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We present a comprehensive study of structural and electronic properties of the adsorbate system H,-
phthalocyanine (H,Pc) on Ag(111). A comparison with copper-phthalocyanine (CuPc) on Ag(111) allows us to
elucidate the impact of the central metal atom in the molecule on the adsorbate-substrate interaction. This metal
atom is one fundamental parameter which can be changed in order to modify the properties of phthalocyanine
molecules, and therefore its influence on the adsorption behavior is highly relevant. From high-resolution
electron diffraction, we obtained a phase diagram for submonolayer coverages which turns out to be similar
to that of CuPc/Ag(111). The most striking difference is a higher stability of a commensurate phase, indicating a
stronger and more adsorption site-specific bonding of the H,Pc molecules. Furthermore, ultraviolet photoelectron
spectroscopy and x-ray standing waves prove chemisorptive interaction between molecules and substrate and
a significant bending of the molecules with the nitrogen atoms approaching the surface. We conclude that the
attractive interaction of metal-phthalocyanine molecules with Ag(111) is mainly mediated by the aromatic body
of the molecule (the tetraazaporphyrin ring in particular) rather than by the central metallic atom which (in the

case of CuPc) already shows Pauli repulsion.
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I. INTRODUCTION

Interfaces between organic molecules and metal contacts
are of special interest in the field of organic electronics
since charge injection barriers and thin film morphology
have a significant impact on the performance of such organic
devices. Currently, phthalocyanine molecules are widely used
as absorber and hole transport materials. They are therefore
extensively investigated in terms of their electronic properties
and growth modes on different substrates.'~” The interplay of
molecule-substrate and molecule-molecule interactions® is of
special interest in this context and is generally investigated
using well-defined crystalline substrates and well-controlled
and reproducible conditions.

In recent studies, we have investigated the adsorption
of metal-phthalocyanines such as CuPc (Ref. 9) and SnPc
(Refs. 10 and 11) on the Ag(111) surface. The submonolayer
growth mode of these molecules is dominated by intermolec-
ular repulsion and weak chemisorptive interaction with the
substrate. This leads to a variety of lateral structures, depending
on coverage and temperature. In the low-coverage regime, the
molecules arrange in a dilute gaslike phase with an average
intermolecular distance which continuously decreases with
increasing coverage. In this “g-phase,” no clustering of the
molecules into long-range-ordered islands can be observed,
even at low temperature (LT, ~130 K). In the higher-coverage
regime and at LT, the formation of a commensurate structure
can be observed (CuPc: c-phase with one molecule per unit
cell; SnPc: c¢;-phase with two molecules per unit cell), which
originates from the trapping of the densely packed molecules
at specific adsorption sites provided by the corrugation of
the substrate. Between ~0.9 and 1.0 ML, the molecules
form long-range-ordered superstructures with point-on-line
(p.o.l.) coincidence with the substrate. It has been shown
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that the unit-cell size decreases continuously with increasing
coverage, which unambiguously proves repulsive intermolec-
ular interaction.”' Normal incidence x-ray standing waves
(NIXSW) experiments revealing the adsorption heights of the
molecules and ultraviolet photoemission spectroscopy (UPS)
data of the valence region clearly showed the chemisorptive
character of the adsorbate-substrate interaction.!!"!? Subse-
quent studies of the CuPc adsorption on surfaces with higher
and lower reactivity [Cu(111) and Au(111), respectively],'>!*
as well as pair-potential calculations for CuPc on the same
surfaces,’ led to a comprehensive adsorbate model and
enabled a good understanding of the delicate interplay of
intermolecular forces and the adsorbate-substrate interaction
which are responsible for the different adsorption behaviors
on different substrates.

In this context, the central metal atom of the phthalocyanine
molecule is of special interest because it is believed to play a
crucial role in the interaction with the surface. It was suggested
that the metal atom significantly contributes to the overlap
of electronic states with the substrate'” and hence strongly
influences the exchange of electronic charge between substrate
and molecule. A strong molecule substrate interaction, in turn,
can influence the intermolecular interaction, as demonstrated
for CuPc/Cu(111),'*! or increase the “push-back” dipole, if
the metal atom of the molecule is strongly involved in form of
Pauli repulsion with the substrate.

