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The trends in the bonding mechanism of 3,4,9,10-perylenetetracarboxylic acid dianhydride (PTCDA) to the
Ag(111), Ag(100), and Ag(110) surfaces were analyzed on the basis of data obtained from x-ray standing waves
and dispersion-corrected density functional theory. Of importance are the attractive local O-Ag bonds on the
anhydride groups. They are the shorter, the more open the surface is, and lead even to partly repulsive interactions
between the perylene core and the surface. In parallel, there is an increasing charge donation from the Ag surface
into the 7 system of the PTCDA. This synergism explains the out-of-plane distortion of the adsorbed PTCDA

and the surface buckling.
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I. INTRODUCTION

Presently, the surface bonding mechanism of large 7-
conjugated molecules is a subject of intense experimental and
theoretical research, especially when the organic molecules
carry functional groups.'™ A key aspect concerns the role
of the functional groups in relation to the extended m
system. While detailed bonding concepts are discussed for
the chemisorption of small molecules,>™ their application to
the adsorption of large organic molecules is demanding. In
general, the bonding cannot be explained by one particular
type of interaction alone, e.g. van der Waals (vdW), elec-
trostatic, or covalent interactions. We will refer to locally
confined interactions of a specific physical/chemical type
as bonding channels in the following. Most interesting is
the situation when several competing bonding channels are
involved. Although theoretical decomposition schemes exist, '
it is difficult then to clarify their particular role, since any
variation of the molecular structure or the substrate leads to
combined modifications. However, as we report here, insight
can be obtained from a detailed determination of the bonding
configuration of the same molecule on different crystal faces
of one substrate, including the positions of all relevant atoms.

We have analyzed the adsorption geometry and the bond-
ing mechanism of the planar organic molecule 3,4,9,10-
perylenetetracarboxylic acid dianhydride (PTCDA) on the
low-index Ag surfaces (111), (100), and (110). PTCDA
consists of an aromatic perylene core (Cpery) and two
functional anhydride groups containing C atoms (Cgype) and
chemically inequivalent O atoms, namely carboxylic (Ocarb)
and anhydride O atoms [Ounnyq; see Fig. 4(b) below]. Thus,
two bonding channels have been discussed controversially for
chemisorbed PTCDA. The first via the heteroatoms in the
functional groups' and the second via the perylene core.!!
PTCDA forms commensurate monolayer structures on all
three Ag surfaces that are illustrated in Fig. 1 (top). On
Ag(111), PTCDA forms a herringbone structure which is
favored by quadrupole and intermolecular hydrogen bond-like
interactions.'” On Ag(100), however, a T-shape arrangement, '
and on Ag(110), a brick-wall pattern is observed.'> Hence, the
intermolecular arrangement of the herringbone structure is lost
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stepwise in this sequence, indicating an increasing importance
of the molecule/substrate interactions.

The adsorption geometries have been derived from normal
incidence x-ray standing waves (NIXSW) experiments,
which allow the exact determination of the positions of
chemically inequivalent atoms (within a molecule) on a
surface.'* It has already been demonstrated!® that the
vertical adsorption heights of Ocat, and Oannyq are different for
PTCDA/Ag(111) and that the molecule exhibits a saddle-like
adsorption conformation [see Fig. 1(a)]. Here, we performed
NIXSW with higher chemical resolution for PTCDA on
Ag(100) and Ag(110), complementing the earlier results for
PTCDA/Ag(111). Thus, the Cgye atoms could be analyzed
independently from those in the perylene core (Cpery1), yielding
the distortion of the C backbone of adsorbed PTCDA. In
addition, we performed density functional theory (DFT) cal-
culations of the periodic structures. These yielded information
on the displacements of the Ag surface atoms upon adsorption,
which are not accessible by NIXSW. Furthermore, electron
densities from DFT demonstrate the charge redistributions
and the bond formation. We employed the plane-wave code
Vienna Ab initio Simulation Package (VASP) in combination
with the projector-augmented wave (PAW) method.'®!” We
applied the Perdew—Burke-Ernzerhof (PBE) functional,'®
which was revised with the D3(BJ) correction'® in order to
describe the dispersion interactions. A comparison with earlier
DFT calculations>*?* will be reported in two forthcoming
publications.?!??

