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The nature of the intermolecular and substrate bonds of iron phthalocyanine adsorbed on highly
oriented pyrolitic graphite has been investigated by x-ray photoelectron spectroscopy and x-ray
absorption spectroscopy. We find that the molecules grow in a highly ordered fashion with the
molecules essentially plane-parallel to the surface in both the mono- and multilayers. The spectra
obtained on both types of film are virtually identical, which shows that the bonds both between the
adsorbate and substrate and between the molecular layers have a pure van der Waals nature.
Supporting density functional theory results indicate that the layers are stabilized by weak hydrogen
bonds within the molecular layers. © 2009 American Institute of Physics. [d0i:10.1063/1.3259699]

I. INTRODUCTION

Phthalocyanines (cf. Fig. 1 for the chemical structure of
iron phthalocyanine, FePc) are among the most important
macrocycle molecules, which are characterized by a closed
organic framework that holds a central metal atom. Phthalo-
cyanines are widely studied both due to their broad applica-
tion range (see, e.g., Refs. 1-4) and due to their suitability as
a model system for more complicated macrocycles. FePc has
been receiving particular interest since its structure and
chemistry are very similar to that of the active part of heme
(see, e.g., Refs. 1, 5, and 6). Heme is one of the most impor-
tant biological catalysts, so this similarity suggests that ph-
thalocyanines in general and FePc in particular might be ex-
cellent catalyst materials for oxidation and other chemical
reactions.*’"!! Indeed, phthalocyanines have, e.g., been em-
ployed in the cathodic oxygen dissociation in fuel cells.'*?
However, under fuel cell standard conditions, i.e., using pure
hydrogen as the feed, the activity of FePc remains below that
of the widely used precious metal catalysts such as
platinuIn.M’”’lg’24 The reason for this remains unclear, since
little is known about the catalyst structure during operation
and the catalytic mechanism when using the macrocycle
catalysts. In general, the functionality and reactivity of mac-
rocycle compounds depend on the atomic-scale geometry
and electronic structure of the molecules, both when ad-
sorbed on surfaces and in thin films (see, e.g., Refs. 25-32).
Hence it is important to develop a better grasp of the atomic
details of the catalytic phase. Our interest here is the inves-
tigation of a model system which can enlighten some of
these questions. Since the catalytically active material in fuel
cells typically is supported by a carbon substrate,” we chose
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to study the adsorption of FePc on highly oriented pyrolitic
graphite (HOPG) by x-ray photoelectron spectroscopy (XPS)
and x-ray absorption spectroscopy (XAS). In the following
we will show that on HOPG both the mono- and multilayers
are characterized by a molecular geometry with the hetero-
cyclic planes parallel to the surface. The same geometry is
also found for a three-dimensional (3D) cluster characteristic
for the growth of FePc on HOPG.** The 3D phase can be
regarded as a precursor to the monolayer phase, because an-
nealing of this phase leads to the formation of molecular
single layer islands. Our results also show that the interac-
tions between the substrate and adsorbate and between the
adsorbate layers are weak. Since our experiments could not
provide any detailed information on the in-plane intermo-
lecular interactions, we performed density functional theory
(DFT) calculations which suggest a stabilization of the mo-
lecular networks by weak in-plane hydrogen bonds.
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FIG. 1. The molecular structure of FePc.
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Il. EXPERIMENTAL AND THEORETICAL METHODS

The experiments were performed at beam line 1511 (Ref.
35) of the national Swedish synchrotron radiation facility
MAX-Laboratory. The surface end station of this beam line
consists of two chambers, an analysis chamber with a base
pressure of 1 107! Torr and a preparation chamber with a
base pressure which in our experiment was in the high
1071 Torr range. The analysis chamber houses a Scienta
R4000 electron energy analyzer, which can be rotated around
the beam direction. The beam direction is parallel to the axis
of the sample manipulator, and therefore the sample has to be
mounted in such a way that its surface inclines by a small
angle (ca. 7°) from the beam axis.

The HOPG substrate was freshly cleaved prior to inser-
tion into vacuum. After insertion it was cleaned by flashing
to 900 °C. FePc, purchased from Sigma-Aldrich, was ther-
mally sublimated onto the sample using a home-built subli-
mation stage. Prior to deposition, the FePc powder was out-
gassed carefully. During evaporation the tantalum crucible
holding the FePc was resistively heated to a temperature of
around 400 °C, while the HOPG substrate was kept at room
temperature. The coverage and character of the multilayer
films are discussed in more detail below. The monolayer was
prepared by heating the multilayer to 400 °C for 1 min.>*4
Subsequent heating did not lead to any further change in the
appearance of the previously obtained spectra. During the
measurements the sample was scanned in order to prevent
possible beam damage of the FePc molecules.

