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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 Physids§0021-960807)00625-9

I. INTRODUCTION the STM contrast for a variety of molecular segments in
well-defined molecular environments. Interestingly, some

Scanning tunneling microscog$TM) has emerged as a general trends are apparent from previous work. For in-
remarkable tool to investigate organic molecules on elecstance, for a large variety of alkylated aromatics, constant
tronically conducting solid substrates with atomic scaleheight images obtained in similar conditions reveal that the
resolution'™® One particularly appealing substrate is thecurrent through the aromatic part is generally, considerably
basal plane of highly oriented pyrolitic graphitdOPG be-  larger than through the aliphatic patt!® The aim of the
cause it is chemically inert, and it exhibits very large atomi-work presented in this paper is to contribute to the under-
cally perfect flat terraces. This allows to study highly orderedstanding of such general trends.
molecular monolayers, which interact only weakly with the  Various interpretations for the contrast have been pro-
substrate, and whose electronic structure is therefore onlyosed in the literature. On one hand, the contrast has been
weakly perturbed. related to the polarizability of the adsorbed moleddighe

STM experiments have been carried out on monomopresence of a polarizable molecule or molecular fragment in
lecular layers of long alkanés® as well as on a large series the electric field between the tip and the substrate would
of alkyl derivatives including alkanofs? fatty acids’ vari-  locally modify the workfunction of the substrate, hence the
ous alkylated aromatic moleculg$)~**alkane thiols'> and  barrier height, which would in turn, affect the intensity of the
selectively fluorinated fatty acid§,immobilized at the inter- tunneling current. On the other hand, the contrast has also
face between organic solutions or melts and the basal plarteeen interpreted in terms of the distribution of the electron
of HOPG. These data show that the monolayers organize akensity in the frontier molecular orbitals of the adsorbate.
two-dimensional crystals. Crystal structure and orientatiorExamples include adsorbates at the interface between liquid
are governed by weak interactions, both between the mokrystals and graphit?, phthalocyanines on coppé&t,and
ecules and the substrate and between the molecules withsubstituted alkanes on graphifeFor the specific case of
the layers. Similarly, ordered molecular layers have beerxenon atoms on nickel, the current has been explained on the
formed by sublimation of aromatic molecules in vacutiff  basis of a resonance between the empty Xesfates

All the experiments referred to above have provided out{LUMO) and the Fermi surface of the mefalRecently, the
standing information on the structure and dynamics of orcurrent through alkane and polyene chains has been calcu-
ganic monolayers on HOPG. This was possible despite thiated, taking into account the interaction between substrate
fact that a good understanding of the origin of the contrast imnd adsorbate with a calculation based on extendezkélu
still lacking, since the conclusions were mainly based on sizenolecular orbitals. The results indicate that the HOMO-
and symmetry arguments. On the other hand, given the goddUMO gap has a strong influence on the electron transport
understanding of molecular structure and dynamics, the sanp@operties’?
experimental data may also be used in order to investigate In this work, we consider the following model, in order
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action between aromatic units, we also consider the benzene
Evac — \l/ dimer. In previous studies, we have examined the geometric
\ Vhias structure and some aspects of the electronic structure of a
e few of these complexeS 2° In this paper, we briefly de-
(I)tip scribe the major geometric features in the whole series and
® focus on the evolution of the electronic structure, in particu-
l sample lar the distribution of the highest valence electronic states in
Ef the complexes. We also investigate the influence of an exter-
! nal electric field, corresponding to the bias voltage of the
tunneling junction, on the electronic structure of the systems.
This paper is organized as follows: the STM results that we
aim at understanding are summarized in Sec. Il; the theoret-
HOMO ical methodology is described in Sec. lll. The electronic
structure of the complexes and the influence of the external
electric field are presented in the next two sections.
© )
tip  molecule sample Il. EXPERIMENTAL OBSERVATIONS

