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We investigate the electronic structure of molecular model systems in order to improve our
understanding of the nature of the contrast, which is observed in the scanning tunneling microscopy
~STM! imaging of organic adsorbates on graphite. The model systems consist of a benzene
molecule, representing the substrate surface, interacting with various molecules representing alkyl
chains, oxygen- and sulfur-containing groups, fluorinated species, and aromatic rings. We perform
quantum-chemical calculations to determine the geometric structure, stability, and electronic
structure of these molecular complexes and analyze the theoretical results in relation with
experimental STM data obtained on monolayers physisorbed on graphite. It appears that the STM
contrast can be correlated to the energy difference between the electronic levels of the substrate and
those of the adsorbate. Finally, we observe that the introduction of a uniform electric field in the
quantum-chemical modeling can enhance the electronic interaction between the partners in the
complex. © 1997 American Institute of Physics.@S0021-9606~97!00625-9#
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I. INTRODUCTION

Scanning tunneling microscopy~STM! has emerged as
remarkable tool to investigate organic molecules on e
tronically conducting solid substrates with atomic sc
resolution.1–3 One particularly appealing substrate is t
basal plane of highly oriented pyrolitic graphite~HOPG! be-
cause it is chemically inert, and it exhibits very large atom
cally perfect flat terraces. This allows to study highly order
molecular monolayers, which interact only weakly with t
substrate, and whose electronic structure is therefore
weakly perturbed.

STM experiments have been carried out on monom
lecular layers of long alkanes,4–8 as well as on a large serie
of alkyl derivatives including alkanols,5,9 fatty acids,5 vari-
ous alkylated aromatic molecules,5,10–14alkane thiols,15 and
selectively fluorinated fatty acids,16 immobilized at the inter-
face between organic solutions or melts and the basal p
of HOPG. These data show that the monolayers organiz
two-dimensional crystals. Crystal structure and orientat
are governed by weak interactions, both between the m
ecules and the substrate and between the molecules w
the layers. Similarly, ordered molecular layers have b
formed by sublimation of aromatic molecules in vacuum.17,18

All the experiments referred to above have provided o
standing information on the structure and dynamics of
ganic monolayers on HOPG. This was possible despite
fact that a good understanding of the origin of the contras
still lacking, since the conclusions were mainly based on s
and symmetry arguments. On the other hand, given the g
understanding of molecular structure and dynamics, the s
experimental data may also be used in order to investig
J. Chem. Phys. 107 (1), 1 July 1997 0021-9606/97/107(1)/99
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the STM contrast for a variety of molecular segments
well-defined molecular environments. Interestingly, so
general trends are apparent from previous work. For
stance, for a large variety of alkylated aromatics, const
height images obtained in similar conditions reveal that
current through the aromatic part is generally, considera
larger than through the aliphatic part.11–15 The aim of the
work presented in this paper is to contribute to the und
standing of such general trends.

Various interpretations for the contrast have been p
posed in the literature. On one hand, the contrast has b
related to the polarizability of the adsorbed molecule.10 The
presence of a polarizable molecule or molecular fragmen
the electric field between the tip and the substrate wo
locally modify the workfunction of the substrate, hence t
barrier height, which would in turn, affect the intensity of th
tunneling current. On the other hand, the contrast has
been interpreted in terms of the distribution of the electr
density in the frontier molecular orbitals of the adsorba
Examples include adsorbates at the interface between li
crystals and graphite,11 phthalocyanines on copper,19 and
substituted alkanes on graphite.20 For the specific case o
xenon atoms on nickel, the current has been explained on
basis of a resonance between the empty Xe 7s states
~LUMO! and the Fermi surface of the metal.21 Recently, the
current through alkane and polyene chains has been ca
lated, taking into account the interaction between subst
and adsorbate with a calculation based on extended Hu¨ckel
molecular orbitals. The results indicate that the HOMO
LUMO gap has a strong influence on the electron transp
properties.22

