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Correlation of electronic and local structure of 4-hydroxy-thiophenol
on NaCl „100… and Ag „100…

C. Tegenkamp and H. Pfnüra)

Institut für Festkörperphysik, Universita¨t Hannover, Appelstraße 2, D-30167 Hannover, Germany

~Received 20 November 2002; accepted 28 January 2003!

The electronic structure of 4-hydroxy-thiophenol~HTP! adsorbed on poly-Ag~100! and on
NaCl~100! was investigated with photoelectron~UPS! and electron energy loss spectroscopy
~EELS!, supplemented by DFT/B3LYP and restricted CIS-calculations of isolated molecules in
order to identify molecular emissions and characteristic losses. Whereas on NaCl~100! the HTP
molecules interact mainly via van der Waals interaction, on Ag~100! a strong level shift of 0.6 eV
to lower binding energies of the thiol emission was found, indicating the formation of an Ag–S
bond. As concluded from intensity ratios of various emissions both in UPS and in EELS, the HTP
molecule on NaCl~100! adsorbs essentially in a planar geometry, whereas on Ag~100! the angle
between the HTP molecular plane and the surface is around 70°, in agreement with expectations
from orbital symmetry and overlap. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1562193#

I. INTRODUCTION

The properties of small organic molecules at surfaces or
between macroscopic electric conductors have attracted
much attention recently,1–3 because their high flexibility al-
lows tailoring of electronic states to specific needs. The po-
tential for molecular electronics has been recognized almost
30 years ago.4 Nowadays, using specifically synthesized or-
ganic molecules, also single electron transistors have been
realized.5 Because thep2p* -splitting can be in the range
of several eV, organic molecules areper sea quantum-well
structure, which allows us in principle to study Coulomb-
blockade and Kondo-resonance effects even at comparably
high temperatures.5,6

As it is also obvious, the electronic properties of mol-
ecules and molecular layers are strongly determined by the
bond formation to their environment, electrodes, etc. There-
fore, the precise knowledge of the interaction of organic mol-
ecules with metal and insulator surfaces is of high impor-
tance, because this interaction influences significantly the
energetic position of thep-system and thus the resistances of
the tunneling barriers.

Whereas thicker layers of organic chain systems and
polymers have found already applications in electronics and
optoelectronics, such as organic light emitting devices, field
effect tranistors and solar cells,7,8 there are still only a few
investigations of monolayers. Within a monolayer, molecule-
molecule interactions can lead to laterally ordered organic
films, as shown for a variety of planarp-stacking organic
molecules like 3,4,9,10-perylenetetracarboxylic dianhydride
~PTCDA! adsorbed on various substrates@e.g., Ag~110!,
Ag~111!, Ni~111!#.8 In these films both the morphology and
the electronic structure are determined by weak van der
Waals interactions.

The choice to investigate the adsorption of HTP more

closely is motivated by the fact that it is one of the simplest
organic molecules that contains an OH and an SH side group
opposite to each other. From the literature it is well known,
that thiol ~SH! as a functional group of alkane chains or of
benzene rings interacts strongly with metallic surfaces, e.g.,
Ag or Au films by forming strong Ag–S or Au–S bonds,
respectively.10 Generally, this influences sensitively the ori-
entation of the organic molecules. Also lateral order in such
systems can be found at high densities within the first layer,
as shown for decanethiol@CH3(CH2)9SH# on Ag~111!.9 In
the recent past, our group concentrated on adsorption prop-
erties of pure and OH-substituted benzoic-acids on insulator
surfaces. In this context we used epitaxially grown
NaCl~100! and KCl~100! surfaces.11,12

This motivated us to perform spectroscopic investiga-
tions of 4-hydroxy-thiophenol~HTP! on both Ag~100! and
NaCl~100! to determine directly differences and similarities
in the bonding mechanisms on both substrates. Here we
combine the experimental studies with density functional
~DFT! and restricted configuration interaction singles~RCIS!
calculations of isolated molecules. These turned out to be
crucial for the identification and interpretation of the experi-
mental spectra obtained.

II. EXPERIMENT

The experiments have been carried out in an UHV-
chamber, equipped with LEED, UPS, EELS and XPS to
characterize both the morphology, the cleanliness and the
electronic structure of the surface and of the adsorbate. For a
detailed description of the experimental setup and thein situ
cleaning procedure of the Ge~100! substrate see Ref. 12.