II. EXPERIMENTAL AND THEORETICAL DETAILS

A. Experimental

All normal incidence x-ray standing waves (NIXSW)
experiments were performed at the undulator beam line ID32
of the European Synchrotron Radiation Facility (ESRF) at
Grenoble, France. Two different experimental setups were
used: In the case of PTCDA/Ag(110), the photoemission
spectra were taken at an angle of 45° with respect to the
incoming beam with a PHI hemispherical electron analyzer
of 150 mm radius and a 16-channel detector system. For
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FIG. 1. (Color) Hard sphere models of the lateral and vertical molecular geometry of PTCDA on (a) Ag(111), (b) Ag(100), and
(c) Ag(110):'13155152 Top views (top), side views along the long (middle) and along the short molecular axis (bottom). Ag atoms are
shown in different shades of blue to indicate the vertical deviation Ad from their position in the relaxed uncovered surface (dashed line, dy); H
atoms are shown in white, Cgynei /Cperyr in light gray/gray, and O arp, /Oannya in red/blue. In the side views, d denotes the vertical adsorption height;
the vertical scale is enlarged by a factor of 4 and referenced against the Bragg plane (dashed line, dg). The adsorption geometry of PTCDA is
taken from the NIXSW experiments and the surface buckling from DFT calculations. O-Ag interactions are illustrated by black dotted lines.
For (a) Ag(111), the side views refer to the molecule A.>® For clarity, we show only the molecules within one unit cell of the periodic structure.

PTCDA/Ag(100), the photoemission spectra were conducted
at an angle of 90° employing a SPECS PHOIBOS 225
hemispherical electron analyzer. The photon energy was
scanned successively in steps of 0.10-0.15 eV in an interval
of about 4-5 eV around the Bragg energy of the (220) and
(200) reflections of the respective Ag substrates. Note that the
(110) and (100) Bragg reflections are systematically extinct
due to the fcc bulk structure of Ag. For PTCDA/Ag(100), also
the (111) reflection was employed for the determination of
the PTCDA adsorption site. The calculated Bragg energies,
assuming a Bragg angle of Opz, = 88° and a Ag lattice
constant of 4.085 A2 are 4294.6, 3036.7, and 2629.9 eV
for the (220), (200), and (111) reflections. The photon flux is
estimated at about 40 photons per molecule and second.'>**
For experimental details concerning the Ag(111) surface, we
refer to Ref. 15.

The NIXSW data were collected by monitoring the intensi-
ties of various substrate and adsorbate signals by Auger elec-
tron (AES) and/or x-ray photoemission spectroscopy (XPS).
In addition, photoemission spectra at photon energies of
10-15 eV below the Bragg energies were taken with improved
statistics in order to develop fit models of chemically different
species of one element (see below). For PTCDA/Ag(110), a
pass energy of 47 eV was used to conduct the AgMVV, Ag3d,

Cls, and Ols Auger and photoemission spectra, respectively,
while for PTCDA/Ag(100), pass energies of 50 eV (Ag3d)
or 100 eV (AgMVV, Cls and Ols) were employed. Typical
recording times for an NIXSW experiment were 60 to 120 min
for the adsorbate signals. To exclude beam damage, the shape
of the adsorbate XPS signals was carefully observed as a
function of beam exposure. Besides, as a precaution, a new
position of the beam on the sample was chosen after every
other NIXSW scan at the latest.

The intensity of the reflected x-ray beam was monitored
by the photoelectron current generated on a screen at a small
angle close to the incoming x-ray beam. Prior to the data
collection, the position of the x-ray beam on the clean sample
was optimized in order to give the narrowest reflectivity curve,
which typically had a half width of 0.80 eV for the (220),
0.75 eV for the (200), and 0.95 eV for the (111) reflection,
respectively. The intensity of the primary x-ray beam was
monitored by the photoelectron current generated on an Al
foil in the beam path.

