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Abstract

We investigated the adsorption of pentacene on the (111) surface of platinum, which
is an archetypal system for a junction with a low charge-injection barrier. We probed
the structural and electronic configurations of pentacene by scanning tunnelling mi-
croscopy (STM), X-ray photoemission spectroscopy (XPS) and near-edge X-ray absorp-
tion fine structure (NEXAFS) spectroscopy measurements. We simulated the interface
by means of ab initio methods based on the density functional theory (DFT) frame-
work, while including the dispersion forces. We found that the molecules adsorb at the
bridge site of the close-compact atom rows with the long axis parallel to the substrate’s
<110> directions, in a slightly distorted geometry, driven by the good match between
the position of carbon atoms of the molecule and the underlying lattice of the surface.
Most importantly, a chemical bond is formed at the interface which we attribute to the
high chemical reactivity of the Pt substrate.

Introduction

Polyconjugated aromatic hydrocarbons (PAH) have emerged in the last decades as promising
building blocks for active or injecting layers in opto-electronic devices1,2 like organic light
emitting diodes (OLEDs) and organic thin-film transistors (OTFTs).3 One of the major rea-
sons for interest in organic compounds is the availability of a large number of techniques to
synthesize and grow these materials, which allows production of devices with novel properties
and lower costs than those based on traditional inorganic semiconductors.4,5 The molecu-
lar structure and the corresponding electronic properties of its layer in contact with the
metal deeply influence the performance of such a device.6 Therefore characterisation of that
interface becomes of paramount importance since is the starting point for the growth of
subsequent organic layers. PAHs are a prototype of π-conjugated systems and, among them,
the pentacene (Pc, C24H12) and its derivatives are widely employed in organic electronics,2,3

thanks to their high charge-carrier mobility.2,6 Platinum (Pt) is often used in electronic de-
vices as a high work function electrode and it may be coupled with Pc, which has a similar
value for ionization potential.5,6 This interface would act like a junction with a low charge-
injection barrier and in the last few years OTFTs having the Pc/Pt junction have already
been reported.7,8 Moreover, Pt is also a well known ingredient for catalysis, thanks to its
unfilled d and s bands.9 Because of this property the interaction with Pt substrate is ex-
pected to be substantially stronger than with other metals, such as gold or silver. From an
atomistic point of view, such a hybrid system is interesting since a significant part of the
interaction between the atoms is due to long-range dispersion forces.10 Density functional
theory (DFT)11,12 framework has become the standard for performing ab initio simulations,
but its commonly employed exchange-correlation functionals do not account for dispersion
forces. Introducing van der Waals (vdW) interaction into the DFT framework is still an
active research field because a single method that provides an effective description for the
diverse systems is still missing. Many approaches are available and choosing between them
depends, among other factors, on the computational methods used and the level of accuracy
needed.

In the literature benzene (Bz), being the smallest aromatic molecule, has been taken as
a prototype to investigate metal-molecule interfaces. Its geometries and energies, while ad-
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sorbed onto different metals, have been simulated and measured thoroughly.13–17 The results
show the relevance of the dispersion forces but unfortunately any relevant distortion of the
molecule is not likely to be observed. Structural and morphological studies of thin Pc films
have been reported for most of the coinage metal surfaces, where a large variety of different
phases have been observed, according to the degree of molecule to substrate interaction.18–21