STM on molecular adsorbates is based on electron tun-
FIG. 1. Schematic energy diagram for a STM junction with a molecule. neling from a metallic tip through a molecule into a conduct-
ing substrate, or vice versa. In practice, an atomically sharp
tip is approached towards the substrate to within a distance
o . . small enough that a tunneling current can be measured, i.e.,
rvatives ?_nle HOPG under typically 'used ex.penmentalon the order of 1 nm. A convenient mode of operation for
conditions. Electrqns from a metglllc STM-tip tunnel_ very flat surfaces is to scan the tip in a fixed plane across the
through a molecule into the conducting substrate, or VIC%urface and to record the current at a given bias voltage. The

\{_(ra]rsa. Akfs che_mast‘llc): efn(:]rgyldlagrgm IS dlsplayzd4|nVF|g. dlposition of the plane relative to the substrate surface is de-
& workiunctionsb of the electrodes are aroun eV, andiarmined by the average tunneling current and the bias.

tflle appl!ed blasi_voltgge IS typlcilly arounddl \é For a ,WeakTherefore, it is possible to record current images as a func-
electronic coupling between substrate and adsorteden tion of bias or tip-sample distance.

the present cageone may expect that the broadening of the Experiments on alkyl derivatives>156revealed that, in

molecular states is small and the Fermi energies are roughlé( bias range of (160.5) V and at an average current of
in the middle between the HOMO and LUMO. If the about 1 nA, the current through the different molecular seg-

HO.MO_fLLrJ]MO glap ils larger than t?e applieil bias,hthT: €M ments can be calibrated against the current through the alkyl
ergies of the molecular states are far away from the Ferm hains; in this way, the spectroscopic information is rather

energies. However,_ the experiments show that the turmelinﬁ’ldependent from the particular tip. It was found that the
current reflects a distinct difference between alkyl and arog rrent through the sulfur atoms in the thigRig. 2a)], as

. —14 . . .
matic segment®~1* which cannot be simply attributed to well as the current through aromatic segmeifiy. 2(b)],

topography. Therefore, the current must couple to the MOvere significantly larger than the current through the alkyl

I(ra]cularhstates. Th'S" (rjnay 'be aflttrlbuted .tﬁ.reionant tur;]ne:]'ngroups; on the other hand, the current through the oxygen
through some small density of states within the gap, which I3, ions in alkanols and fatty acids was rather similar to the

due to the broadening of the molecular levels centered sev: -
current through the alkyl chaini&ig. 2(c)]. In the case of the
eral eV apart, similar to the case of Xe on (Ref. 21 and g y fi§ig. 20)]

Ik AR O t that the density of stat fluorinated compounds, a much smaller current was observed
alkanes on Ad.-ne may expect that the densily ol StateS, o the fluorinated groups, relative to the rest of the alkyl
derived from the molecule, taken at the Fermi level, in-

chain[Fig. 2d)]. In all these experiments, the organic mol-
creases as the gap between the HOMOthe LUMO) and ecules lie more or less flat on the surface.

the Fermi level decreases, and/or the coupling between sub- These results show that there is a strong dependence of

stra:e an(;j a(t:isorb?jtﬁ [[r;]crgzatses. i betw bstrat the tunneling current on the chemical nature of the function-
h order to model the Interactions between substraté angies of the adsorbates, and that a single atom within the

adstﬁrba;e_, ,:.Veﬁset hereFa ?(uan;l;méc?emlc\;a\lll appro%ch tt;lasf orbate can dramatically modify the tunneling current. In
on theab Initio Hartree—-ock Methodology. YVe ConSIOer they, o ganse, these results are reminiscent of the imaging of

basic structural unit of graphite, benzene, as a model for thgingle Xe atoms physisorbed on metal surfades
substrate, interacting with molecules containing either, car- '