Here, we report on an investigation of the adsorption of
the metal-free HyPc on Ag(111) using the same experimental
methods as in earlier work on CuPc and SnPc: spot profile
analysis low-energy electron diffraction (SPA-LEED), UPS,
and NIXSW. The analysis of lateral structures, of (vertical)
adsorption heights, and of the electronic structure in the
valence-band region for H,Pc, together with the comparison
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with published data mentioned above, allowed a comprehen-
sive evaluation of the role of the central metal atom in the
adsorbate-substrate interaction and structure formation.

II. EXPERIMENT

SPA-LEED and UPS measurements were performed in
an ultrahigh vacuum (UHV) system with a base pressure
below 5 x 107! mbar. The system was equipped with an
Omicron SPA-LEED instrument, an Mg K, x-ray source, a
He-discharge lamp for UPS (hv = 21.2 eV), a hemispherical
analyzer (R = 100 mm), and adequate equipment for
cleaning the substrate crystals (Ag sputtering and annealing)
and preparation of the samples [dedicated evaporation sources
and quadrupole mass spectrometer (QMS) for monitoring].
The NIXSW experiments were performed at beamline 1ID32
of the European Synchrotron Radiation Source (ESRF) in
Grenoble, France. At the beamline, similar equipment was
available, except a conventional LEED optics (instead of
the SPA-LEED instrument) and a different hemispherical
analyzer (R = 150 mm). The latter was mounted with an
angle of 45° relative to the incident photon beam.

The Ag(111) surface was prepared by argon sputtering
(incident angle: +50°, E = 500 eV) and subsequent annealing
at 723 K for 20 min. The H,Pc molecules, which were
purified in two subsequent sublimation procedures before-
hand, were evaporated from a dedicated Knudsen cell while
monitoring the mass flux with the QMS. The coverage was
also determined by x-ray photoemission spectroscopy (XPS)
using the integrated Cls signal as the relevant measure. The
monolayer structure, i.e., that p.o.l. superstructure with the
smallest unit-cell size, was used for normalizing the coverage.
It can easily be prepared by desorbing a multilayer film at
~520 K. After deposition, all samples were annealed at 473 K
in order to allow diffusion of molecules over step edges and
obtain the identical coverage on all surface terraces.

While LEED and XPS/UPS are well-known standard
techniques, the NIXSW method shall be briefly introduced
here. For more comprehensive introductions, see Refs. 16—19.
The method is able to measure the vertical positions (relative
to the lattice planes of the substrate crystal) of all atomic
species within the molecules with a very high precision of
~0.05 A. Adsorption heights and vertical inner geometry
(bending and distortions) of adsorbed molecules can thus
be obtained.*>*!11420-25 The x-ray standing-wave field is
generated by the coherent superposition of an incident (EO)
and Bragg-reflected (E u) wave when the Bragg condition for
an H = (hkl) reflection is fulfilled: H= I:H — ;0. Scanning
the photon energy through the Bragg condition leads to a
shift of the phase v of the relative complex field amplitude
Ey/Ey = +Reé"™ by m, resulting in a spatial shift of the
standing wave by half of the lattice-plane spacing dj; in the di-
rection perpendicular to the lattice planes. This varies the
intensity of the standing-wave field at the positions of each
individual atom, which in turn can be probed by measuring
the absorption of the atoms via their photoelectron, Auger
electron, or fluorescence yield. Here, we use the Cls and N1s
photoelectron yield, corresponding to the energy-integrated
XPS signal after proper background subtraction. The result
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TABLE I. Multipole correction parameters for fitting the photo-
electron yield curves. Values are taken from Ref. 11.

E Cls Nls
2640 eV (0] 0.24 0.22
A —-0.21 —-0.26

is an element-specific quantity /(E) that can be calculated as
follows!'®-1%:

I(E) =1+ SgR +2|S;|WVRF" cos(v — 2z P! +w). (1)

The essential fitting parameters are the coherent position
P and the coherent fraction F¥. They represent phase
and amplitude, respectively, of the Hth Fourier compo-
nent of the electron density of the corresponding atomic
species. The coherent position can easily be interpreted as
the average atomic height D', modulo the lattice-plane
spacing dp; of the substrate crystal, and in units of dj:
PH = (D" mod dyy;)/dpy. Other quantities in Eq. (1), the
reflectivity R(E), its complex amplitude +/R(E), and the
relative phase v(E), are derived from fitting the reflectivity
curve under consideration of a Gaussian energy broadening
due to finite instrumental resolution. The parameters Sk =
(1+0)/(1 = 0), 18] =1+ Q*tan* A/(1 — Q),and ¥ =
tan~!(Q tan A) contain the multipole correction parameters Q
and A, which can be found in literature.'®!82* The values we
used in this work are taken from Ref. 11 and listed in Table L.