In the XPS experiments, photon energies of 350, 530,
and 130 eV were used for recording the C ls, N 1s, and
valence band photoemission spectra. All spectra were energy
calibrated with respect to the C 1s core level of graphite36 at
284.42 eV. The XAS experiments were performed using a
number of different geometries, with the electric field vector
E parallel and close to normal to the surface, respectively. A
small deviation from the normal direction arises from the
inclination of the surface with respect to the direction of the
incoming light as described above. For the monolayer prepa-
ration further XAS scans were performed at angles of 70°,
45°, and 20° between the orientation of the E vector and the
surface to determine the molecular inclination with respect to
the HOPG surface. The x-ray absorption spectra were di-
vided by the energy-dependent photon flux, which was re-
corded by measuring the photon-induced current on a gold
mesh between the monochromator and sample. After re-
moval of a constant background measured below the first
resonance the spectra were then normalized to the intensity
of the vacuum level step at about 30 eV above the absorption
edge. The photon energy scale of the x-ray absorption spec-
tra was calibrated by recording photoemission spectra ex-
cited by first and second order light at relevant photon ener-
gies.

All DFT calculations were carried out with the VASP
package,37 using ultrasoft pseudopotentials38’39 and the
Ceperley—Alder  version of the local  density
approxim21ti0n.40’41 The plane-wave basis cutoff was set to
350 eV. The FePc dimer was positioned in a 40X40
X 10 A cuboid supercell. The Brillouin zone was sampled
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FIG. 2. C 1s x-ray photoemission spectra of the multi- and monolayer
preparations of FePc on HOPG. Increasing the coverage from a monolayer
to a multilayer leads to a shift to higher binding energies of the molecular
features. The overall energy resolution was 90 meV.

with a single k-point at I'. The Gaussian smearing method
with 0.2 eV smearing width was used to accelerate the elec-
tronic relaxation. The energy profile presented in Fig.8 is the
result of non-spin-polarized calculations. Spin-polarized cal-
culations were performed for some interaction distances with
no effect on the interaction energy values.

lll. RESULTS

The C 1s, N 1s, and valence band photoemission spectra
are displayed in Figs. 2-5 and the peak positions are reported
in Table I. We first turn to the mono- and multilayer C s
spectra in Fig. 2, with the corresponding least-squares fits in
Fig. 3. The spectra consist of several features, which corre-
spond to photoemission from the HOPG substrate (C1), ben-
zene carbon atoms (C2), pyrrole carbon atoms (C3), and
shake-up satellites related to photoemission from the ben-
zene (S¢,) and pyrrole carbon atoms (S¢3). From the feature
at around 286 eV binding energy in Fig. 2 (cf. Table I),
which is due to photoemission from the pyrrole atoms of
FePc,™* it is seen that the multilayer C 1s spectrum is
shifted to higher binding energies as compared to the mono-
layer C 1s spectrum. The monolayer spectrum is dominated
by the graphite peak at 284.42 eV as can be deduced from
the fitting results illustrated in Fig. 3(a), while the FePc ben-
zene peak at 284.49 eV gives a small contribution to the
main peak only. As stated above, the feature at 285.67 eV
binding energy stems from photoemission from the pyrrole
carbon atoms of FePc. The intensity ratio of the peaks asso-
ciated with benzene and pyrrole carbons (considered as the
sum of the main peak and shake-up satellite contributions)
found in the monolayer spectrum least-squares fits is 3:1 as
expected from the stoichiometry of the compound.

The appearance of the C 1s multilayer spectrum agrees
well with previous experimental and theoretical work 340
[Fig. 3(b), cf. Table I for binding energies]. The main differ-
ence compared to previous work lies in the more asymmetric
line shape of the low binding energy peak. The reason for
this deviation is the occurrence of the C 1ls peak of the
graphite substrate, which shows that the investigated
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FIG. 3. C 1s x-ray photoemission spectra (experimental data and fit) of the
monolayer (a) and multilayer (b) of FePc on HOPG. The solid lines repre-
sent the fit and the dotted lines the experimental data. A Shirley-type back-
ground was subtracted from the spectra prior to fitting. Five peak compo-
nents have been fitted to each spectrum. The peaks correspond to the
substrate HOPG (C1), the benzene and pyrrole carbon atoms (C2 and C3),
and the shake-up satellites associated with the benzene and pyrrole main
lines (Sc, and Scz). The intensity ratio benzene:pyrrole peaks ((C2
+S¢2)/(C3+Sc3)) has been constrained to 3:1, which is the value expected
from the stoichiometry of the FePc molecule. The inset in Fig. 3(a) repre-
sents a magnified area of part of the monolayer spectrum, for a better view
of the fit components.