bon, oxygen, sulfur, or fluorine atoms, i.e., £HH,O,
H,S, and Ck. The methane molecule is the basic model for
methylene units (—Ck+) in alkyl chains while the other The geometry of the complexes was optimized with the
molecules represent the functional groups present in the sysmall molecule lying above the benzene plane, in order to
tems studied experimentally with STf11€ they will be re-  simulate the physisorption on a graphite surfé€ig. 3). The
ferred to as the “small molecules”. To investigate the inter-H,O and HS molecules were oriented with the heavy atom

to describe the tunneling through various flat-lying alkyl de-

lll. THEORETICAL METHODOLOGY
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lying on the G symmetry axis of benzene and the two pro-
tons pointing towards the aromatic ring. This structure cor-
responds to the configuration observed experimentally in the
H,O/benzene compleX In order to limit the computational
effort, these complexes were maintained ina,€onfigura-

tion during the geometry optimizatiofmote that in the real
system, the g axis of the HO molecule is slightly tilted
relative to the G axis of benzerf®).

The CHy/benzene and GFenzene complexes were also
constrained in a similar £, configuration, even though pre-
vious calculations and experimeffts*® have shown that the
most favorable orientation for GH CF,) is with three hy-
drogen(fluorineg) atoms directed towards the benzene mol-
ecule. In this work, we have chosen to put only two hydro-
gens (fluorine) atoms closer to benzene in order to better
simulate the interaction between a —£H(—CR—) group
and the graphite surface. For the benzene dimer, most calcu-
lations have been performed on the perpendicular “T-
shaped” configuration, as it is very close to the experimental
structure®® this is also the most stable configuration found in
FIG. 2. STM images obtained in the current mode for molecular adsorbatetheoretical calculations including electron Corre|aﬁj0fwe
on graphitex(@) dihexadecyldisulfidé-S—S+ (Ref. 15, (b) didodecylben-  note that the parallel displaced configuration is also possible;
zene (~G@Hq—) (Ref. 13, (¢) triacontanol (-OH) (Ref. 9, and (d) 12- 5 consideration does not lead to significant electronic struc-

fluorostearic acid—F) (Ref. 16. Brighter areas correspond to larger cur- e .
rents. Note the presence of dark stripes within the lamellae, corresponding &We modifications due to the overall weakness of the

. . 5
the location of fluorine atoms, in image d. The images were obtained in thénteraction$ ).
current mode in a bias range of (0.5) V and at an average current of The geometry optimization of the complexes was carried
about 1 nA.

FIG. 3. Geometric structure of the complexes; clockwise from top lefty/@#hzene, CHbenzene, the benzene dimerSthenzene, and J@/benzene.
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out in two steps. First, a full optimization was performed onmetrical parameters: the electronic structure is not modified
the isolated molecules. Then, the two molecules of a givein any significant way if the intermolecular distances are
complex were brought together in the configuration dedowered by 0.2—0.3 A.

scribed above and the intermolecular distance was optimized The binding energies for the complexes between the
with the intramolecular structures kept frozen. This was donamall molecules and benzene are small, on the order of 2-5
on the basis of preliminary calculations which showed thakcal/mol?3-2°24This clearly indicates that only weak inter-
the formation of the complex does not affect significantly theactions are at work between the partners, hence, these sys-
internal geometry of the partners. The validity of this ap-tems are often called van der Waals compleXeagain,
proach is also confirmed by the fact that in HF/ethylene androm such small binding energies, we expect that complex
HF/acetylene complexes, the bond lengths calculated in thidrmation is not to significantly affect the intrinsic one-
complexes have been found to be within 0.005 A of theelectron energy levels of the partners, as will be discussed
values obtained in the isolated molecutés. below.