In this work, we consider the following model, in orde
99/7/$10.00 © 1997 American Institute of Physics
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100 Lazzaroni et al.: Molecular van der Waals complexes with benzene
to describe the tunneling through various flat-lying alkyl d
rivatives on HOPG under typically used experimen
conditions.4–16 Electrons from a metallic STM-tip tunne
through a molecule into the conducting substrate, or v
versa. A schematic energy diagram is displayed in Fig
The workfunctionsF of the electrodes are around 4 eV, a
the applied bias voltage is typically around 1 V. For a we
electronic coupling between substrate and adsorbate~as in
the present case!, one may expect that the broadening of t
molecular states is small and the Fermi energies are rou
in the middle between the HOMO and LUMO. If th
HOMO–LUMO gap is larger than the applied bias, the e
ergies of the molecular states are far away from the Fe
energies. However, the experiments show that the tunne
current reflects a distinct difference between alkyl and a
matic segments,10–14 which cannot be simply attributed t
topography. Therefore, the current must couple to the m
lecular states. This may be attributed to resonant tunne
through some small density of states within the gap, whic
due to the broadening of the molecular levels centered
eral eV apart, similar to the case of Xe on Ni~Ref. 21! and
alkanes on Au.22 One may expect that the density of stat
derived from the molecule, taken at the Fermi level,
creases as the gap between the HOMO~or the LUMO! and
the Fermi level decreases, and/or the coupling between
strate and adsorbate increases.

In order to model the interactions between substrate
adsorbate, we use here a quantum-chemical approach b
on theab initioHartree–Fock methodology. We consider t
basic structural unit of graphite, benzene, as a model for
substrate, interacting with molecules containing either, c
bon, oxygen, sulfur, or fluorine atoms, i.e., CH4, H2O,
H2S, and CF4. The methane molecule is the basic model
methylene units ( –CH2– ) in alkyl chains while the othe
molecules represent the functional groups present in the
tems studied experimentally with STM;4–16 they will be re-
ferred to as the ‘‘small molecules’’. To investigate the inte

FIG. 1. Schematic energy diagram for a STM junction with a molecul
J. Chem. Phys., Vol. 10
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action between aromatic units, we also consider the benz
dimer. In previous studies, we have examined the geome
structure and some aspects of the electronic structure
few of these complexes.23–25 In this paper, we briefly de-
scribe the major geometric features in the whole series
focus on the evolution of the electronic structure, in partic
lar the distribution of the highest valence electronic states
the complexes. We also investigate the influence of an ex
nal electric field, corresponding to the bias voltage of t
tunneling junction, on the electronic structure of the syste
This paper is organized as follows: the STM results that
aim at understanding are summarized in Sec. II; the theo
ical methodology is described in Sec. III. The electron
structure of the complexes and the influence of the exte
electric field are presented in the next two sections.

II. EXPERIMENTAL OBSERVATIONS

STM on molecular adsorbates is based on electron
neling from a metallic tip through a molecule into a condu
ing substrate, or vice versa. In practice, an atomically sh
tip is approached towards the substrate to within a dista
small enough that a tunneling current can be measured,
on the order of 1 nm. A convenient mode of operation
very flat surfaces is to scan the tip in a fixed plane across
surface and to record the current at a given bias voltage.
position of the plane relative to the substrate surface is
termined by the average tunneling current and the b
Therefore, it is possible to record current images as a fu
tion of bias or tip-sample distance.

Experiments on alkyl derivatives9,13,15,16revealed that, in
a bias range of (1.060.5) V and at an average current o
about 1 nA, the current through the different molecular s
ments can be calibrated against the current through the a
chains; in this way, the spectroscopic information is rath
independent from the particular tip. It was found that t
current through the sulfur atoms in the thiols@Fig. 2~a!#, as
well as the current through aromatic segments@Fig. 2~b!#,
were significantly larger than the current through the al
groups; on the other hand, the current through the oxy
functions in alkanols and fatty acids was rather similar to
current through the alkyl chains@Fig. 2~c!#. In the case of the
fluorinated compounds, a much smaller current was obse
over the fluorinated groups, relative to the rest of the al
chain @Fig. 2~d!#. In all these experiments, the organic mo
ecules lie more or less flat on the surface.

These results show that there is a strong dependenc
the tunneling current on the chemical nature of the functi
alities of the adsorbates, and that a single atom within
adsorbate can dramatically modify the tunneling current.
that sense, these results are reminiscent of the imagin
single Xe atoms physisorbed on metal surfaces.21