In the case of gold and silver, Pc displays a weak interaction coupling with the substrate,
whereas the degree of intermolecular interaction, as tailored by the molecular coverage, leads
to the formation of different phases during the growth of the first two layers.20,22–25 Only in
the specific case of the reconstructed (1x2)-Au(110) surface, the substrate anisotropy effec-
tively drives a more complex phase diagram for a few layers thickness.18,26 A much stronger
interaction has been reported for the case of Cu surfaces, where the molecular distortion is
driven by chemisorption into a slightly bent configuration and is accompanied by vertical
displacement (buckling) of the substrate atoms.27 As a result of chemisorption the Pc density
of states is broadened while mixing with the bands of the substrate.19,28,29 Such molecular
bending is further enhanced on Al(001), where the central C-H bonds directly interact with
the Al atoms underneath. This strong chemical bond, together with the plasticity of the Al
substrate gives rise to a V-shaped molecular configuration at most adsorption sites.21,30 In
these cases, the leitmotiv driving the orientation of PAHs on metal surfaces is the maximiza-
tion of the overlap between aromatic molecular orbitals and surface charge density close to
the Fermi level.
In this work we experimentally and theoretically investigate the adsorption of Pc on the
(111) surface of Pt. We probe the surface by the means of several experimental techniques,
namely scanning tunnelling microscopy (STM), X-ray photoemission spectroscopy (XPS)
and near-edge X-ray fine structure (NEXAFS) spectroscopy. We obtain its ground and
core-excited states using DFT for several adsorption sites, while accounting for the vdW
interaction. We quantify the effect of using various vdW correction methods: from common
pairwise corrections to more recent non-local functionals. Furthermore, by comparing STM
experimental constant height images and constant current height profiles with the simulated
ones, we verify the most probable adsorption configuration: the one in which the molecule
lies almost flat on a bridge site, with its long axis parallel to the surface hcp lattice. These
results are further corroborated by XPS and NEXAFS spectra which, additionally, indicate
the presence of a strong bond at the interface.

Methods

The STM measurements were performed in an ultra high vacuum (UHV) chamber with a base
pressure of 10−16 mbar, equipped with a commercial apparatus (room temperature Omicron
head, driven by Nanotec electronics) at the ESISNA group of the ICMM-CSIC (Madrid).
The X-ray Synchrotron radiation experiments were performed at the ALOISA beamline31

of the ELETTRA synchrotron facility in Trieste (Italy). We employed two different samples
in the respective laboratories that were prepared by consolidated UHV cleaning procedure
(Ar+ sputtering at 1-2 kV, followed by annealing to ∼1000-1050 K). Eventually, oxygen
exposure at 900 K to remove residual carbon followed by hydrogen exposure at 500 K to
remove residual oxygen was employed to achieve a chemically pure surface. Pc was evap-
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orated at 450-470 K from home-made boron nitride crucibles, while keeping the sample at
room temperature. All subsequent measurements were performed at room temperature. For
STM experiments, the coverage corresponding to 1 monolayer (ML) was defined through in-
spection of the first layer of adsorbed molecules at the maximum packing density. In X-ray
absorption experiments, the nominal 1 ML was determined by thermal desorption corre-
sponding to an equivalent thickness of 2.5 Å, when monitored with a quartz microbalance.
The NEXAFS spectra at the carbon K-edge were measured with the resolution set to ∼80
meV keeping the sample at constant grazing angle of 6◦. The orientation of the surface
with respect to the photon beam polarization was changed from s-polarization to close to
p-polarization by simply rotating the sample coaxial to the photon beam axis. We collected
partial electron yield spectra by means of a channeltron equipped with a repelling grid bi-
ased to -230 V in order to reject the low energy secondary electrons. Further details about
calibration and normalization of the apparatus can be found in Ref.[26]. The XPS spectra
of the C 1s excitation were measured with a photon energy of 400 eV (overall resolution of
∼150 meV), while keeping the surface at a grazing angle of 4◦ in a close to p-polarization
and almost normal emission. Surface contamination by oxide species was monitored by XPS
with a photon energy of 650 eV (resolution of 280 meV).

The calculations were carried out within the framework of DFT, using Quantum ESPRESSO
(QE)32 distribution. Our simulations were based on the GGA-PBE33 exchange-correlation
functional and on pseudopotentials generated employing the ultrasoft formalism34 and using
the RRKJ35 recipe. The analysis for convergence showed that the plane wave cutoffs for
kinetic energy and charge density of 31 and 321 Ry respectively were sufficient to describe
the ground state of the system. The periodically repeated supercell with Pt(111) substrate
was made of 7×4 surface unit cells with 14 Å of vacuum region above it. Three layers of
Pt atoms were used, of which only the topmost was allowed to relax in order to mimic the
bulk behaviour and to reduce the computational load. The Brillouin zone was sampled by
an off-Γ 2×3×1 k-points grid that was generated through the Monkhorst-Pack scheme.36 We
additionally verified the relative stability and convergence for the two most stable configu-
rations (namely bri0 and fcc0, as defined in the next section) by considering a slab of six Pt
layers, with the top two layers free to relax. The slab was built using the lattice parameter
found by the minimization of the energy-volume curve for the bulk phase of Pt. For the case
of PBE functional the calculated value was 4.00 Å, while for the vdW non-local functional it
was 3.94 Å. For comparison, the experimentally determined value is 3.92 Å.37 We added the
molecule onto only one side of the slab, resulting in an asymmetric design of the supercell.
To restore the boundary conditions we added a sawtooth electric field in the middle of the
vacuum region, the magnitude of which was calculated from the actual charge density of the
system.38