All' calculations were performed at thab initio re- Besides permanent dipole-induced dipole interactions
stricted Hartree—Fock level with theloNDO-8 software (as in H,O/benzengand induced dipole-induced dipole in-
packag@’ running on an IBM/RISC 6000 workstation. We teractions(in all complexey another phenomenon playing a
adopted the same methodology as that successfully used 8le in the stability of most of the complexes is the presence
previous similar instanceS7*° the geometry optimizations of a small but significant charge transfer from benzene to the
were carried out with a 3—-21 G split-valence basis(B&tF/  small molecules. The charge transfer, as obtained from a
3-21 G; the electronic properties of the optimized structuresmulliken population analysis, is calculated to be on the order
were then calculated with a 6—31*@asis set including of 0.01 le| (see Fig. & it can be understood as being the
polarization functions on nonhydrogen atoms. We stress thagsult of hydrogen bonding between the small molecule and
in such systems, it has been found earlier that RHF/3-21 %e 7 system of benzene, acting as proton donor and proton
geometries are reasonable in comparison to MP2/6-31 Gacceptor, respectively. This phenomenon, which has been
geometries’**therefore, since we are interested in the one-gbserved experimentally in #/benzené® appears to be a
electron structure and not in the binding energies, we kepjeneral feature in this series of complexes when the small
the RHF approach. We also considered the influence of gholecule carries hydrogen atoms. The charge transfer is ex-
homogeneous external electric field, set parallel to the sympectedly strongest0.015e|) towards the most polar mol-
metry axis of the system@vhich goes through the central eculesH,O and HS). Obviously, no such hydrogen bonding
atom of the small molecule and the center of the benzeng established between benzene and; @#that case, a small
plang. The origin of the coordinates was set at the center otharge transfer£0.003e|) is observed from the electron-
mass and the magnitude of the field was chosen to correich fluorine atoms to the aromatic ring.
spond approximately to the fields present in a STM experi-  With the analysis of the electronic structure of the com-
ment, typically on the order of 0.1 V/A. Again, the geometry plexes, our purpose is determining how the molecular elec-
was optimized at the RHF/3-21 G level and the electronigronic states localized on the isolated molecules are affected
properties calculated with the RHF/6—3T @chnique. by the formation of the van der Waals complexes, in order to

understand what the electronic interactions are between the
V. GEOMETRIC AND ELECTRONIC STRUCTURE OF adsorpates and thel graphite plane. In this coqtext, we only
THE COMPLEXES examine the occupied valence states, for which the RHF/

6—31 G method should provide reliable results, and we

The optimized distance between the central atom of theéeglect the unoccupied states, which are not described accu-
small molecule and the benzene plane is 4.048 A forately at the Hartree—Fock level. Our results are therefore
CHy/benzene, 3.397 A for jD/benzene, 3.841 A for more relevant to the modeling of tunneling experiments in
H,S/benzene, and 3.917 A for @Benzene. For the benzene which electrons flow from the occupied states of the sample
dimer in the T configuration, the distance between the cento the tip. Note, however, that the STM measurements on the
ters of the two molecules is 5.300 A. Compared to theoretiadsorbed monolayers are found to be insensitive to the bias
cal calculations performed with a 6—3% ®asis set, includ- polarity.
ing electron correlation via Mier—Plesset second-order Since intermolecular interactions are relatively weak in
(MP2) perturbation theor§? the intermolecular distances the complexes, the wave functions associated with the one-
found here are in general overestimated by 0.2—0.3 A, this islectron levels of the partners tend to mix only very slightly.
a direct consequence of neglecting electron correlation, sincéhus, the electronic states of the complexes can generally be
the dispersive part of the interaction is not properly takenconsidered as localized on one or the other molecule, based
into account. We also have to stress that the intermoleculayn the analysis of the linear combination of atomic orbitals
potentials are extremely flat over a wide range of intermo{LCAOQO) coefficients.
lecular distances around the optiméfnWe can thus con- The electronic structure of the five complexes is sche-
sider the present results as satisfactory in the present contextatically shown in Fig. 4. The molecular levels centered on
since, as indicated above, the scope of this work is to undethe small molecules correspond to p 2one pairs and
stand the evolution of the electronic structure of the com-C 2p—F 2p states, C g—H 1s states, O @—H 1s states and
plexes in the series, rather than to determine their exact ge@xygen lone pairs, and $3H 1s states and sulfur lone
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FIG. 4. Electronic structure of the complexgdHF/6—-31 G values. Only

the most relevant electronic levels of benzefdl lines) and the small ; ; SN . ; _
molecules(dotted line$ are shown. The horizontal broken line at 9.0 eV functions to interact Slgnlflcantly, as a result, the hlghESt

corresponds to the position of the HOMO of the isolated benzene moleculé?ccupied_ electronic level of these complexes possesses a
contribution from the “adsorbed” molecule, as sketched in

Fig. 5.