III. THEORETICAL METHODOLOGY

The geometry of the complexes was optimized with t
small molecule lying above the benzene plane, in orde
simulate the physisorption on a graphite surface~Fig. 3!. The
H2O and H2S molecules were oriented with the heavy ato
7, No. 1, 1 July 1997
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101Lazzaroni et al.: Molecular van der Waals complexes with benzene
FIG. 2. STM images obtained in the current mode for molecular adsorb
on graphite:~a! dihexadecyldisulfide~–S–S–! ~Ref. 15!, ~b! didodecylben-
zene (–C6H6– ) ~Ref. 13!, ~c! triacontanol~–OH! ~Ref. 9!, and ~d! 12-
fluorostearic acid~–F! ~Ref. 16!. Brighter areas correspond to larger cu
rents. Note the presence of dark stripes within the lamellae, correspondi
the location of fluorine atoms, in image d. The images were obtained in
current mode in a bias range of (1.060.5) V and at an average current o
about 1 nA.
J. Chem. Phys., Vol. 10
lying on the C6 symmetry axis of benzene and the two pr
tons pointing towards the aromatic ring. This structure c
responds to the configuration observed experimentally in
H2O/benzene complex.26 In order to limit the computationa
effort, these complexes were maintained in a C2 V configura-
tion during the geometry optimization~note that in the real
system, the C2 axis of the H2O molecule is slightly tilted
relative to the C6 axis of benzene

26!.
The CH4/benzene and CF4/benzene complexes were als

constrained in a similar C2 V configuration, even though pre
vious calculations and experiments24–29have shown that the
most favorable orientation for CH4 (CF4) is with three hy-
drogen~fluorine! atoms directed towards the benzene m
ecule. In this work, we have chosen to put only two hyd
gens ~fluorine! atoms closer to benzene in order to bet
simulate the interaction between a –CH2– (–CF2– ) group
and the graphite surface. For the benzene dimer, most ca
lations have been performed on the perpendicular ‘
shaped’’ configuration, as it is very close to the experimen
structure;30 this is also the most stable configuration found
theoretical calculations including electron correlation31 ~we
note that the parallel displaced configuration is also possi
its consideration does not lead to significant electronic str
ture modifications due to the overall weakness of
interactions25!.

The geometry optimization of the complexes was carr

es

to
e

FIG. 3. Geometric structure of the complexes; clockwise from top left: CH4/benzene, CF4/benzene, the benzene dimer, H2S/benzene, and H2O/benzene.
7, No. 1, 1 July 1997
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102 Lazzaroni et al.: Molecular van der Waals complexes with benzene
out in two steps. First, a full optimization was performed
the isolated molecules. Then, the two molecules of a gi
complex were brought together in the configuration d
scribed above and the intermolecular distance was optim
with the intramolecular structures kept frozen. This was do
on the basis of preliminary calculations which showed t
the formation of the complex does not affect significantly t
internal geometry of the partners. The validity of this a
proach is also confirmed by the fact that in HF/ethylene a
HF/acetylene complexes, the bond lengths calculated in
complexes have been found to be within 0.005 Å of t
values obtained in the isolated molecules.32

All calculations were performed at theab initio re-
stricted Hartree–Fock level with theHONDO-8 software
package33 running on an IBM/RISC 6000 workstation. W
adopted the same methodology as that successfully use
previous similar instances:23–25 the geometry optimizations
were carried out with a 3–21 G split-valence basis set~RHF/
3–21 G!; the electronic properties of the optimized structu
were then calculated with a 6–31 G* basis set including
polarization functions on nonhydrogen atoms. We stress
in such systems, it has been found earlier that RHF/3–2
geometries are reasonable in comparison to MP2/6–31*
geometries;23,24 therefore, since we are interested in the on
electron structure and not in the binding energies, we k
the RHF approach. We also considered the influence o
homogeneous external electric field, set parallel to the s
metry axis of the systems~which goes through the centra
atom of the small molecule and the center of the benz
plane!. The origin of the coordinates was set at the cente
mass and the magnitude of the field was chosen to co
spond approximately to the fields present in a STM exp
ment, typically on the order of 0.1 V/Å. Again, the geomet
was optimized at the RHF/3–21 G level and the electro
properties calculated with the RHF/6–31 G* technique.

IV. GEOMETRIC AND ELECTRONIC STRUCTURE OF
THE COMPLEXES

The optimized distance between the central atom of
small molecule and the benzene plane is 4.048 Å
CH4/benzene, 3.397 Å for H2O/benzene, 3.841 Å fo
H2S/benzene, and 3.917 Å for CF4/benzene. For the benzen
dimer in the T configuration, the distance between the c
ters of the two molecules is 5.300 Å. Compared to theor
cal calculations performed with a 6–31 G* basis set, includ-
ing electron correlation via Mo” ller–Plesset second-orde
~MP2! perturbation theory,24 the intermolecular distance
found here are in general overestimated by 0.2–0.3 Å, th
a direct consequence of neglecting electron correlation, s
the dispersive part of the interaction is not properly tak
into account. We also have to stress that the intermolec
potentials are extremely flat over a wide range of interm
lecular distances around the optimum.24 We can thus con-
sider the present results as satisfactory in the present co
since, as indicated above, the scope of this work is to un
stand the evolution of the electronic structure of the co
plexes in the series, rather than to determine their exact
J. Chem. Phys., Vol. 10
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metrical parameters: the electronic structure is not modi
in any significant way if the intermolecular distances a
lowered by 0.2–0.3 Å.