The vdW interaction was accounted for by three different approaches, namely, Grimme’s
D2,39 the vdWsurf

40 and the vdW-DF2-C0941–45 (which we hereafter shorten as vdWnl).
Charge density dependent calculation of the vdW coefficients (Tkatchenko-Scheffler ap-
proach46) is not yet fully implemented in QE, hence we performed the vdWsurf calculations
with Vienna Ab-initio Simulation Package (VASP).47 For these simulations we used a cutoff
of 29 Ry and found the Pt lattice parameter to be 3.97 Å. After relaxing the geometry, all
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further post-processing steps, namely computing the electronic DOS and spectra, were done
with QE; therefore the atomic coordinates obtained from VASP were slightly stretched to
match the value of lattice parameter obtained from QE. We verified however that such proce-
dure had not altered the electronic properties of the system beyond numerical accuracy. For
plotting the density of states (DOS), a gaussian smearing was applied with a standard devia-
tion σ of 0.13 eV. The simulated STM data was obtained using the Tersoff-Hamann48 picture.

We focused on the K-edge energy window in describing the photon absorption process,
namely exciting the electrons of the 1s carbon core state. The transition either to an unoccu-
pied bound or to a free-electron state needs to be modelled in different ways. We described
the latter by an electronically relaxed calculation employing a pseudopotential with a full
hole in the atomic core level (FCH) by the means of the ∆SCF approach49 in order to ob-
tain the XPS spectrum. In the former case (transition to unoccupied bound state) instead,
which gives the NEXAFS spectrum, a half core hole (HCH) pseudopotential is better suited
to describe the interaction of the excited electron with the hole it left behind, by the means
of the transition potential approach,50 which is successfully applied to adsorbed systems of
increasing size.51 Calculation of the matrix elements of the transitions was performed using
the Xspectra52 tool of the QE suite, which relies on the Lanczos algorithm50,53 to avoid simu-
lating all the possible final states. Both HCH and FCH pseudopotentials include all-electron
core states reconstruction given by the PAW54 formalism; and required an higher cutoff of
62 Ry. Since the system, in its entirety, shows a metallic behavior, we assumed a neutral
supercell and set the energy reference to the Fermi level. The total spectra were calculated
as the average of the ones obtained by selecting the above FCH or HCH pseudopotentials for
each inequivalent C atom, weighted by its degeneracy. We constructed the XPS results by
broadening the delta-like contributions with pseudo-Voigt profiles with 0.38 eV as gaussian
σ, 0.17 eV as the lorentzian width γ and 0.47 as the mixing parameter of the two distribu-
tions. These values were obtained by fitting to the experimental data. On the other hand,
for the NEXAFS spectra we followed an energy-dependent scheme55 with a width γ=0.2 eV
for energies up to EF + 5 eV, γ=1 eV for energies higher than EF + 25 eV and a linear
dependence in between, in order to mimic the broadening due to the vibrational spectrum.