multilayer is relatively thin. This contribution from the
HOPG substrate (C1) was fixed at 284.42 eV and then the
main peaks due to photoemission from the molecules were
found at 284.54 eV (C2, benzene) and 285.85 eV (C3, pyr-
role). The shake-up structures relating to photoemission from
benzene (S¢,) and pyrrole (S¢s;) carbons are shifted by 1.8
and 2.1 eV from the corresponding main peaks, respectively.
To within the limit of the experiment uncertainty the separa-
tion between the main peaks and the satellites is the same for
the multilayer and monolayer.

Comparing the mono- and multilayer C ls spectra, we
find a 0.18 eV shift to higher binding energy for the
multilayer pyrrole carbon atom photoemission compared to
photoemission from the monolayer, while the shift for the
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FIG. 4. N 1s x-ray photoemission spectra of the multi- and monolayer
preparations of FePc on HOPG measured at an overall energy resolution of
130 meV. The peaks have the same width of 0.78 eV at half maximum.

benzene peak is only 0.05 eV, i.e., of the same order as the
measurement uncertainty. For the multilayer the benzene/
pyrrole peak intensity ratio ((C2+S¢,)/(C3+Sc¢3)) is 3.17:1,
similar to what we found for the monolayer. The value is also
in accordance with previous literature data for thick H,Pc
films (Ref. 41). The analysis of the C 1s core level photo-
emission peaks shows the same molecular features for both
the mono- and multilayer preparations. The only significant
difference is the increase in binding energy with coverage
(Fig. 2 and Table I), which is seen to be different for the
benzene and pyrrole peaks (Table I).

Apart from a shift of approximately 0.17 eV, the N 1s
spectra for the monolayer and multilayer preparations in
Fig. 4 are virtually identical with main peaks of identical
widths (0.78 eV full width at half maximum) and shake-up
features at around 1.8 eV above the main peak. The FePc-
related features in the mono- and multilayer valence photo-
emission spectra in Fig. 5 are also in good agreement, as can
be seen from a comparison of the monolayer/clean graphite
difference and multilayer spectra (however, the difference
spectrum fails to correctly reproduce some of the inner va-
lence states at around 20 eV binding energy). The main dif-
ference is an overall shift (0.15 eV) which most easily is
identified from a comparison of the positions of the highest
occupied molecular orbital (HOMO).

In panels (a) and (c) of Fig. 6, the N 1s x-ray absorption
spectra are shown for the mono- and multilayer preparations
and in panel (b) the corresponding spectra for the 3D cluster

TABLE I. Binding energies in eV for the main photoemission lines, sepa-
ration between the main line and corresponding shake-up satellite for the C
1s and N 1s photoemission spectra, and HOMO peak position for the mono-
and multilayers. The binding energy uncertainty is =50 meV.

Multilayer Monolayer A utitayer-monolayer

C 1s benzene (eV) 284.54 284.49 0.05

C s pyrrole (eV) 285.85 285.67 0.18
Avenzenc-pyrrole (V) 1.31 1.18

Abenzene-satelli[e (SV) 1.8 1.8

Apyrmlc—sa[clli[c (eV) 2.1 2.05

N Is main line (eV) 398.90 398.73 0.17

AN 1s-sateltiee (€V) 1.82 1.79

HOMO (eV) 1.79 1.64 0.15
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FIG. 5. Valence photoemission spectra of the indicated preparations. The
middle spectrum is the difference of the monolayer (top) and the clean
graphite (second topmost) spectrum. This difference spectrum is compared
to the multilayer spectrum below, which has been shifted by —0.15 eV in
order to align the HOMO features. All spectra were measured at 55° from
normal emission. In this geometry it is possible to resolve both the o and 7
states of the molecule (Ref. 45). The overall instrumental resolution was
60 meV for the monolayer and multilayer spectra and 30 meV for the graph-
ite spectrum.

growth at low coverage mentioned in the Sec. I. The reso-
nances in the N ls x-ray absorption spectra represent the
unoccupied molecular orbitals with at least partial
p-character and weight on the nitrogen atom. For all prepa-
rations the spectra show strong intensity due to the lowest 7
resonances of FePc when the sample is irradiated with the
x-ray E-vector perpendicular to the surface. In contrast, for
irradiation with the E-vector parallel to the surface the inten-
sity of these resonances vanishes nearly completely. This ob-
servation expresses clearly that FePc grows on HOPG in a
flat geometry, and this is valid not only for the first mono-
layer, but also for subsequent layers as well as the molecules
in the 3D cluster growth.