The binding energies for the complexes between
small molecules and benzene are small, on the order of
kcal/mol.23–29,34This clearly indicates that only weak inte
actions are at work between the partners, hence, these
tems are often called van der Waals complexes.35 Again,
from such small binding energies, we expect that comp
formation is not to significantly affect the intrinsic one
electron energy levels of the partners, as will be discus
below.

Besides permanent dipole-induced dipole interactio
~as in H2O/benzene! and induced dipole-induced dipole in
teractions~in all complexes!, another phenomenon playing
role in the stability of most of the complexes is the presen
of a small but significant charge transfer from benzene to
small molecules. The charge transfer, as obtained from
Mulliken population analysis, is calculated to be on the ord
of 0.01 ueu ~see Fig. 6!; it can be understood as being th
result of hydrogen bonding between the small molecule
thep system of benzene, acting as proton donor and pro
acceptor, respectively. This phenomenon, which has b
observed experimentally in H2O/benzene,

26 appears to be a
general feature in this series of complexes when the sm
molecule carries hydrogen atoms. The charge transfer is
pectedly strongest (;0.015ueu) towards the most polar mol
ecules~H2O and H2S!. Obviously, no such hydrogen bondin
is established between benzene and CF4; in that case, a smal
charge transfer (;0.003ueu) is observed from the electron
rich fluorine atoms to the aromatic ring.

With the analysis of the electronic structure of the co
plexes, our purpose is determining how the molecular e
tronic states localized on the isolated molecules are affe
by the formation of the van der Waals complexes, in orde
understand what the electronic interactions are between
adsorbates and the graphite plane. In this context, we o
examine the occupied valence states, for which the R
6–31 G* method should provide reliable results, and w
neglect the unoccupied states, which are not described a
rately at the Hartree–Fock level. Our results are theref
more relevant to the modeling of tunneling experiments
which electrons flow from the occupied states of the sam
to the tip. Note, however, that the STM measurements on
adsorbed monolayers are found to be insensitive to the
polarity.

Since intermolecular interactions are relatively weak
the complexes, the wave functions associated with the o
electron levels of the partners tend to mix only very slight
Thus, the electronic states of the complexes can generall
considered as localized on one or the other molecule, ba
on the analysis of the linear combination of atomic orbit
~LCAO! coefficients.

The electronic structure of the five complexes is sc
matically shown in Fig. 4. The molecular levels centered
the small molecules correspond to F 2p lone pairs and
C 2p–F 2p states, C 2p–H 1s states, O 2p–H 1s states and
oxygen lone pairs, and S 3p–H 1s states and sulfur lone
7, No. 1, 1 July 1997
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103Lazzaroni et al.: Molecular van der Waals complexes with benzene
pairs in CF4/benzene, CH4/benzene, H2O/benzene, and
H2S/benzene, respectively~for convenience, these levels a
hereafter referred to as F 2p, C 2p, O 2p, and S 3p, respec-
tively!. The highest-occupied molecular orbital~HOMO! of
the complexes always corresponds to the HOMO of benz
While in isolated benzene, the HOMO is doubly degener
and is calculated to appear at29.00 eV, the intermolecula
interactions existing in the complexes lift this degeneracy
a few hundredths of an eV. A more important effect is t
stabilization of the highest two levels of benzene upon co
plex formation. This effect is related to the strength of t
interaction between the partners, in the sense that it co
lates well with the binding energy: while the stabilization
only 0.02 eV in CH4/benzene~binding energy around 2
kcal/mol23–25!, it increases to'0.4 eV in H2O/benzene
@binding energy around 5 kcal/mol~Refs. 23–25!#. The ef-
fect can also be understood as a result of the charge tra
towards the small molecule, which reduces the electron d
sity on thep system. Consistent with the evolution of th
benzene levels, the formation of the complex also leads
0.2–0.4 eV destabilization of the molecular levels of t
small molecules. For instance, the HOMO of H2S shifts from
210.47eV in the isolated molecule to210.10 eV in the
complex. As expected, in the benzene dimer, four levels
pear near29 eV, those of the ‘‘substrate’’ ring being
slightly stabilized due to the interaction with one proton
the ‘‘adsorbed’’ ring.