8 ML thick NaCl~100! films have been grown on
Ge~100! surfaces at substrate temperatures below 200 K fol-
lowed by annealing to 500 K for at least 2 min. Thereafter, a
brilliant (131)-structure of NaCl~100! could be observed
with LEED.a!Electronic mail: pfnuer@fkp.uni-hannover.de

JOURNAL OF CHEMICAL PHYSICS VOLUME 118, NUMBER 16 22 APRIL 2003

75780021-9606/2003/118(16)/7578/7/$20.00 © 2003 American Institute of Physics



Ag films have also been grown on Ge~100! at low tem-
peratures followed by subsequent annealing to 600 K. Al-
though there is a lattice misfit of 27% between Ag~100! and
Ge~100!, a streaky (131) structure with the Ag lattice con-
stant and four-fold symmetry was observed with LEED after
the deposition of approximately 30 ML of silver, indicating
the formation of a polycrystalline, but preferentially~100!-
oriented Ag film @poly-Ag~100!#. The sample temperature
was measured by a Ni/NiCr-thermocouple attached to the
sample holder in close thermal contact with the sample. The
sample itself was heated either by direct current or by radia-
tion from a filament right behind the substrate.

The exposure of the sample to HTP was done by a stan-
dard gas inlet system, which was evacuated several times for
purification. Because the vapor pressure of HTP is very low
at room temperature, the reservoir for HTP was heated ex-
ternally up to approximately 50 °C. At this temperature the
dosing time for 1 Langmuir~L! was about 200 seconds. A
rough calibration of thickness was done by determing the
damping of the Ge2p-emission with XPS, assuming that the
electron mean free path of the Ge2p-photoelectrons (Ekin

5270 eV) corresponds to a thickness of 3 ML HTP.
In order to identify the experimentally observed peaks in

photoemission, we carried out DFT-calculations of a single
HTP molecule using theGAUSSIAN 98 package.14 As already
shown previously,12 a comparison of such calculations with
experimental photoemission data of adsorbed molecules
turned out to be helpful. Generally, we expect this method to
work sufficiently well for larger adsorbed molecules that re-
main intact during adsorption and interact moderately with
the substrate. This means that the electronic structure of the
adsorbed molecule has to be mainly unchanged compared
with the free molecule. This assumption was found to be
valid, e.g., for salicylic acid on NaCl~100!.12 Prior to a final
DFT/B3LYP single-point calculation of the molecule using
the high-dimensional 6-3111G(2d,p) basis set, the geom-
etry was optimized by a restricted Hartree–Fock calculation
@RHF/6-31G~d!#. Transition energies have been worked out
using restricted CIS~RCIS! at the 6-311G(d) basis level.
Since no reference data for pure HTP was available, we com-
pared in a first step the geometry of the HTP molecule ob-
tained by our theoretical calculation with the ZIDREJ struc-
ture of @C18H10Fe2O8S2,2(C6H6O1S1)# from the Cambridge
Crystallographic Data Center~CCDC!.15 The largest devia-
tion of about 0.9% was observed for the O–C bond. All other
distances could be reproduced to within a limit better than
0.2%.

III. RESULTS AND DISCUSSION

A. Photoemission

Photoemission data of adsorbed HTP already at first
sight show significant differences when saturation coverages
are adsorbed at a surface temperature of 180 K. Figure 1
shows the spectra obtained with HeI radiation of HTP on
NaCl~100! grown epitaxially on Ge~100! and on the poly-
crystalline Ag film on the same substrate. As obvious from
this figure, part of these differences must be due to differ-
ences in substrate emissions of NaCl and Ag, respectively.

This means that the HTP films are very thin. In fact, as we
will show below, they essentially correspond to saturation of
the first monolayers, respectively. Despite the apparent dif-
ferences of the spectra, we demonstrate that the adsorption
leaves the molecule intact on both surfaces.

In a first step, we concentrate on the adsorption of HTP
on the NaCl~100! surface. Since these NaCl films are almost
free of defects,13 they are chemically inert, and we can safely
assume that only molecular adsorption takes place.