The major aspect of these results is that the evolution in
pairs in CR/benzene, Chlbenzene, HO/benzene, and the electronic structure described in Fig. 4 qualitatively par-
H,S/benzene, respectivelfor convenience, these levels are allels the experimental STM observations: fluorinated
hereafter referred to as p2C 2p, O 2p, and S ®, respec-  groups, in which the electronic states are very distant from
tively). The highest-occupied molecular orbittdOMO) of  those of the substrate, give rise to very low currents; the
the complexes always corresponds to the HOMO of benzengignal from alkyl chains and oxygen-containing speciep-
While in isolated benzene, the HOMO is doubly degeneratgesented here by GHand H0) is intermediate; and strong
and is calculated to appear at9.00 eV, the intermolecular tunneling currents are measured above sulfide groups and
interactions existing in the complexes lift this degeneracy byaromatic rings, for which there occurs a significant electronic
a few hundredths of an eV. A more important effect is theinteraction with the substrate. This picture is also consistent
stabilization of the highest two levels of benzene upon comwith the bias-dependent STM images of the adsorbates. In
plex formation. This effect is related to the strength of thethe case of pure alkane layers, at low bias, only the underly-
interaction between the partners, in the sense that it corréng structure of graphite is observed and the molecular
lates well with the binding energy: while the stabilization is lamellae only appear when the bias is raised above certain
only 0.02 eV in CH/benzene(binding energy around 2 values®® Similarly, when dialkylbenzenes are imaged at low
kcal/mof®=29, it increases to~0.4 eV in HO/benzene bias, only the phenyl rings are visible and it takes a bias
[binding energy around 5 kcal/méRefs. 23-25]. The ef- increase to image the full molecule. All these results are
fect can also be understood as a result of the charge transfesnsistent with a model in which the tunneling current in-
towards the small molecule, which reduces the electron dercreases as the energy gap between the electronic levels of the
sity on the 7 system. Consistent with the evolution of the adsorbate and of the substrate decreases.
benzene levels, the formation of the complex also leads to a  Finally, it is worth pointing out that the calculated values
0.2-0.4 eV destabilization of the molecular levels of theof the polarizability of the complexes do not support a model
small molecules. For instance, the HOMO ofShifts from  relating the STM contrast to local variations in the workfunc-
—10.47eV in the isolated molecule te 10.10 eV in the tion of the system due to the presence of polarizable
complex. As expected, in the benzene dimer, four levels apadsorbate$’ Except for the high value of the benzene dimer
pear near—9eV, those of the “substrate” ring being (a,,=14.6 A®), which is due to its particular geometry, all
slightly stabilized due to the interaction with one proton ofthe complexes show comparable polarizabilities. The
the “adsorbed” ring. H,O/benzene system has the lowest value (4%, Aeven