Results and Discussion

Adsorption configuration

At low coverage, the Pc molecules can be easily identified in the room temperature STM
images as individual straight segments, about 2 nm long, that display the same three-folded
azimuthal orientation along the substrate [101̄], [011̄], and [11̄0] (<110>) directions, as shown
in Figure 1a. Pc molecules do not display any intermolecular interaction, either attractive
or repulsive. In fact, a fully disordered film is observed at a coverage of 1 ML, as shown
in Figure 1b, which is indicative of a molecule to substrate interaction much stronger than
the intermolecular one. In STM images, we also noticed the occurrence of a few shorter fea-
tures that display the same azimuthal orientation and intramolecular contrast of pentacene
and can be identified with tetracene species. Shorter acene species are normally found as
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contaminants of pentacene powder that cannot be easily removed because the surrounding
pentacene medium traps these species well beyond their sublimation temperature. There are
also a few spot-like feature, the nature of which is more difficult to ascertain because they
might be equally associated with benzene or smaller carbonaceous fragments. In any case,
we remark that neither tetracene nor the spot-like features display any interaction with the
pentacene molecules or among themselves (not even at higher coverage), hence they do not
affect the structural and electronic properties of chemisorbed pentacene. At a coverage of
1 ML, small second layer clusters are formed before the completion of the first one. Second
layer molecules are easily desorbed at mild temperature (400 K), whereas molecules in the
contact layer remains on the surface beyond 1100 K passing through different stages of cy-
clodehydrogenation and aggregation. The strong sticking of pentacene to platinum is not
unexpected, since the Pt(111) surface is well known to yield the formation of graphitic do-
mains starting from adsorbed hydrocarbons.56 Occasionally, the tip contrast changed and it
was possible to observe the Pt atoms underneath by recording the current tunnelling through
the molecules. In such cases, as shown in Figure 1c, the molecular footprint indicates that
Pc adsorbs atop the surface atom rows along one of the <110> directions, even if it is not
possible to discriminate further between on-top and on-bridge sites.

Our calculations focused on the most symmetric configurations as a starting point for
the relaxation of ionic coordinates. We evaluated ten configurations (shown in Figure S1
of Electronic Supporting Information, ESI), covering six adsorption sites (namely top, three
inequivalent bridge and two hollow sites) and three main azimuthal orientations, namely 0◦

and ±30◦. Each configuration was named after the position of the central aromatic ring
and the in-plane azimuthal orientation of the molecular long axis with respect to the [101̄]
direction. For all the simulated systems, we calculated the adsorption energy by subtracting
the energy of the clean surface and the one of an isolated molecule from the total energy of
the combined system. The most favoured adsorption site is bri0, independent of the vdW
correction chosen, i.e. the central hexagon of pentacene has the same adsorption site and
orientation as reported for benzene,14 although the latter configuration is defined with a dif-
ferent nomenclature. In fact, the azimuthal orientation of benzene with respect to the [101̄]
direction is referenced to the C-C diagonal, which is at 30◦ from the long molecular axis for
a hexagon in the pentacene molecule. However the hierarchy of the other configurations in
the energy landscape depends on the vdW term. For the sake of simplicity we will hereafter
only discuss the adsorption sites that yielded the two highest adsorption energies, namely
bri0 and fcc0. In addition, we will also address the top0 configuration, which is the only
remaining one that is compatible with the molecular orientation observed in STM images. In
fact, the aforementioned through-molecule STM images point to exclude the fcc0 geometry,
which was however reported to be the adsorption site on Cu(111).57

In Figure 3 we compare the adsorption energies for the bri0, fcc0 and top0 configurations,
by applying different vdW correction schemes. The adsorption energy obtained for Pc (five
linearly-fused benzene rings) from PBE, without the inclusion of vdW corrections, is small
(3.13 eV) considering that the adsorption energy measured for a single Bz molecule is 1.9
eV, showing that the dispersion interactions are crucial for calculating more accurate values.
On comparing different dispersion correction methods, the D2 method yields systematically
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b)

a)

c)

2.0nm

Figure 1: Experimental STM images of Pc on Pt(111). The panels a) and b) show low and
high (∼1ML) coverage samples, respectively (sample bias 1 V and 1.5 V, respectively, 25
nm × 12.6 nm); no molecular aggregation is observed in the contact layer and small second
layer clusters are observed at a coverage of 1 ML, before the completion of the first one.
c) Tunnelling-enhanced image close-up of isolated molecules showing also the atoms of the
substrate (sample bias 0.5 V).
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larger energies than those obtained from the other two methods, which seems to be a result of
the large C6 coefficient assigned to Pt when using Grimme’s technique.58 On the other hand,
the results calculated with the vdWnl approach and with vdWsurf method are comparable
with each other. The results for the other configurations are addressed in Tables S1 and S2.
Since the molecule distorts upon adsorption, the carbon atoms in the Pc molecule are forced
into two roughly planar regions defined by the highest-lying and the lowest-lying C atom
respectively, and separated by a distance ∆z. The adsorption height z is then defined as the
difference between averaged z coordinates of atoms in the lower region and the averaged z
coordinates of the Pt atoms in the topmost layer. The adsorption height z, the distortion
of molecular geometry ∆z and the adsorption configurations are all reported in Figure 3.
For the most stable configuration (bri0) the geometry is almost the same for all tested vdW
corrections. A similar adsorption height is found for the other adsorption sites as well, how-
ever the shape of the molecule varies from case to case. These results are reported in Table S3.

