective coordination, given by the sum of the
density contributions of neighboring atoms. The energy of an atom
then depends nonlinearly on this effective coordination.

Organic ±Au interactions: The interactions between the metal
surface and the molecules are the sum of long-distance and short-
distance terms. Here the long-distance part of the potential is taken
to scale with the inverse of the distance and is actually of the
Coulombic type. The short-distance term is a higher power of the
inverse of the distance. The charges are obtained by the charge
equilibration (Qeq) scheme of Rappe and Goddard.[16]

A short-range potential is necessary to tune the long-distance one, to
account for higher-order terms, and to avoid nuclear fusion when
charges or dipoles interact attractively. The choice here was for the
Born ±Mayer potential[17] because its parameters may be obtained in
a general way, although their tuning is usually required (see ref. [7]
for more details).

The Qeq scheme, the glue model and the Born Mayer potentials were
implemented in the TINKER program,[18] which has been widely used
in our lab[14] and implements periodic boundary conditions (PBC).
Ewald summation of charges was used both for gold and the
adsorbed molecules. Geometries were optimized to root-mean-
square (RMS) errors in the gradient smaller than 0.1 kcalmol�1 ä�1,
and molecular dynamics simulations were run with 20 ps equilibra-
tion and at least 100 ps of production.
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