Very importantly, a marked difference in the relativ
positions of the levels of benzene and the small molecu
appears from Fig. 4. The molecular orbitals localized
CF4 are very far in energy ('10 eV) from the HOMO of the
complex. This energy difference decreases for the comple
with CH4 and H2O, as the highest C 2p and O 2p levels lie
in the 4–5 eV range from the HOMO, and it becomes ve
small in H2S/benzene, where the highest level of H2S lies
only 0.8 eV below the levels of benzene. Obviously, t
difference is even smaller in the benzene dimer. A deta
LCAO analysis indicates that in the latter two complexes,
levels are close enough in energy for the corresponding w

FIG. 4. Electronic structure of the complexes~RHF/6–31 G* values!. Only
the most relevant electronic levels of benzene~full lines! and the small
molecules~dotted lines! are shown. The horizontal broken line at 9.0 e
corresponds to the position of the HOMO of the isolated benzene mole
J. Chem. Phys., Vol. 10
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functions to interact significantly; as a result, the highe
occupied electronic level of these complexes possess
contribution from the ‘‘adsorbed’’ molecule, as sketched
Fig. 5.

The major aspect of these results is that the evolution
the electronic structure described in Fig. 4 qualitatively p
allels the experimental STM observations: fluorinat
groups, in which the electronic states are very distant fr
those of the substrate, give rise to very low currents;
signal from alkyl chains and oxygen-containing species~rep-
resented here by CH4 and H2O! is intermediate; and strong
tunneling currents are measured above sulfide groups
aromatic rings, for which there occurs a significant electro
interaction with the substrate. This picture is also consist
with the bias-dependent STM images of the adsorbates
the case of pure alkane layers, at low bias, only the unde
ing structure of graphite is observed and the molecu
lamellae only appear when the bias is raised above cer
values.15 Similarly, when dialkylbenzenes are imaged at lo
bias, only the phenyl rings are visible and it takes a b
increase to image the full molecule. All these results
consistent with a model in which the tunneling current
creases as the energy gap between the electronic levels o
adsorbate and of the substrate decreases.

Finally, it is worth pointing out that the calculated value
of the polarizability of the complexes do not support a mo
relating the STM contrast to local variations in the workfun
tion of the system due to the presence of polariza
adsorbates.10 Except for the high value of the benzene dim
(azz514.6 Å3), which is due to its particular geometry, a
the complexes show comparable polarizabilities. T
H2O/benzene system has the lowest value (4.4 Å3), even
lower than CF4/benzene (4.9 Å3), while the CH4 complex is
closer to H2S/benzene~5.6 and 6.1 Å3, respectively!.

V. INFLUENCE OF AN EXTERNAL ELECTRIC FIELD

The geometry optimizations carried out in the presen
of an electric field with a magnitude ranging from20.004 to
10.004 atomic units~i.e., from20.2 to10.2 V/Å; 1 a.u. of
field55.1431011 V/m! lead to no significant modification
relative to the zero-field molecular structures, both in
tramolecular and intermolecular distances. This behavio
in agreement with studies performed on simple hydroc

le.

FIG. 5. Sketch of the most significant LCAO coefficients in the HOMO
the H2S/benzene complex.
7, No. 1, 1 July 1997
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104 Lazzaroni et al.: Molecular van der Waals complexes with benzene
bons, NH3 and CO, which show that much stronger fields,
the order of 0.02 a.u., are necessary to induce signific
changes in the geometry.36 The evolution of the total~Stark!
energy~I! as a function of the electric field~not shown here!
follows a second-order dependence, as expected for the
field values used here:

E~F !5E02(
i

m0i
F i2

1

2 (
i j

a i j FiF j ~1!

m i~F !5m0i
1(

j
a i j F j52

dE~F !

dFi
. ~2!

In the above equations,E is the total energy of the sys
tem,E0 being the zero-field value;Fi is the component of
the electric field along thei direction;m i is the dipole mo-
ment along thei direction, m0 being the zero-field value
a i j is the i j element of the linear polarizability tensor.