The adsorbed molecule may assume two distinct configurations: showing a concave dis-
tortion at the bridge sites and a convex distortion at the top as well as hollow sites. The
difference is driven by the correspondence between the position of the aromatic rings and the
substrate atoms. In analogy with the case of benzene,14 the aromatic carbon rings at top
sites are the least stable ones and are therefore less bound to the surface and vice-versa for
bridge sites. The deformation energy required for the molecular distortion is the origin of the
difference in the adsorption energy. We also note that the surface is slightly buckled, with
atomic displacements along the normal to the surface up to 8% of the bulk Pt-Pt distance;
for the bri0 configuration this effect is visualised in Figure S2 of ESI.

The adsorption molecular conformation obtained from simulations is very similar to what
has been observed on the Cu(111) surface,29 but at a different adsorption site (namely
fcc0) and with a larger adsorption energy. In particular, although the extent of molecular
distortion is the same as that for Pc on copper,29 an adsorption height of ∼2.0 Å on Pt(111)
is smaller than on Cu(111) where the experimentally measured height (∼2.34 Å)59 was
consistent with the theoretical result.29 Conversely, on the most reactive orientation Cu(110),
a vertical height close to 2 Å was reported for the two central carbon atoms.27 This is however
accompanied by a larger molecular distortion (0.8 Å19). Overall, the close proximity of Pc
to Pt(111) surface is the first indication of a strong molecule-metal interaction.
The large value calculated for the binding energy and the short adsorption distance both
suggest that the interaction may be so strong as to form chemical bonds between carbon
atoms and platinum surface. The adsorption geometry corroborates this idea: a C atom
rearranging the electronic orbitals from an sp2 to an sp3 hybridization should display a
tetrahedron-like geometry with the surrounding atoms. Within this picture, the angle formed
between H-C-Pt atoms should be as close to 109◦ for it to be in sp3 hybridization. Indeed,
in the bri0 configuration these angles are ∼102◦ with respect to the nearest Pt atom.

Electronic properties

High intramolecular resolution was achieved in STM imaging due to low mobility of the
adsorbed molecules, as seen in the false color image shown in Figure 2a. The simulations of
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the intra-molecular contrast and of the vertical profile of Pc molecule on Pt(111), as shown
in Figure 2, consistently support a slightly concave geometry. On the contrary, hollow and
top sites display the same deformation that is of the convex type, as depicted in Figure 3.
This conformation is not compatible with the experimental data, as shown in Fig. S4 (ESI)
for the specific case of the fcc0 hollow site. For comparison, the same molecular profile as

Length (Å)
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Å
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4.0 Å <110>

<110>

9.5 Å

(a) (b) (c)

Figure 2: STM images and height profiles. Panels a) and c) show the experimental results
(0.5 V sample bias and 0.396 nA tunnelling current), while panels b) and c) reports the
simulated ones for the bri0 configuration.

obtained here for the bridge site was instead reported for Pc adsorbed on Cu(111) at the
hollow fcc0 one.29,57

Upon adsorption, the molecule looses its electronic gas-phase properties and the corre-
spondence with the molecular orbitals (MO) is lost (no nodal planes are detected). In order
to highlight the charge displacement, we calculated the difference in the charge density be-
tween the adsorbed and the isolated systems ∆ρ = ρPc/Pt − ρPc − ρPt, which is shown as
charge accumulation/depletion lobes in Figure 3. Performing a Löwdin population analysis60

on the bri0 configuration, as obtained with the vdWsurf correction, we estimated that 1.5
electrons are transferred from the metal to the Pc. This value is significantly larger than
the 0.8 e− value reported for adsorption on the most reactive orientation (110) of copper.19