III. RESULTS AND DISCUSSION

A. SPA-LEED results

From SPA-LEED measurements, we obtained the phase
diagram shown in Fig. 1. It describes the formation of (lateral)
superstructures depending on temperature and coverage. On
first view, this phase diagram is very similar to that found
for CuPc/Ag(111) (Ref. 9) and SnPc/Ag(111) (Ref. 10). HyPc
forms a gaslike phase (g-phase) in the low-coverage regime in
which the molecules lie more or less isolated from each other
on the surface. Their average distance decreases continuously
with increasing coverage (e.g., 22.5 A at 0.34 ML, 14.8 A
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FIG. 1. (Color online) Phase diagram of H,Pc/Ag(111). The
images show exemplary SPA-LEED pattern of the different phases.
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at 0.68 ML). In the LEED pattern, this results in a ring of
diffuse scattering intensity, as can be seen in Fig. 1, the radius
of which continuously increases with increasing coverage. At
medium coverages and LT, a commensurate structure is found
having the identical unit cell as the c-phase of CuPc/Ag(111):

the unit-cell matrix is (g g), with one molecule per unit cell.

Note that the SnPc/Ag(111) commensurate structure, the so-
called c,-phase, is different because it has two differently bent
molecules in a larger unit cell, one with the Sn atom pointing
upwards, one downwards.

Finally, in the high-coverage regime, H,Pc forms a series of
long-range-ordered structures with point-on-line coincidence
with the substrate (p.o.l.-phase). Similar to the cases of CuPc
and SnPc, the system always maximizes the size of its unit
cell in this phase. This leads to a continuous change of the
structure when changing the coverage. All unit cells found
in the SPA-LEED experiments for this regime are shown in
Fig. 2. The circles represent the corners of the unit cells,
drawn on the underlying Ag(111) lattice (thin solid lines).
The dashed and dotted lines show the smallest and largest unit
cells, respectively. Note that the superstructure lattice points
are well aligned along lattice lines of the Ag(111) substrate,
indicating the point-on-line registry. Numerical values of four
exemplary p.o.l. structures are given in Table II. This finding,
in particular the continuous change of the unit-cell size with
changing coverage, demonstrates that intermolecular repulsion
is also present for HyPc/Ag(111) and not prominently caused
by the central metal atom in the systems CuPc/Ag(111) and
SnPc/Ag(111).

However, a closer look at the phase diagrams for H,Pc,
CuPc, and SnPc on Ag(111) reveals some significant dif-
ferences, e.g., the position of the phase boundaries of the
commensurate phases (c-and c;-phases). In contrast to CuPc
and SnPc/Ag(111), the c-phase of H,Pc is stable at RT, even
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FIG. 2. Unit cells of 20 different p.o.l. structures of
H,Pc/Ag(111). Circles indicate the positions of the corners of the
supercells on the Ag(111) lattice (thin solid lines) for different
coverages. The smallest (dashed line, coverage 1.00 ML) and largest

cell (dotted line, 0.92 ML) are shown. a and b represent the unit-cell
vectors of the Ag(111) substrate lattice.
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TABLE II. Epitaxy matrices and unit-cell sizes for the structures
occurring at different coverages in the p.o.l.-phase of H,Pc/Ag(111)
derived from SPA-LEED.