Following these two equations, the system is most de
bilized, i.e., the total energy is maximum, for the value of t
field which brings the dipole moment to zero. This maximu
destabilization is only observed for the CH4/benzene and
CF4/benzene complexes, since the field range we consid
not sufficient to suppress the dipole moment in the H2O and
H2S complexes. Nevertheless, we find that depending on
sign of the electric field, the charge transfer between
partners is significantly different~note that we take a nega
tive field along the C6 axis of benzene to correspond to th
negative pole being on the side of benzene and the pos
pole on the side of the small molecule!. Figure 6 shows the
evolution of the charge transfer as a function of the exter
field for the various complexes. In all cases, a linear relati
ship is observed over the field range considered. Since
intermolecular distances are found to remain constant u
application of the field, the degree of charge transfer can
considered to be directly proportional to the dipole mome

FIG. 6. Charge transfer between benzene and the small molecules
function of the electric field~RHF/6–31 G* values!. Negative values corre-
spond to an increase of the electron density on the small molecule.
J. Chem. Phys., Vol. 10
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Therefore, the linear dependence observed here is simp
consequence of the relation expressed in Eq.~2! and the
differences in the slopes of the curves reflect the differe
in the polarizability of the complexes.

Most important, the electric field can strongly influen
the electronic structure of the uppermost valence levels
dramatic case is benzene/H2S. Figure 7 shows the evolutio
of the energies of the HOMO of benzene and of the Sp
uppermost level. At negative and zero-electric fields,
benzene level clearly constitutes the HOMO of the syste
The two levels then come closer as the field becomes m
positive. The analysis of the LCAO coefficients of th
HOMO wave function atF510.004 a.u. indicates that th
characteristics of the two levels intimately mix for that val
of the field. Extending the calculations towards higher fie
leads to the complete crossing of the two states: the HO
of the complex now corresponds to a S 3p-based level while
the p levels of the aromatic unit are located at lower en
gies. The same type of behavior is also observed for
benzene dimer.

For the other complexes, applying the electric field b
sically has the same effect on the electronic structure: p
tive fields tend to destabilize the electronic levels of t
small molecule while stabilizing the HOMO of benzene. F
instance, the highest C 2p–H 1s level of CH4 is destabilized
by 0.4 eV for a10.004 a.u. field while the HOMO of ben
zene shifts down by 0.2 eV. However, due to the large ze
field energy difference between those two levels, no el
tronic interaction is observed in this field range and the t
states do not mix.

Again, these results are consistent with the fact that s
fide groups and aromatic groups can be imaged at low
~corresponding to small electric fields! while the other
groups can only be seen at higher biases~corresponding to
higher electric fields!.

s a
FIG. 7. Energy of the highest-occupied electronic level of benzene~open
squares! and the highest S 3p level of H2S ~crosses! in the H2S/benzene
complex as a function of the electric field~RHF/6–31 G* values!.
7, No. 1, 1 July 1997
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VI. CONCLUSIONS

The quantum-chemical study of small molecules int
acting with benzene, as models for the adsorption of orga
molecules on graphite, has shown that there is a qualita
correlation between the STM contrast and the energy s
ration between the electronic levels of the substrate and
adsorbate. The groups which possess upper-lying electr
states close to those of benzene, such as thiol and ph
give rise to a strong current. When the difference becom
few eV, as for hydroxy or alkyl, the current is intermedia
It becomes vanishingly small for large energy separations
in fluorinated groups. This is consistent with a model assu
ing resonant tunneling through some small density of sta
within the HOMO–LUMO gap of the adsorbate, since o
may expect that the density of states derived from the m
ecule, taken at the Fermi level, increases as the gap betw
the HOMO~or LUMO! and the Fermi level decreases, and
the coupling between substrate and adsorbate increase
nally, the introduction of an external electric field can e
hance the interaction between the electronic states in
complex, this effect being stronger when the energy sep
tion is small.

It must be stressed here that our theoretical approach
only provide a qualitative interpretation of the experimen
data since:~i! we do not consider explicitly the presence
the tip, ~ii ! the exact structure of the tip can vary from e
periment to experiment, and~iii ! the strength of the electric
field in the tunneling junction is not known precisely. Ther
fore, the values of the electric field for which the calculatio
predict a state crossing cannot be directly correlated to
bias needed to image a given molecule or group. Des
these limitations, we consider that this theoretical study
van der Waals complexes provides a useful guideline for
understanding of the STM imaging of molecular adsorba
on graphite. In this context, it is interesting to note that
calculations on the fluorinated compounds that indicat
very weak contrast around the fluorine functionalities w
performed before any STM data were taken on such syste
the experimental data subsequently fully confirmed the t
oretical predictions.16
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