As seen from Fig. 1~a!, the bare NaCl~100! surface
shows the characteristic double peak structure of its valence
band representing the high symmetry pointsX48 andX58 , re-
spectively. After an exposure of 9 L HTP at a substrate tem-
perature of 180 K, the UP-spectrum shows additional inten-
sity on both sides of the NaCl valence band structure@see the
fat curve in Fig. 1~a!#. Since no further changes in the spec-
trum are observed at higher exposures, the curve corresponds
to the saturation coverage at this surface temperature. Al-
though the intensity at the position of the bare NaCl~100!
surface remains unchanged, the characteristic spot splitting
has disappeared. This behavior is a typical indication of
weak interaction on NaCl~100! by adsorption, but it is also
seen when small concentrations of point defects like color
centers are introduced.16

The coverage of HTP on NaCl~100! was estimated to be
around 1 monolayer~ML ! from the damping of the Na1s-
emission in XPS. This is qualitatively in agreement with the
observed intensity between 8 and 6 eV@see Fig. 1~a!#, which
is still dominated by the NaCl~100! substrate, taking into
account the small escape depth of photoelectrons in this en-
ergy range. We will come back to this point below, when
presenting our EELS results.

Since the molecular interaction with the substrate is ex-
pected to be weak, it seems to be allowed to take a difference
spectra even in UPS in order to identify the molecular con-
tribution to the UP spectra. Because of the broad structures
induced by the molecule this alone turned out not be a viable

FIG. 1. UP-HeI-spectra of monolayers of HTP on~a! NaCl~100! and ~b!
poly-Ag~100! ~fat lines!. The substrate temperature was 180 K in both cases.
For reference, the spectra of the uncovered substrates are also shown~thin
lines!, as well as the spectrum of an Ag~100! single crystal surface~dotted!.
The energy scale is given with respect to the Fermi-level of Ag. A 10 point
averaging method was used to smooth the data. Pass energy 10 eV.
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procedure to identify the molecular contributions, but a more
detailed knowledge of individual contributions from different
molecular orbitals was needed.

Therefore, we performed DFT-calculations of single
HTP-molecules, because to the best of our knowledge no
reference data about the electronic structure of HPT was
available. The energetic positions for the ten uppermost oc-
cupied states are shown by vertical lines in the top part of
Fig. 2 together with plots of envelopes of the molecular or-
bital occupation probabilities. The energy scale has been ad-
justed so that the HOMO coincides with the experimentally
observed photoemission feature with the highest kinetic en-
ergy. When comparing these results with the experimental
photoemission curve, it is obvious that most of these molecu-
lar orbitals cannot be resolved, and only a fit, based on these
calculations, can be attempted. For this purpose, groups of
calculated peaks separated by less than 0.5 eV have been
combined into one peak in the fit.

With these restrictions, the HTP/NaCl~100! spectrum
could be fitted perfectly~see Fig. 2! assuming six Gaussian
functions~denoted by U1 to U6!, representing the HTP mo-
lecular orbitals, taking also into account a damped intensity
signal of the NaCl~100! valence band structure, as shown in
the lower part of Fig. 2. The dashed-dotted curve shows the
sum of only the molecular contributions. In this fit, the
FWHMs of the Gaussians were set equal. The two Gaussians
at 7 and 8.2 eV kinetic energy, respectively, are mainly used
to stabilize the fit, but have not been analyzed in detail.

A test of consistency of the fit has been carried out by
comparing it with an experimental spectrum obtained with
HeII radiation. This is shown in the inset of Fig. 2 after

shifting it by 19.6 eV in order to align it energetically with
the results obtained with HeI. The shorter elastic mean free
path of the electrons emitted by HeII results in a much higher
surface sensitivity so that the contribution of the HTP layer is
dominant. It corresponds now reasonably well to the spec-
trum calculated from the fit of the molecular orbitals alone
~dashed–dotted line!.

The good agreement between experiment and calcula-
tions yields a consistent picture of molecular adsorption, as
expected. It should be pointed out that the width of the peaks
is not limited by experiment.~The instrumental resolution is
at least one order of magnitude better than the fitted peak
widths!. Apart from intrinsic lifetime effects, it is partly
caused by multiplets of closely spaced emissions, as shown
by our DFT-calculations. The FWHMs might also be af-
fected by structural disorder within the HTP layer. With
LEED only diffusely scattered intensity was observed be-
sides the (131)-pattern from the NaCl~100! surface. This
indicates that no long range order between HTP molecules
exists. Only for the U2 and U3 emissions some deviations
~by 0.5 eV! between experimental positions and those calcu-
lated have been found. This may indicate that additional
substrate-adsorbate interactions beyond pure van der Waals
interaction play some role.