In order to render this statement more quantitative we
measured monolayer N 1s x-ray absorption at further inci-
dence angles. Figure 7 shows the peak height of the lowest
unoccupied molecular orbital (LUMO) of the monolayer as a
function of the angle between the electric field vector and the
surface.*”* The angle dependence reveals that the 7 orbit-
als are oriented perpendicular to the surface (*1.7°), which
proves that the monolayer molecules lie essentially perfectly
flat on the HOPG surface. These data agree well with STM
studies of the first layer growth of FePc on HOPG,* which
also showed a flat-lying geometry of the adsorbates. We ex-
pect exactly the same tilt angle for the multilayer and 3D
clusters, since their x-ray absorption spectra at grazing and
normal incidence angles of the E-vector relative to the sur-
face exhibit exactly the same behavior as the monolayer.

In Fig. 8 the results of a DFT calculation for the
molecule-molecule interaction are shown. The potential
curve for a FePc dimer in the gas phase is characterized by a
minimum for an intermolecular distance close to 3.1 A and,
hence, the dimer is stabilized with respect to the separated
molecules by a small energy gain of approximately 0.2 eV.
As will be discussed below, this energy gain is attributed
primarily to the formation of weak hydrogen bonds between
the bridging nitrogen atoms on one molecule and the ben-
zene hydrogen atoms on the neighbor molecules. It is noted
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FIG. 6. N 1s x-ray absorption spectra of FePc monolayers (a), 3D clusters
(b), and multilayers (c) on HOPG. The measurements were carried out in
Auger yield at a photon energy resolution of around 60 meV for the spectra
in panels (a) and (b) and 90 meV for the spectra in (c).

that the distances of the optimized geometry fit well with
the STM data of FePc/HOPG measured by Ahlund et al.
(Ref. 34).

IV. DISCUSSION

There are a couple of issues that we would like to dis-
cuss in more detail. In particular, we will show that FePc
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FIG. 7. LUMO resonance intensity for the monolayer preparation as a func-
tion of the angle between the electric field and the surface. The degree of
in-plane polarization of the light is 97%. The fit resulted in a 90 degree tilt
angle for the 7" resonance with respect to the surface, which indicates that
the molecules are flat on the HOPG surface.

binds only weakly to the graphite surface in a flat-lying ge-
ometry and that the electronic structure of FePc is at most
only weakly perturbed by the bond to the substrate. The in-
termolecular bond is also weak and we propose that the in-
plane bond is characterized by weak hydrogen bonds, while
the interlayer bonds are proposed to have a pure van der
Waals nature.

Before going into any detail of the bonding, we would
like to clarify the nature of the investigated multilayer. The
multilayer C 1s photoemission spectrum in Fig. 3 contains a
significant contribution from the substrate C 1s peak, which
implies that the organic film was relatively thin. We can
make a crude estimation for the film thickness from a com-
parison of the absolute intensities of the N 1s peaks for the
two preparations measured using the same beam line and
analyzer settings. The comparison shows an N 1s intensity
that is approximately six times higher for the multilayer as
compared to the monolayer. This implies that the multilayer
must be more than six layers thick, since the peak ratio will
underestimate the multilayer intensity due to electron scatter-
ing. However, the estimation is complicated by the finding
that FePc grows in a Volmer—Weber mode, i.e., in 3D
clusters.*® Hence, the multilayer thickness is expected to be
inhomogeneous and even at very large nominal coverages
there might exist parts of the surface which either are bare or
covered by very thin molecular layers only. The observation
of the substrate C 1s signal in the multilayer C 1s spectrum
and of the onset of states evident in the valence band spectra
(Figs. 3 and 5) might be related to such domains of low FePc
coverages or bare surface, while, at the same time, many of
the multilayer islands might be characterized by very large
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FIG. 8. Interaction energy between two FePc molecules as a function of the
intermolecular distance (red lines between the molecules). The result indi-
cates that the optimum distance is very close to 3.1 A at an interaction
energy of —0.17 eV.
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thicknesses. The multilayer photoemission spectrum contains
then information from both high coverage and low coverage
domains on the surface. For this reason, we are only able to
provide the lowest limit for the surface coverage, which is
six monolayers.