Very importantly, a marked difference in the relative lower than CR/benzene (4.9 &), while the CH, complex is
positions of the levels of benzene and the small moleculegloser to HS/benzend5.6 and 6.1 &, respectively.
appears from Fig. 4. The molecular orbitals localized on
CF, are very far in energy 10 eV) from the HOMO of the \, "\ ,ENCE OF AN EXTERNAL ELECTRIC FIELD
complex. This energy difference decreases for the complexes
with CH, and H,0, as the highest Ci2and O D levels lie The geometry optimizations carried out in the presence
in the 4-5 eV range from the HOMO, and it becomes veryof an electric field with a magnitude ranging fror0.004 to
small in H,S/benzene, where the highest level ofSHies  +0.004 atomic unitgi.e., from—0.2 to+0.2 V/A; 1 a.u. of
only 0.8 eV below the levels of benzene. Obviously, thefield=5.14x10" V/m) lead to no significant modifications
difference is even smaller in the benzene dimer. A detailedelative to the zero-field molecular structures, both in in-
LCAO analysis indicates that in the latter two complexes, theramolecular and intermolecular distances. This behavior is
levels are close enough in energy for the corresponding wavie agreement with studies performed on simple hydrocar-
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FIG. 7. Energy of the highest-occupied electronic level of benZepen
FIG. 6. Charge transfer between benzene and the small molecules assguares and the highest S@Blevel of H,S (crosses in the H,S/benzene
function of the electric fieldRHF/6—-31 G valuesg. Negative values corre-  complex as a function of the electric fiefRHF/6-31 G values.
spond to an increase of the electron density on the small molecule.

bons, NH and CO, which show that much stronger fields, onTherefore, the linear dependence observed here is simply a
the order of 0.02 a.u., are necessary to induce significarfonsequence of the relation expressed in &y.and the
changes in the geometf§ The evolution of the totalStark  differences in the slopes of the curves reflect the difference
energy(l) as a function of the electric fielthot shown here  in the polarizability of the complexes.

follows a second-order dependence, as expected for the low Most important, the electric field can strongly influence

field values used here: the electronic structure of the uppermost valence levels. A
1 dramatic case is benzenefd Figure 7 shows the evolution
E(F)ZEO—E o, Fi— > E ajjFiF; 1) of the energies of the HOMO of benzene and of thepS 3
: U uppermost level. At negative and zero-electric fields, the
SE(F) benzene level clearly constitutes the HOMO of the system.
Mi(F):MOi"_; aijFj=——g—- (2)  The two levels then come closer as the field becomes more
I

positive. The analysis of the LCAO coefficients of the

In the above equationg is the total energy of the sys- HOMO wave function aF = +0.004 a.u. indicates that the
tem, Ey being the zero-field valuef; is the component of characteristics of the two levels intimately mix for that value
the electric field along thé direction; ; is the dipole mo- of the field. Extending the calculations towards higher fields
ment along the direction, ug being the zero-field value; leads to the complete crossing of the two states: the HOMO
ajj is theij element of the linear polarizability tensor. of the complex now corresponds to a $-Based level while

Following these two equations, the system is most destahe = levels of the aromatic unit are located at lower ener-
bilized, i.e., the total energy is maximum, for the value of thegies. The same type of behavior is also observed for the
field which brings the dipole moment to zero. This maximumbenzene dimer.
destabilization is only observed for the ¢benzene and For the other complexes, applying the electric field ba-
CF,/benzene complexes, since the field range we consider scally has the same effect on the electronic structure: posi-
not sufficient to suppress the dipole moment in th®©kind tive fields tend to destabilize the electronic levels of the
H,S complexes. Nevertheless, we find that depending on themall molecule while stabilizing the HOMO of benzene. For
sign of the electric field, the charge transfer between thénstance, the highest 2 H 1s level of CH, is destabilized
partners is significantly differer(note that we take a nega- by 0.4 eV for a+0.004 a.u. field while the HOMO of ben-
tive field along the g axis of benzene to correspond to the zene shifts down by 0.2 eV. However, due to the large zero-
negative pole being on the side of benzene and the positivigeld energy difference between those two levels, no elec-
pole on the side of the small moleculéigure 6 shows the tronic interaction is observed in this field range and the two
evolution of the charge transfer as a function of the externastates do not mix.
field for the various complexes. In all cases, a linear relation-  Again, these results are consistent with the fact that sul-
ship is observed over the field range considered. Since thidde groups and aromatic groups can be imaged at low bias
intermolecular distances are found to remain constant upotcorresponding to small electric fieldswvhile the other
application of the field, the degree of charge transfer can bgroups can only be seen at higher biagesresponding to
considered to be directly proportional to the dipole momenthigher electric fields