For an estimate of the charge transfer at other adsorption sites, please refer to table S2.
In all the adsorption configurations of interest we observed the largest modification of the
electronic charge density in the region between the first layer of the surface and the molecule,
specifically in correspondence with every carbon atom that is also coordinated to a Pt atom
underneath, which is indicative of the establishment of C-Pt bonds. As expected, the Pt
atom buckling is accompanied by charge rearrangement below the most displaced atoms, i.e.
those directly coordinated to the carbon atoms. We simulated the DOS (for the bri0 site,
but similar results are obtained for the other configurations); its projections onto the gas
phase MO shows a metallic behaviour and the hybridization with the bands of the substrate.
as reported and further discussed with Figure S3 (ESI).

In general, assigning interactions at the interface to physisorption or chemisorption is not
straightforward.6,19 However, we have pointed out several effects, namely adsorption config-
uration (including the substrate distortion), charge transfer and mixing of the electronic
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Δz = 1.4 Å
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D2 
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Figure 3: Adsorption geometry and ∆ρ for the configurations of interest calculated with
vdWsurf : a) bri0, b) fcc0, c) top0. The red lobes show e− accumulation, the blue ones the
depletion areas. The isosurfaces correspond to the value of 0.01 e/Bohr3.
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states, all of which identify the adsorption process as driven by non-dissociating chemical
reactions. These results agree with those obtained for Pc on Cu substrate.19,28 The same
behaviour is observed also for simulations at the hollow and top sites, which consistently
indicates that here the chemisorption is driven by the specific reactivity of Pt substrate, in
full agreement with the observed persistency of pentacene beyond the set in temperature of
cyclo-dehydrogenation.

X-ray spectroscopy

We analysed the Pc adsorption on Pt(111) by synchrotron radiation photoemission and ab-
sorption spectroscopy, the former technique yielding the charged state of the molecule, the
latter one probing the unoccupied molecular orbitals and, hence, the charge transfer from
the substrate.

The experimental XPS spectrum is reported in Figure 4 for a nominal coverage of 1 mono-
layer (ML), after an annealing step at 400 K. In fact, even if the annealing does not yield any

1
2

3
4

5
6

gas phase

bri0

Figure 4: Experimental and simulated XPS results. The lower panel shows the comparison
between the CLS for gas phase and after the adsorption. The simulated spectrum is shifted
to align its strongest excitation peak with the experimental one at 284.25 eV.

long range ordered molecular aggregation, it effectively desorbs the molecules beyond the
1st layer (that are observed in Figure 1b before the completion of the first layer) and favours
a more homogeneous surface wetting. This improves the degree of orientational order, thus
allowing a better comparison with the case of the isolated molecule, as measured by STM
and simulated by DFT (see spectroscopic data in Figures S7 and S8 of ESI). The energy is re-
ported as binding energy (BE) with respect to the Fermi level, while in our simulated XPS we
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refer the core level shifts (CLS) to the total energy averaged among the inequivalent C atoms.