Summarizing this first part, the HTP molecule on
NaCl~100! remains intact and the specific orbital energies are
mainly given by intramolecular forces. This is in agreement
with previous investigations of benzoic-acids on insulating
surfaces like NaCl~100! and KCl~100!.11,12We found that the
interaction of these organic molecules is also weak, i.e.,
mainly a van der Waals interaction takes place.

FIG. 2. Top: Energetic positions of occupied molecular
states of the HTP molecule~vertical lines! together with
some of the corresponding molecular occupation prob-
abilities. The HOMO has been adjusted energetically to
the photoemission peak with the highest kinetic energy.
The dashed lines represent the experimentally deter-
mined peak positions. Bottom: UP-spectrum of 1 ML
HTP on NaCl~100! ~circles!. The fat solid line repre-
sents a fit taking into account both the underlying
NaCl~100! substrate~dashed curve! and six Gaussians
~solid curves, U1–U6! representing emissions from dif-
ferent groups of molecular orbitals. Adding only U1 to
U6, the dashed–dotted curve results. For further details
see the text. Inset: Section of the UP spectrum taken
with HeII radiation, which originates almost completely
from the HTP molecule.
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The photoemission spectrum of HTP adsorbed on poly-
Ag~100! is shown in Fig. 1~b!. This spectrum also represents
the saturation coverage of HTP/poly-Ag~100! adsorbed at
180 K. Compared to the insulating surface, the substrate in-
duced features seem to be more strongly modified compared
with the insulating NaCl surface. For example, a significant
minimum in intensity around25 eV BE evolves, although
this is the energetic position, where the silverd-band sets in
@compare with the dashed curve in Fig. 1~b!#. This indicates
either a higher density of HTP molecules on poly-Ag~100! or
other possible modifications of the molecules and its adsorp-
tion geometry. As it turns out from the EELS experiments
described below, these molecules are still located in only one
monolayer.

Despite the differences seen in Fig. 1 for HTP adsorption
on NaCl and on Ag, the photoemission spectrum of HTP on
poly-Ag~100! can be described by the same model of mo-
lecular adsorption as on NaCl, i.e., with the same number of
peaks at almost the same peak positions in the fits on both
surfaces. This is demonstrated in Fig. 3, where we compare
spectra of HTP on poly-Ag~100! ~bottom! and HTP/
NaCl~100! ~top!. For the latter case, the contributions of the
substrate valence bands have been subtracted. There are,
however, a few important differences. The emission denoted
by U3 shifts significantly by 0.6 eV to lower BE. The shifts
of the other emissions are less than 0.2 eV. Furthermore, the
ratios of integral intensities of group U1, U2, U3, U6 relative
to the group U4, U5 are reversed on the two substrates.

From our DFT-calculations, it is known that the peak
denoted by U3 is related to the molecular orbital located at
the sulphur~see Fig. 2!. This state is shifted to a position at
the top of thed-band of Ag~100!, i.e., it is now in resonance
with the Ag d-band. This shift is a clear indication that the
HTP molecule is bound with its thiol-group to the Ag-
substrate. On NaCl~100! nothing similiar is found.

The alignment of molecular emissions from the HOMOs
with those of the upper edge of the valence band on insula-

tors for HTP, but also for benzoic-acids,12 indicates that ad-
ditonal contributions beyond pure van der Waals interactions
must be present. From symmetry considerations we con-
cluded in Ref. 12 that the mixing ofpx,y-type orbitals from
the carboxylic OH-group with the valence band of
NaCl~100! and of KCl~100! is most likely responsible for
this energetic pinning. A similiar argumentation can be ap-
plied also to HTP/NaCl~100!, because the U4-emission from
HTP contains the emission from thepx,y-type orbital of the
phenolic OH-group@see Fig. 1~a! and Fig. 2#, which is ener-
getically in resonance with the valence band of NaCl~100!.