Coverage (ML) Epitaxy matrix Area (A?)
4.83(4) —0.25(4)

0.93 (2.67(4) 5.71(4)) 204(3)
4.73(4) —0.30(4)

0.95 (2.60(4) 5.61(4)) 198(3)
4.67(4) —0.35(4)

0.97 (2.55(4) 5.55(4)) 194(3)
4.60(4) —0.37(4)

1.00 (2'51(4) Ly 189(3)

in a rather large range of coverages (0.75-0.92 ML). Also
at LT the stable range of this structure is extended down
to 0.5 ML. Furthermore, a region of coexistence of ¢ and
p.o.l.-phases was observed at ~0.9 ML (see Fig. 1). This
has been found in SPA-LEED by reducing the coverage
from 1.00 ML to =0.9 ML (by desorbing molecules at
T > 523 K). During annealing, the LEED spots stemming
from the p.o.1.-phase continuously change their position in the
LEED image, indicating the continuous change of the unit cell
which is characteristic in this regime. When the coverage falls
below ~0.91 ML, additional diffraction spots of the c-phase
appear. The situation is illustrated in the SPA-LEED images
shown in Fig. 3, where green and red circles mark the LEED
spots from p.o.l.-and c-phases, respectively. This indicates a
phase separation in this rather narrow coverage regime and a
coexistence of c-phase and p.o.l-phase domains, which was
not found for CuPc or SnPc/Ag(111).

Summarizing the SPA-LEED measurements, we can state
that, compared to CuPc/Ag(111), the c-phase of H,Pc/Ag(111)
exists in an extended region of both coverage and temperature,
and hence is more stable. This allows us to conclude a stronger
and possibly more local character for the H,Pc-substrate
interaction. This can be caused by a higher site specificity
of the molecule-substrate bonding and/or by an additional or
stronger short-range intermolecular attraction.

FIG. 3. (Color online) SPA-LEED pattern for a coverage of
~0.91 ML H,Pc/Ag(111), i.e., within the coexistence regime of ¢
and p.o.l.-phases. In the enlarged insets, calculated peak positions for
both phases are shown in red and green for the ¢ and p.o.l.-phases,
respectively. The corresponding unit-cell matrices are (g g ) (red) and

4.86 —0.16
(574 572 ) (green).
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B. UPS investigations

In a recent comparative UPS study of cobalt-
tetraphenylporphyrine (Co-TTP) and H,-TTP, Gottfried et al.
reported the occurrence of two resonances, which clearly
are induced by the Co atom.®?%?” The observed features are
located close to the Fermi edge in the CoTTP/Ag(111) spectra,
but not visible in the H,-TTP data. The authors concluded a
coordination of the Co ion with the substrate as the reason for
these features. The electronic valence states were also visible
in STM measurements, in the form of a much higher tunneling
current in the center of the Co-TTP molecules compared to
the H,-TTP molecules. For metal-phthalocyanines, a similar
situation was found: Also here a much more distinct STM
contrast is visible in the center of the metal-Pc molecule
as compared to HyPc.”?®2° This made us perform a similar
UPS investigation for CuPc and HPc on Ag(111), the results
of which are presented in Fig. 4. Spectra of both systems,
recorded at a coverage of 0.7 ML atRT, i.e., in the regime of the
g-phase, are shown. Experimental conditions were identical
for both measurements at a resolution of ~100 meV, an
emission angle of 45°, and identical preparation conditions. All
spectra were normalized to the count rate at the binding energy
Egin = 0.6 eV. Note that, apart from small shifts in binding
energy,’ the spectral features do not depend on coverage.

The valence band of CuPc/Ag(111) is dominated by four
spectral features: the highest and second highest occupied
molecular orbitals (HOMO and HOMO-1), the (former) lowest
unoccupied molecular orbital (F-LUMO), which became
partly filled due to the interaction between molecule and
substrate including exchange of electronic charge between
molecules and substrate,”!? and a split-off (SO) state which is
discussed in more detail in Ref. 9 where data with better energy
resolution are shown. The valence band of HyPc/Ag(111),

coverage: 0.7ML
temperature: 300K
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FIG. 4. Comparison of UPS data of 0.7 ML of CuPc (curve A)
and H,Pc (curve B) on Ag(111). Both spectra were normalized to the
count rate at Eg;, = 0.6 eV. In the bottom, the difference spectrum
B—A is shown.
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in contrast, only shows two features, the F-LUMO and the
HOMO. HOMO-1 and the SO state are missing in this
binding-energy regime. This is illustrated by the difference
spectrum, where HOMO and F-LUMO cancel out very well,
and HOMO-1 and the SO state remain. The remaining small
feature in the region of the HOMO originates from slightly
different binding energies and linewidths of the HOMO states
of both molecules.