J. Chem. Phys., Vol. 107, No. 1, 1 July 1997



Lazzaroni et al.: Molecular van der Waals complexes with benzene 105

VI. CONCLUSIONS !s. Chiang, inScanning Tunneling Microscopy , lledited by H.-J.

h hemical dv of I | | . Guntherodt and R. Wiesendang@pringer, Berlin, 1992
The quantum-c emical stu y O small molecules inter- 23. Frommer, Angew. Chem. Int. Ed. Engll, 1298(1992.

acting with benzene, as models for the adsorption of organic;, p. Rabe, Ultramicroscopje—44, 41 (1992.

molecules on graphite, has shown that there is a qualitativéG. C. McGonigal, R. H. Bernhardt, and D. J. Thomson, Appl. Phys. Lett.
correlation between the STM contrast and the energy sepa5-57, 28(1990. _

ration between the electronic levels of the substrate and the’- © R?behlf‘”dBS'LBgc.r};ho'z’ Sclemis 12 (éggj)'Ch ol6 6213
adsorbate. The groups which possess upper-lying eIectronic(l'gggﬁ schke, B. L. Sciimann, and J. P. Rabe, J. Chem. PI9.
states close to those of benzene, such as thiol and phenyl; askadskaya and J. P. Rabe, Phys. Rev. 1691.1395(1992.

give rise to a strong current. When the difference becomes &j. p. Rabe, S. Buchholz, and L. Askadskaya, Phys. 819, 260 (1993.

few eV, as for hydroxy or alkyl, the current is intermediate. °S. Buchholz and J. P. Rabe, Angew. Chem. Int. Ed. E3(yl189(1992.

It becomes vanishingly small for large energy separations, asJ- K- Spong, H. A. Mizes, L. J. LaComb, Jr., M. M. Dovek, J. E. Frommer,
in fluorinated groups. This is consistent with a model assumhg”‘;‘]'ESéFc_’shte;’ I'z'atH“ﬁ?) 132(189.89: 4 H. Neioh. Natus4 641

ing resonant tunneling through some small density of states(l'gg'o_' mith, J. K. H. Feber, G. Binnig, and H. Nejoh, Natu@s4

within the HOMO-LUMO gap of the adsorbate, since oneiz askadskaya, C. Boeffel, and J. P. Rabe, Ber. Bunsenges. Phys. Chem.
may expect that the density of states derived from the mol- 97, 517(1993.

ecule, taken at the Fermi level, increases as the gap betwe&i. P. Rabe and S. Buchholz, Phys. Rev. Léf.2096(1992.

the HOMO(or LUMO) and the Fermi level decreases, and/or“éhStggeL;é ?18;;\/5;9' K. Mlen, and J. P. Rabe, Angew. Chem. Int. Ed.
the coupllr)g betwe.en substrate and adsorpatg increases. E,lj_ gp'. R’abe’ S Bu(':hhmZ’ and L. Askadskaya, Synth. Meid)s339
nally, the introduction of an external electric field can en- (1993.

hance the interaction between the electronic states in thea. stabel, L. Dasaradhi, D. O’Hagan, and J. P. Rabe, Langfriyil 427
complex, this effect being stronger when the energy separa-(1995.

tion is small. 7C. Ludwig, B. Gompf, W. Glatz, J. Petersen, W. Eisenmenger, M: Mo