Our DFT-calculations~see Fig. 2! also allow us to cor-
relate relative changes in the photoelectron intensity with the
determined orbital symmetries of the emissions U1-U6. The
peaks denoted by U1, U2, U3 and U6 showp-like orbital
symmetry, whereas U4 and U5 consists of orbitals located in
the plane of the HTP molecule. The relative change in inten-
sity between adsorption on NaCl and on Ag can be easily
explained as an effect of different local orientation of the
molecule with respect to the surface normal. Although for
the UPS experiments unpolarized radiation was used, a de-
pendency of the integral intensity is still expected. This is
demonstrated in Fig. 4, where we calculated the expected
relative photoemission intensity forp-like ands-like orbitals
assuming unpolarized HeI radiation. A schematic of the ge-
ometry of the UPS experiment is shown in the inset of Fig. 4.
The angle of incidence of the photons in our case was 41°
with respect to the surface. Photoelectrons have been de-
tected in the direction normal to the surface.

The functionsgs(q) andgp(q) represent the expected
change of intensity fors- ~parallel to molecular plane! and
p-like orbitals~perpendicular to the molecular plane! for the
given geometry. That is,gs(q) is used for U4, U5, and

FIG. 3. A comparison of UP-spectra of HTP without contributions from the
NaCl valence band~top! with HTP on poly-Ag~100! ~bottom!. Both data
sets were fitted by the same model~see the text!. Apart from the energetic
shift of U3 towards lower binding energies also the integral intensities of
U1, U2, and U6 are higher on poly-Ag~100! than on NaCl~100!.

FIG. 4. Dependence of the photoelectron intensity ofs- andp-like orbitals,
gs(q) and gp(q), respectively, on the polar angle for random azimuthal
orientation and for the geometry used in our experiments.f is explained in
the text.
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gp(q) for U1, U2, U3, and U6~see Fig. 2!. gs(q) and
gp(q) were obtained by purely geometrical considerations,
whereby the expected intensity was averaged with respect to
the azimuthal orientation,w, of the molecule, as motivated
by the LEED results.

In a simple picture, the total photoemission intensityI
from a molecular orbital is determined by the coverage, the
power of the radiation source, the cross-section for excitation
and the above mentioned geometry of the molecule. How-
ever, the former dependencies are divided out by forming
ratios ofs- andp-orbitals on both substrates at fixed geom-
etries of photoemission, e.g., (U6/U4)NaCl/(U6/U4)Ag . This
ratio, f (q8,q), is also shown also in Fig. 4 for the case that
q850, i.e., the HTP molecule is assumed to adsorb on
NaCl~100! with its molecular plane parallel to the surface.
With this assumption, and using the experimentally deter-
mined ratios, the angle of adsorption for HTP/poly-Ag~100!
is 70° with respect to the surface plane~the dashed lines in
Fig. 4!. Considering the rather large uncertainty~estimated to
be around615°), because of the indirect determination of
integral intensities by fitting, this result would also be com-
patible with an HTP molecule standing upright on the
Ag~100! surface.

These results show that also for HTP on poly-Ag~100!
the electronic states of the HTP molecule are mainly deter-
mined by intramolecular forces, i.e., there is little distortion
in the adsorbed molecule compared with the molecule in the
gas phase. We found evidence for the formation of an Ag–S
bond. This bond formation seems to be the reason for the
difference in adsorption geometry, which can be easily ratio-
nalized. From the energetic position of the U3 emission rela-
tive to the Ag valence bands we conclude that thep orbital
associated with the thiol group mainly interacts with the sil-
ver d-band. As seen from Fig. 3, overlap of this orbital with
orbitals located in the surface plane can only be maximized
for a nonplanar orientation of the HTP molecule. A smaller
contribution to binding of HTP might also be due to the

sp-hybrid states because these states are also in resonace
with the U1 state of the molecule.

B. EELS results

In addition to UP spectra, also electron energy loss spec-
tra ~EELS! have been recorded for both HTP/NaCl~100! and
HTP/poly-Ag~100!. This is shown in Fig. 5 as a function of
HTP exposure. The intensities are normalized with respect to
the elastic peak. Starting with the insulating surface~left
graph!, the lowermost spectrum shows the characteristic loss
features of clean NaCl~100!, i.e., a band gap of approxi-
mately 8 eV and an excitonic state at 7.6 eV. Already at the
lowest exposure of HTP three new losses can be observed
within the original band gap of NaCl~100! at loss energies of
4.1, 5.1 and 6.4 eV.~An identification of these peaks will be
given below, when presenting our RCIS-results.! These
peaks shift very little as a function of increasing coverage.
The saturation coverage is reached after dosing approxi-
mately 4 L of HTP. Taking into account a damped signal
contribution from the clean NaCl~100! surface, the new loss
spectrum can be fitted perfectly using three Gaussians repre-
senting the adsorbate induced loss peaks. Interestingly, the
full width at half maximum~FWHM! for the E3-loss was
found to be approximately two times larger than for E1 and
E2 ~1.8 eV for E3 and 0.8 eV for E2!, an indication that this
peak may consist of a nonresolvable multiplet of character-
istic losses.