As already stated above, the XPS results for the mono-
and multilayers (Figs. 2-5) are very similar in terms of peak
shapes, peak widths, and binding energy separation between
the main peak and the corresponding shake-up satellite. The
only notable difference is that the photoemission features are
shifted to higher binding energies when going from the
monolayer to the multilayer coverage (cf. Table I). We sug-
gest that this shift is related to a better core-hole screening
provided by the graphite substrate compared to the screening
ability of the FePc multilayer. In a previous study of nickel
phthalocyanines on HOPG (Ref. 43) in a similar coverage
range such a shift was not observed. We attribute this differ-
ence to the better overall resolution in our experiments.

The difference in intensity ratio between the benzene
and pyrrole C 1s peaks for multilayer and monolayer—
3.17:1 for the multilayer and 3:1 for the monolayer—could
be due to photoelectron diffraction in the multilayer. Such
processes could lead to intensity changes in the photoemis-
sion peaks, thus affecting the final intensity ratio. Also, the
presence of the HOPG peak could to some extent affect the
intensity ratio.

We observe different binding energy shifts between the
multi- and monolayer for the benzene carbon atoms
(0.05 eV) and the pyrrole carbons (0.18 V). The N 1s shift
is 0.17 eV, similar to that of the C 1s pyrrole peak. Since the
electronic structure otherwise is unchanged between the
multilayer and monolayer, we interpret these shifts in terms
of an improved pyrrole carbon core-hole screening provided
by the HOPG substrate as opposed to that provided to the
benzene carbon core holes. This indicates that the pyrrole
rings are slightly closer to the HOPG surface than the ben-
zene. In principle, the screening could occur via a charge
transfer process upon ionization; however, since the elec-
tronic coupling between the adsorbate and substrate is very
weak, the time scale of charge transfer screening is expected
to be too long for the process to be relevant for the observed
chemical shifts.*’ Instead we assume that the final state of
the XPS measurements is characterized by pure image-
charge screening. While the relatively small singularity index
a of HOPG*®**" indicates that graphite does not fully comply
with an entirely metallic behavior, the in-plane mobility of
the electrons in the graphite layers should be large enough
for the build-up of a complete image charge. We explain the
difference in binding energy shift between the monolayer
and multilayer benzene and pyrrole C 1s peaks (0.05 eV as
opposed to 0.18 eV, i.e., a difference of 0.13 eV) in terms of
a difference in screening energy. This difference is given by
the difference in Coulomb energy between the core hole/
image charge pairs for the pyrrole and benzene carbon at-
oms. More specifically, AE=—(e?/4meq)((1/ Foengene)
—(1/7pyrrote)), Where e represents the electron charge, & is
the vacuum permittivity, and ryepsene and 7yl TEpresent the
distances between the benzene and pyrrole core-holes and
the image charges. Assuming that the distance between the
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pyrrole core-hole and its image charge is approximately 6.7—
6.8 A, which corresponds to twice the interlayer distance in
graphite and, likewise, to the interlayer distance in bulk
FePc, one obtains a difference in height of the benzene and
pyrrole atoms over the surface of around 0.2 A. Such a
height difference results in an insignificant angular change in
the orientation of the molecular lobes, which is not expected
to be resolved by the STM or the XAS experiments.

The HOMO shift (0.15 eV), intermediate between the
pyrrole and benzene C 1s shift, is consistent with this hy-
pothesis. The experimental HOMO feature, which is a com-
bination of different orbitals,SI’52 is delocalized over the en-
tire macrocycle. This makes the HOMO contain
contributions from both inequivalent carbon atoms and most
likely from nitrogen, as well, and it is then expected to ex-
hibit an intermediate screening behavior as compared to that
of the pyrrole and benzene carbons.

One main aspect brought out by the XPS experiments is
thus the very close similarity of the N 1s and C 1s mono- and
multilayer spectra, which leads us to suggest that the chemi-
cal and electronic structure of the FePc in the mono- and
multilayers is essentially the same. The argument is further
supported by the behavior of valence band spectra (Fig. 5).
The difference spectrum monolayer/clean graphite shows the
same features as the multilayer spectrum. In consequence,
the difference monolayer/clean graphite is a good estimate
for the valence molecular features of the monolayer decou-
pled from the substrate. This shows that the molecular orbit-
als of FePc are at most weakly affected by the adsorption
process which once again supports the idea of a very weak
molecule-substrate interaction. A similarly weak interaction
has been observed for H,Pc on graphite,53 which, however, is
different from the present system in that these molecules do
not possess any reactive metal center.