It must be stressed here that our theoretical approach caggP'ts: Y- Zimmermann, and N. Karl, Z. Physik &, 397 (1992,
. o . . . P. E. Burrows, Y. Zhang, E. |. Haskal, and S. R. Forrest, Appl. Phys. Lett.
only provide a qualitative interpretation of the experimental ¢; 2417(1992
data.singe(i) we do not consider explipitly the presence of 19p W |ippel, R. J. Wilson, M. D. Miller, Ch. Wib and S. Chiang, Phys.
the tip, (ii) the exact structure of the tip can vary from ex- Rev. Lett.62, 171(1989.
periment to experiment, an(di) the strength of the electric *’G. Lambin, M. H. Delvaux, A. Calderone, R. Lazzaroni, J. L’ das, T.
field in the tunneling junction is not known precisely. There-  C- Clarke, and J. P. Rabe, Mol. Cryst. Lig. Cry285 75 (1993.
I . . 2ID. M. Eigler, P. S. Weiss, E. K. Schweizer, and N. D. Lang, Phys. Rev.
fore, the values of the electric field for which the calculations Lett, 66, 1189(1991)
p_redict a state c_rossing cannot be directly correlated to t_hec_ Joachim and J. F. Vinuesa, Europhys. LB&, 635 (1996.
bias needed to image a given molecule or group. Despit&]. L. Bradas and G. B. Street, J. Am. Chem. S0, 7001(1988.
these limitations, we consider that this theoretical study of;“J. L. Bradas and G. B. Street, J. Chem. Phg8, 7291(1989.
. . . 5 H H
van der Waals complexes provides a useful guideline for the R- Lﬁzzam”" A. Calderone, G. '-amlt;'”- J. P. Rabe, and J. Lé’&e
understanding of the STM imaging of molecular adsorbates SY"t- Met 41-43, 525 (1991; A. Calderone, R. Lazzaroni, and J. L.
hi hi Lo . h h Bredas, Synth. Met82, 225(1996.
on grapl ite. In this contgxt, it is interesting to notg t.at thezss suzuki, P. G. Green, R. E. Bumgarer, S. Dasgupta, W. A. Goddard,
calculations on the fluorinated compounds that indicate a and G. A. Blake, Scienc257, 942 (1992.
very weak contrast around the fluorine functionalities were”’M. Schauer and E. R. Bernstein, J. Chem. Plgs.726 (1985.

performed before any STM data were taken on such system&J. Wanna, J. A. Menapace, and E. R. Bernstein, J. Chem. Bfy795

the experimental data subsequently fully confirmed the thes,1989-
i Fl) dictiond® q y ully 293, A. Menapace and E. R. Bernstein, J. Chem. Pas2843(1987).
oretical predictions. 30K, 0. Bornsen, H. L. Selzle, and E. W. Schlag, J. Chem. P8§s1726
(1986.
ACKNOWLEDGMENTS 31p. Hobza, H. L. Slezle, and E. W. Schlag, J. Am. Chem. 98¢5893

. . . (1990.
The work on carbon/pqumer interfaces in Mons |sApartIy32J. A. Pople, M. J. Frisch, and J. E. Del Bene, Chem. Phys. Be1t185
supported by the Belgian Government SSTC &80  (1982.
d’Attraction Interuniversitaire en Chimie Supramolgaire M. Dupuis, A. Farazdel, S. P. Karna, and S. A. Malvendes{iatecc 90,
et Catalyse”, FNRS/FRFC, and an IBM Academic Joint Modern Techniques in Computational Chemistglited by E. Clementi
: : : (ESCOM, Leiden, 1990 p. 277.
tShtUdé' The coll?:boran_on_ In t?rlls WOLk tr;]as Egg;us_?pgortedex“A. J. Gotch and T. S. Zwier, J. Chem. Phg§, 3388(1992.
€ European Lommission ) roug .e aSIC. ea’SP. Hobza, H. L. Slezle, and E. W. Schlag, Chem. R&.1723(1994.
search TOPFIT(7282. R.L. is a senior researcher with 3y Nakatsuji, T. Hayakawa, and T. Yonezawa; J. Am. Chem. $08,

Fonds National de la Recherche Scientifique, Belgium. 7426(1981).

J. Chem. Phys., Vol. 107, No. 1, 1 July 1997