This finding allows the conclusion that the F-LUMO and
HOMO orbitals of CuPc have no major contribution from
the copper atom since they are identical to those of H,Pc.
The SO state, however, originates from the interaction of the
coordinated Cu ion with the substrate, as well as the HOMO-1
regarding its energetic position. This is in good agreement
with results obtained earlier for the physisorbed CuPc on the
Au(111) surface,'>'* where HOMO-1 and the SO state are
also not observed. We can therefore conclude that the charge
transfer from the substrate to the molecule, which is visible in
the F-LUMO resonance, is (on a quantitative level) identical
for CuPc and H,Pc/Ag(111). This so-called back-donation
of charge, which is characteristic for the adsorbate-substrate
interaction, is hence localized at the aromatic body of the
molecules, i.e., on the tetraazaporphyrin ring containing the
nitrogen atoms. If this is correct, also the adsorption heights of
both molecules should be very similar, a question which will
be answered in the NIXSW study reported in the following.

C. NIXSW investigations

We have investigated three different coverages of
H,Pc/Ag(111), each at 300 K (RT) and 183 K (LT), with
NIXSW: 0.7 ML and 0.8 ML, both representing the commen-
surate phase, and 0.93 ML, which is located in the p.o.l. regime.
The partial photoelectron yield was obtained from Nls and
Cls spectra by correcting for background and integrating (see
Fig.5). For the Cls spectra we used a linear background, which
was chosen such that the Cls satellites in the binding-energy
range between 298 and 292 eV were excluded since we
observed artifacts caused by the electron analyzer in this
region. The same effect occurred in the data published in
Ref. 14, and was proven not to compromise the results.
For the Nls spectra, the background function consists of a
linear component and three Gaussians representing plasmon
satellites from the Ag3d lines. This fitting model has also been
used earlier.>!1+13

| C1s ] N1s

206 202 288 284 280 404 402 400 398 396 394 392
Ey[eV] Ey,[eV]
FIG. 5. Exemplary XPS spectra (circles) and subtracted back-
ground functions (lines) of the Cls and Nls core levels of
H,Pc/Ag(111).
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FIG. 6. (Color online) NIXSW photoelectron yield and reflectivity curves of H,Pc/Ag(111) structures at different coverages and

temperatures. Experimental data were fitted using Eq. (1).

Beam damage caused by the x-ray synchrotron beam or
impinging electrons is a crucial issue for the investigation
of organic thin films. In the case of NIXSW, beam damage
causes a decrease of the coherent fraction of the adsorbate
species®® because the relevant order of the system (in our
case, the uniformity of the adsorption height) is reduced
by molecules which were destroyed by the x-ray beam. For
H,Pc, this effect was found to be significantly stronger than
for the metal-Pc molecules. Already after exposure times of
10 min, we could detect the first indications of radiation
damage. Hence, we adjusted the duration of one NIXSW
scan such that the exposure time of each spot on the sample
did not exceed 8 min. This was only possible with a very
short integration time in the individual XPS spectra and
caused a rather poor signal-to-noise ratio, which had to be
compensated by repeating the measurement on many different
spots on the sample. Summing up these data finally gave a
good quality for the NIXSW yield curves, which could easily
be further analyzed. However, fitting of individual NIXSW
scans from only one spot was not possible. Consequently, the
uncertainties of the fitting parameters could not be obtained
from the statistics of the individual fitting results, as we have
done earlier.”"'""!3 Therefore, the results shown here always
correspond to summed yield curves, and errors were estimated
based on the experience of earlier NIXSW measurements.”'#
Note that the Cls yield curves show a weak linear slope that
can originate from the shortened background subtraction in
the XPS spectra. Another possible reason would be a drifting

beam position on the sample caused by scanning the photon
energy. In any case, we considered this effect by an additional
linear term in the fit function.