Turning to the XAS experiments (Figs. 6 and 7), our
results show that monolayers, multilayers, and 3D clusters of
FePc on HOPG lie flat on the surface. For monolayers of
phthalocyanines, previous studies report adsorption geom-
etries with the molecular plane parallel to the surface in al-
most all cases, with the exception of the polycrystalline sub-
strates and Si(100) (see, e.g., Refs. 44 and 54-61). On
Si(111), Si(001), and indium tin oxide,”*%*** on rough or
polycrystalline substrates,”*®* as well as on strongly interact-
ing substrates such as Al1(100), Ni;Al(111) (Refs. 65 and 66)
multilayers of phthalocyanines are known to adopt a stand-
ing geometry. On metallic substrates such as Ag(111),
Au(110), and Au(001), the multilayers are flat at room
tempf:ralture.6()’64’67 For weakly interacting substrates, such as
HOPG which is our main interest, there is a consensus in
literature that monolayers and thin layers of FePc grow in a
flat-lying geometry.43’67’68 For the multilayer case, data ob-
tained from high resolution electron energy loss
spectroscopy67 support the idea of a flat geometry for very
large molecular coverages, while AFM, VB photoemission
spectroscopy, and metastable-atom electron spectroscopy
data**% suggest a standing-up geometry at high coverages of
phthalocyanines on HOPG. As discussed above, we cannot
provide an exact FePc surface coverage, since the multilay-
ers grow in a Volmer—Weber mode. This implies that we

J. Chem. Phys. 131, 214709 (2009)

cannot finally decide whether truly thick films of FePc on
HOPG grow in a flat-lying or standing-up mode. However, in
all cases investigated here, we find a flat geometry. It is
worthwhile to once again point out that parts of the surface
might have been covered with films of a sizeable thickness.

We note that the x-ray absorption spectra in Fig. 6 are
essentially identical for all three preparations, which is in
line with our hypothesis of a great similarity of the electronic
structures of the mono- and multilayer preparations. The
overall great similarity of the mono- and multilayer x-ray
photoemission and x-ray absorption spectra strongly favors
the idea that the growth of FePc on HOPG relies on weak
substrate/adsorbate and intermolecular forces, i.e., van der
Waals forces, which do not change the chemical and elec-
tronic state of the molecules. This argument holds primarily
for the adsorbate/substrate and out-of-plane molecular inter-
actions. The monolayer, however, is characterized by the
adsorbate/substrate and in-plane intermolecular interactions,
since FePc adsorbs in a flat geometry on HOPG. Previous
STM work® has shown that the FePc monolayer molecular
chains on HOPG are oriented with one of the benzene rings
of one molecule toward the bridging nitrogen of the neighbor
molecule. In such an orientation weak C—H---N hydrogen
bond formation may occur.” It is not straightforward to dis-
tinguish between van der Waals and weak hydrogen bonding
interactions, since they have similar strengths.66 Theory can
contribute to enlighten this difference. Since van der Waals
interactions are not properly taken into account by the pure
DFT calculations,””" the presence of the minimum in Fig. 8
implies the formation of a weak hydrogen bond between the
benzene C—H group on one molecule and the lone pair or-
bital of one of the bridging nitrogen atoms on the adjacent
molecule. The combined results of our experiments and DFT
calculations indicate that the in-plane molecule-molecule in-
teraction is most likely characterized by a weak hydrogen
bond formation.

V. CONCLUSIONS

X-ray photoemission and x-ray absorption spectroscopy
have been used to characterize monolayers and thin multi-
layers of iron phthalocyanine grown on HOPG. The mea-
surements show a large degree of ordering in the growth and
a flat adsorbate geometry in both the mono- and multilayers.
There is only a slight bending of the molecule for the mono-
layer as indicated by the benzene and pyrrole C s binding
energies. The similarity between the x-ray photoemission
and x-ray absorption spectra for the mono- and multilayers
suggests that the films are characterized by weak substrate/
adsorbate and out-of-plane intermolecular interactions (van
der Waals interactions). More than that, the different types of
films have very similar chemical and electronic structures.
For the in-plane molecule-molecule interaction, the DFT cal-
culations suggest a weak hydrogen bond formation.
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