We may resolve two main peaks around 284.5 eV and an asymmetric background signal
that can be associated with multiple satellites in the peak tail at high binding energy.61 We
seldom observed a broad weak shoulder at 286 eV of varying intensity (depending on the de-
position conditions and substrate temperature), which can be associated with adventitious
carbon contamination (e.g. CO62) originated by the heating filament of the crucible. In
fact, the shoulder at 286 eV disappears upon mild annealing at 400 K together with a small
oxygen peak that is formed after the deposition at RT (see Figure S7, ESI). The split shape
of the main component at ∼284.5 eV is much different from that reported on gold,18 the
latter being quite similar to the gas phase one.63,64 In particular, the 0.5 eV peak splitting is
the same as observed for Pc on copper surfaces,65,66 even if with reversed relative intensity
of the main components, which rather resemble the shape reported for aluminium.30 This
spectroscopic evidence is also indicative of a strong chemical interaction with the substrate.
Our XPS results show a good agreement between the experimental spectrum and the one
calculated for the bri0 configuration, thus supporting our previous observations about the
adsorption configuration. By looking at the calculated CLS, we may distinguish two kinds
of bonds. The one at lower BE due to H-bonded C atoms, while the other one due to C-C
bonds. In the bri0 geometry the C atoms labelled 1,3,5,6 show closer contributions than in
gas phase, suggesting that the electronic states may be divided into sp2 (C atoms labelled 2
and 4 in Figure 4) and almost-sp3 configurations (C atoms labelled 1, 3, 5 and 6). Because
of the overall small molecular distortion, the chemical configuration (initial state) dominates
the hierarchy of the binding energy with respect to final state effects, such as the charge
screening of the core-hole by the metal Fermi electrons, the strength of which depends on
the local distance of the C atom from the surface. For comparison, simulations performed
for the fcc0 and top0 configurations (the former is reported in Figure S5, ESI) yield a much
different XPS profile, due to their different bonding scheme and convex shape. As a conse-
quence, the DFT calculations as well as both STM and XPS results, all consistently point
to the same slightly concave adsorption configuration found at the bri0 site.

The NEXAFS spectra for the 1 ML film after annealing at 400 K, reported in Figure
5, show a polarization-dependent intensity. Such a dichroic effect has been observed previ-
ously;63,64 however, because of the strong hybridization of the electronic levels, the individual
gas phase MO contributions cannot be associated any longer with any specific resonance,
rather they are merged into one large band. By calculating the NEXAFS spectrum for each
inequivalent C atom (see Figure S6 of ESI), we observe that atoms C1, C3 and C5 contribute
less to the feature at 287 eV when compared to other carbon atoms. At all other resonances,
all carbon atoms contribute evenly to the main NEXAFS spectra. Overall, the simulated
results correctly reproduce the energy position of the main peaks both below and above the
ionization threshold. Only a minor discrepancy is found for the relative intensities of the
two largest features at ∼285.5 and 287 eV. In particular, the first peak is flanked on the
high energy side by a component that originates either from residual 2nd layer molecules (as
suggested by the comparison with the multilayer spectra shown in Figure S8, ESI) or from
residual contaminants (molecular fragments) produced during the deposition, as observed
in the STM images. We can exclude the origin of this contribution from oxidized carbon
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species, because oxygen is entirely removed from the surface after mild annealing to 400 K
(see XPS spectra in Figure S7 of ESI).

Figure 5: Comparison of the experimental NEXAFS spectra measured at 1 ML (after an-
nealing to 130◦C) with the simulated ones for the most stable configuration (bri0). The
simulated spectra are shifted in order to align with the experimental feature observed at
287.2 eV. The simulated NEXAFS spectra are rescaled to match the experimental NEXAFS
intensity above the ionization threshold.

Conclusion

We have combined experimental and theoretical techniques to investigate the hybrid metal-
organic Pc/Pt(111) system. In order to understand the nature of the molecule-substrate
interaction, we also performed a systematic evaluation of multiple adsorption configurations
based on energetics and correspondence with experiments. The molecules are found to ad-
sorb uniquely at bridge sites atop the close-compact Pt rows with their long axis oriented
along the <110> surface directions. Additionally, the two ends of Pc molecules display small
upward bending (∆z ∼0.2 Å ). We did not find any evidence of molecular aggregation in
ordered/oriented domains. Although the adsorption configuration of molecules (deformation
and azimuthal orientation) resembles that reported for pentacene on different copper sur-
faces, the adsorption site on Pt(111) is different from the one reported for Cu(111). Also,
the Löwdin charge population analysis indicates a charge transfer of 1.5 e− from the sub-
strate to the molecule, which is almost twice that reported in the case of copper. From our
analysis of results of DFT simulations as well as STM, XPS and NEXAFS measurements
we consistently conclude that pentacene is in a chemisorbed state which is induced mainly
by the reactivity of Pt. We see that there is a relatively good match between the molecular
carbon backbone and the substrate lattice spacing. This allows all H-bonded C atoms to
bond with a Pt atom underneath in a close sp3 geometry without significant distortions in
the molecule. The strong adsorption regime disrupts the gas-phase electronic properties of
the molecule and results in metallic and hybridized features.
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