Our NIXSW results for all six data sets mentioned above
are shown in Fig. 6. Each panel contains yield curves for
Nls and Cls, fitted using Eq. (1), and the corresponding x-ray
reflectivity curve. The results are given in terms of P and F 7
in the figure, and illustrated in Fig. 7 as a true-scale model.
The circles with solid lines denote the covalent bond radii
of the individual atoms,?' and dotted circles correspond to
nonbonding van der Waals radii.*?

It can be seen immediately, that all adsorption heights
DY are smaller than the sum of the corresponding van
der Waals radii (C-Ag: 3.49 A, N-Ag: 3.27 A), which
indicates the chemisorptive bonding character. This is in
good agreement with a significant overlap of molecular wave
functions and substrate states and the consequent exchange of
electronic charge found in the UPS results discussed above.
We further note that the adsorption heights for the carbon
atoms are very similar to those found for CuPc/Ag(111).°
The nitrogen atoms of H,Pc located in the tetraazaporphyrin
ring, however, are found significantly closer to the substrate
(DY — D! ~0.26 A). This indicates a bending of the
molecule, which was not observed for CuPc/Ag(111). The
magnitude is comparable to the bending of 3,4,9,10-perylene-
tetracarboxylicacid-dianhydride (PTCDA) and 14,5,8-
naphthalene-tetracarboxylicacid-dianhydride (NTCDA) on
Ag(111).420:222433 It should also be mentioned that the
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FIG. 7. (Color online) Real-scale model of the adsorption heights of the investigated structures of H,Pc/Ag(111). Full circles indicate
covalent bonding radii (Ref. 31) and dotted circles van der Waals radii (Ref. 32).

adsorption heights change with coverage. Very similar to the
case of CuPc/Ag(111), the molecule lifts up by ~0.2 A when
the coverage increases. The bonding of the molecules is weak-
ened by the next-neighbor molecules getting closer since the
molecules are competing with each other for the charge trans-
fer to the substrate. The effect is discussed in detail in Ref. 9.

Hence, H,Pc/Ag(111) adsorbs in an “N-down” geometry.
The small N-Ag distance could be misunderstood as a proof for
a strong N-dominated bonding of the H,Pc, stronger than in the
case of CuPc. The UPS data shown in Fig. 4 are not consistent
with such an interpretation since they show very similar
valence-band spectra and in particular a similar filling of the
F-LUMO state for both systems. Hence, adsorption heights
have to be discussed in a different perspective, they need to be
set in relation with bonding (covalent) or nonbonding (van der
Waals) radii, i.e., the different size of the atoms involved must
be considered (see also Refs. 14 and 33). Since both covalent
and van der Waals radii scale in a similar manner, it is not
crucial which radii are taken as reference. Since the distances
measured here are closer to van der Waals radii, we select
those for a normalization of the adsorption heights obtained
from the NIXSW analysis.

In Table III, the bonding distances for C, N, and Cu are
listed for HyPc/Ag(111) and CuPc/Ag(111) in relative units of
the sum of the relevant van der Waals radii, e.g., dc = D/
(rédw + rX‘;W). For comparison, we also list the covalent bond-
ing distances of C-Ag, N-Ag, and Cu-Ag in units of the van der
Waals radii (last line of the table). These values indicate the
lower limit of the relative adsorption heights which correspond
to a purely covalent bond between the atoms involved. The
higher limit of course is 1.0, complying with physisorption.

Note that all these relative bonding distances are signif-
icantly smaller than 1.0. With respect to the possible range
of 0.63...1.0 (C-Ag), 0.66...1.0 (N-Ag), and 0.89...1.0
(Cu-Ag), all values are roughly 2/3 on the way from a chemical
bond length to van der Waals distance. This indicates weak

chemisorption. A closer look on the numbers for nitrogen
and carbon makes clear that the situation for these two
species is actually quite comparable in terms of bonding
distances (all values are between 0.86 and 0.90, with only one
exception). For CuPc, the situation is different. Here, the values
for nitrogen (0.90...0.94, also those for copper 0.93...0.97)
are significantly larger than those for carbon (~0.87). This
indicates that for CuPc, an N-down configuration, as it was
found for H,Pc, might be inhibited by the N-Cu coordination
and the Pauli repulsion between the copper atom and the