The corresponding loss spectra of HTP on poly-Ag~100!
are shown in the right graph of Fig. 5 as a function of in-
creasing HTP coverage. A fit for the metallic system was
more difficult compared to NaCl~100!, because of large
background contributions that increased monotonously to-
wards higher loss energies. But again, taking into account the
surface plasmon loss of Ag around 4 eV loss energy, there
are no indications from the fits that more than three adsor-
bate induced loss peaks are present in these spectra. The fit

FIG. 5. EEL–Spectra of HTP/
NaCl~100! ~left! and HTP/poly-
Ag~100! ~right! as a function of HTP
exposure. The final curve in each
graph represents the saturation cover-
age of HTP. On both substrates new
loss-features denoted by E1~4.1 eV!,
E2 ~5.1 eV! and E3~6.4 eV! appear.
Electron energy 52 eV (30° off-
specular!. The substrate temperature
was 180 K. The spectra are shifted
against each other for better visibility.
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gives the same loss energies for E1, E2, and E3 as on
NaCl~100!. On Ag the peak position of E1 is quite uncertain,
because its position is almost in resonance with the Ag inter-
face plasmon. Here the FWHM for the E3-peak is around 0.7
eV and thus significantly smaller than for HTP/NaCl~100!.

In the following we will discuss the E3-loss in more
detail, since the E3-peak is the most dominant feature within
the loss spectra. In addition to the FWHM of E3 also the
integral intensity has been evaluated in detail. The relative
intensity of the E3-peak of HTP on both substrates as a func-
tion of HTP exposure is shown in Fig. 6~a!. After a linear
increase, the intensity starts to saturate at 3.8 L for HTP/
NaCl~100!. In contrast, on poly-Ag~100! the saturation of
intensity is reached already around 2 L. Because of the high
background on Ag, the actual loss intensities at saturation,
normalized to the elastic peaks, respectively, differ by a fac-
tor of 3 on both surfaces.

This difference, however, cannot be due to a smaller
density of HTP on Ag. The dose necessary for saturation on
NaCl agrees well with that for a close-packed layer of HTP
molecules with its molecular plane oriented parallel to the
surface, assuming an average sticking coefficient around 0.5
at the measured rate of impingement. Neglecting any relax-
ation effects of HTP and assuming molecules adsorbed in
planar orientation, each HTP molecule occupies about 1.5
unit meshes of NaCl~100! ~area per unit mesh 15.8 Å2). The
saturation concentration on Ag with the molecules oriented
out-of-plane cannot be smaller than this value, and must be
compensated for by a higher sticking coefficient close to 1.
This means that absolute saturation concentrations on both
surfaces are roughly equal, in agreement with the results de-
duced from the damping of XPS intensities mentioned
above. Because of the smaller area per unit cell on Ag~100!
(8.4 Å2) the relative concentration at saturation is close to
1/3 on this surface.

The difference in integral intensity of the E3-loss on

both surfaces must be a consequence of different molecular
orientations of HTP on both surfaces, in agreement with the
conclusion from our UPS-results. For an estimate of the
angle of inclination we use the simplest EELS-model of an
incoming electron and its space charge in the bulk generating
an electric fieldEW , which interacts with surface dipolesdW

(I;QuEW •dW u2).17 Assuming the planar adsorption of HTP on
NaCl~100!, the HTP molecule poly-Ag~100! must be in-
clined at a polar angle of 60° with respect to the surface for
this ratio of intensities. This is in good agreement with the
angle derived from UPS. Here we implicitly assume that the
dipole moment of the E3-lossdW is perpendicular to the mo-
lecular plane of the HTP-molecule, i.e., it is ap-like orbital.
Indeed, this is in good agreement with the results from
RCIS-calculations, which will be presented now.