TABLE III. Adsorption heights of C, N, and Cu atoms in
H,Pc/Ag(111) and CuPc/Ag(111), normalized to the corresponding
sum of van der Waals radii. Values for CuPc are taken from Ref. 9,
van der Waals radii from Ref. 32: 128 = 1.77 A, iV = 1.55 A,
redW = 1.40 A, and r/(‘éw = 1.72 A. For comparison, we list covalent
bonding distances of C, N, and Cu to Ag in the last line, also in units of
the van der Waals radii. Covalent bonding radii are taken from Ref. 31:

& =076 A, =071 A, r&Y = 1.32 A, and iy = 1.45 A,

T (K) cov (ML) dc dn dcy
H,Pc 300 0.93 0.88(2) 0.89(2)
300 0.8 0.88(2) 0.86(2)
300 0.7 0.87(2) 0.86(2)
H,Pc 183 0.93 0.88(2) 0.92(2)
183 0.8 0.87(2) 0.90(2)
183 0.7 0.88(2) 0.86(2)
CuPc 300 1.0 0.88(1) 0.93(1) 0.95(1)
300 0.85 0.86(1) 0.93(1) 0.93(1)
300 0.5 0.87(1) 0.92(1) 0.96(1)
CuPc 153 1.0 0.88(1) 0.94(1) 0.97(1)
140 0.85 0.86(1) 0.92(1) 0.94(1)
140 0.5 0.86(1) 0.90(1) 0.93(1)
Covalent bonding distances 0.63 0.66 0.89
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substrate. HOMO-1 and SO states in the UPS data (Fig. 4),
which have been identified as Cu-induced states, clearly
indicate the interaction of the copper atom with the substrate.
Similar to the case of Co-TPP, they can be interpreted as the
bonding and antibonding states of an Ag-Cu hybrid orbital.?6-”
Since both states are fully occupied and located far below
the Fermi energy, they can not significantly contribute to the
bonding of the molecule to the substrate, as it is the case for
the F-LUMO. For this reason, the Cu atom (and, in general,
the metal atom of other metal-Pcs) has only little influence
on the bonding strength of these molecules.

Furthermore, the coordination of the nitrogen atoms to the
central copper atom is expected to reduce their reactivity. It is
known that the nitrogen atoms in the H,Pc molecule are quite
reactive. Metalation reactions of H,Pc and H,-TPP have been
reported frequently upon coadsorption of metal atoms such as
Fe, Ni, and Zn.%2%3*35 Obviously, the metalation reactions also
depend on the reactivity of the metal atom since silver adatoms,
which are certainly present at RT at the Ag(111) surface, were
not found to incorporate into the H,Pc or H,-TPP molecules.
Therefore, we can conclude that the N-down configuration of
H,Pc on Ag(111) is a result of a weak but very site-specific
bonding of the nitrogen atoms to the Ag(111) surface. This site
specificity leads to the higher stability of the commensurate
phase at room temperature and at lower coverages as observed
in SPA-LEED measurements.

IV. SUMMARY

In this study, we compared the lateral structures, adsorption
heights, and valence-band spectra of H,Pc/Ag(111) and

PHYSICAL REVIEW B 86, 195412 (2012)

CuPc/Ag(111) in order to investigate the role of the central
copper atom in the adsorption process. From UPS, we could
conclude that the HOMO-1 and SO states of the CuPc originate
from the interaction of the copper atom with the substrate,
while the HOMO and F-LUMO are mainly localized at the
aromatic tetraazaporphyrin ring of the molecule, as it is also the
case for HyPc/Ag(111). NIXSW measurements show a strong
N-down configuration for H,Pc molecules, which was not
observed for CuPc/Ag(111). The comparison of the relative
adsorption heights indicates that this N-down configuration
leads to similar bonding distances of carbon and nitrogen to
the substrate atoms. The copper atom in the CuPc molecule
prevents this configuration due to its coordination with the
nitrogen atoms and due to Pauli repulsion with the substrate.
Furthermore, the N-down configuration of H,Pc/Ag(111)
leads to a more adsorption site-specific bonding to the substrate
and hence to the higher stability of the commensurate phase.
In agreement with SPA-LEED measurements, this allows the
conclusion that the central metal atom of metal-Pc molecules
on Ag(111) has no crucial impact on either the adorbate-
substrate interaction or the intermolecular repulsion observed
in these adsorbate systems.
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