Mainly for the purpose of peak identification in EELS
we carried out RCIS-calculations, again for isolated HTP
molecules. The theoretical results together with the experi-
mental data for HTP/NaCl~100! are shown in Fig. 7. In order
to obtain agreement between calculated and observed losses
we corrected the calculated loss energies by shifting them by
1.3 eV towards lower energies. This is allowed since the
RCIS as a zeroth-order method is known to overestimate
excitation energies.18 In any case, the agreement is sufficient
to allow the identification of the various loss contributions,
since also the relative intensity ratios between E1, E2 and E3
are reproduced rather well. This comparison shows that the
E1 and E2 transitions originate from electronic excitations of
the benzene ring, with U1 and U2 as initial states, respec-
tively. The RCIS-result also shows that the E3 peak~initial
state also U1! indeed consists of~at least! three peaks with
excitations located in different parts of the molecule, namely
at the benzene ring, the hydroxyl- and the thiol-group, re-
spectively. This is consistent with our experimental oberser-
vation that the FWHM of the E3 peak is significantly broader
than E2 and E1 of HTP/NaCl~100!. It agrees also with our
conclusion that the interaction between HTP and the
NaCl~100! surface is weak. The fact that the FWHM of the
E3-loss of HTP/poly-Ag~100! is smaller compared to the ad-
sorption experiment on NaCl~100!, reflects the chemical re-

FIG. 6. Results of the relative intensity of the E3-loss~a! and of FWHM~b!
for HTP/NaCl~100! ~squares! and HTP/poly-Ag~100! ~circles! obtained
from fitting the spectra of Fig. 5.

FIG. 7. A comparison between theoretical results obtained by CIS-
calculations and experiment for HTP/NaCl~100!.
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action of sulphur states with the substrate, an effect not in-
cluded in these simple calculations. Since no other loss peaks
appear on poly-Ag~100!, the separate peaks of the E3 loss
seen in the calculations can only shift slightly so that they
merge into a narrower peak in the experiment on poly-
Ag~100!. This again indicates that the molecule stays intact
also on the silver surface, but is chemisorbed with an in-
clined orientation of the molecular axis, in contrast to the
adsorption on the insulating NaCl~100! surface.

IV. SUMMARY AND CONCLUSIONS

In this paper we have presented results of the electronic
structure of HTP on NaCl~100! and on poly-Ag~100! ob-
tained with UPS and EELS. As seen by these experiments,
the line widths of characteristic emissions of the adsorbed
molecule, even in the case of only weak interaction studied
here, is so large that a unique separation of peaks was not
possible. Only with the help of DFT- and RCIS-calculations
of the isolated molecule we have been able to identify the
emissions characteristic of the HTP molecule and to separate
them from emissions characteristic of the substrates. This
demonstrates the importance of a combination of experiment
and calculations for the interpretation of the electronic prop-
erties of larger adsorbed molecules. Because of the relatively
weak interactions of HTP on both surfaces studied here, and
because of the low saturation densities in the first monolay-
ers, respectively, the information from calculations of single
isolated molecules turned out to be sufficient. It is obvious
that for stronger interactions with the substrate these must
also be taken into account.

HTP on NaCl~100! forms a typical van der Waals bond
to the surface, as indicated by the essentially unchanged en-
ergetic positions compared with the DFT-calculations of a
single HTP molecule. The interaction with the surface is
maximized by a planar adsorption geometry. The well de-
fined energetic alignment between HOMOs of adsorbed
small molecules of organic acids and the valence bands of
insulator material found for several systems seems to be due
to some additional interaction of the phenolic OH-groups
with the valence bands of the insulating films, since they are
energetically in resonance. If the molecule is not oriented
exactly planar to the surface, it is this group that will be
closest to the surface.

In contrast, the electronic interaction of the thiol-group
with mainly the silver 4d-band seems to be responsible for
HTP/poly-Ag~100!, indicating the formation of an Ag–S
bond. It causes a nonplanar adsorption geometry. Both UPS
and EELS have shown that HTP on Ag~100! is bound in a
close to upright orientation.

Although lateral ordering of HTP was not found, the
molecules grow in a well defined orientation with respect to
the surface normal. In that sense they still form a self-
assembled monolayer. Thus such a molecular layer of HTP
still might act as a buffer layer in, e.g., metal–insolator het-
ereoepitaxy.
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