All experiments were carried out under ultrahigh vacuum
(UHV) conditions at room temperature. The experiments
were performed in two individual beam times in two different
UHYV systems. The measurements on PTCDA/Ag(110) were
done in a single-chamber UHV system equipped with the
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TABLE I. Nondipolar parameters for the evaluation of the NIXSW photoelectron yield curves for the Cls and Ols XPS signals of PTCDA
on Ag(100) [reflections (111) and (200)] and on Ag(110) [reflection (220)] and the Ag3d XPS signal of the substrates. The parameters 8, 3, y,
and A are derived from theoretical values of the free atoms,*>=¢ in the case of 8,8,y via interpolation of the tabulated values, and can be
converted into the parameters Q, Sk, |S;|, and ¥, respectively.”’34 In addition, the nominal Bragg energies Epp,y, and the angles o between
the primary x-ray beam and the photoelectron analyzer are given. For the determination of Q, Sg, |S;|, and ¥, the angle 6, i.e. the angle of the
electron emission/detection direction relative to the photon polarization vector, has to be considered, and it is calculated as 6 = 90° — « (the
primary x-ray beam is linearly polarized). Note that for the measurements on PTCDA/Ag(100) the nondipolar parameters Q and ¥ equal zero
due to the specific experimental geometry (6 = 0°). For the photoemission from an initial s state, 8 and § are approximated as two and zero,
respectively.3>33 For the emission from an initial d state, 8 and § are taken from Ref. 36, and Si and |S;| are calculated according to Ref. 33,
while A values are not available and thus are set to zero.

Reflection (hkl) (111) (200) (220)

Egragg (€V) 2629.9 3036.7 4294.6

a () 90 90 45

XPS signal Cls Ols Ag3d Cls Ols Ag3d Cls Ols Ag3d
B 2.00 2.00 1.12 2.00 2.00 1.07 2.00 2.00 0.94
) 0.00 0.00 0.09 0.00 0.00 0.11 0.00 0.00 0.15
y 1.06 0.98 0.63 1.16 1.09 0.72 1.42 1.35 0.95
A —0.21 —0.30 0.00 —0.20 —0.27 0.00 —0.17 —0.23 0.00
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.32 0.36
Sk 1.00 1.00 1.00 1.00 1.00 1.00 2.01 1.93 2.12
M 1.00 1.00 1.00 1.00 1.00 1.00 1.51 1.47 1.56
) 0.00 0.00 0.00 0.00 0.00 0.00 —0.06 —0.07 0.00

typical surface preparation methods and Omicron back-view
low-energy electron diffraction (LEED) optics. For the
measurements on PTCDA/Ag(100), a UHV system with a
preparation chamber and a separate experimental chamber
was used. The former offered typical surface preparation
methods, SPECS back-view LEED optics, and a Pfeiffer
Vacuum PrismaPlus mass spectrometer.

The Ag(110) and Ag(100) samples were prepared by
repeated cycles of sputtering and annealing. X-ray photoe-
mission spectroscopy and LEED were employed to check the
cleanliness and the structural order of the prepared surfaces.
For PTCDA/Ag(110), the base pressure of the UHV system
was 7 x 1071 mbar. The crystal was sputtered for 30—60 min
with Ar™ ions of 1.5 keV kinetic energy, using an ion current
of 20 wA/cm? on the sample. Subsequently, the sample was
annealed at 850 K for 30-60 min. PTCDA was evaporated
from a homemade Knudsen cell with a deposition rate of
1.0 ML/min. After the deposition, the sample was annealed
at 420 K for 10 min to improve the order within the adsorbate
layer. The coverage of the PTCDA was deduced from the
XPS intensity of the Cls signal in comparison to that of
1 ML of PTCDA on Ag(111)," yielding a coverage of
0.9+ 0.1 ML (Ref. 22).

In the case of PTCDA/Ag(100), the preparation parameters
were as follows: Base pressures of 8 x 10710 mbar and 4 x
10~!'° mbar for the preparation chamber and the experimental
chamber, respectively, sputtering with Ar* ions of 850 eV
kinetic energy and an ion current of 10 A /cm? on the sample
for 15-30 min, subsequent annealing at 1000 K between 30 and
90 min. PTCDA was deposited from a homemade Knudsen
cell, which was carefully calibrated prior to the preparation
using thermal programmed desorption (TPD) spectroscopy by
monitoring a fragment of the PTCDA molecule (124 amu).
The absolute PTCDA coverage was verified by means of

XPS, yielding a coverage of 0.8 £0.1 and 0.25£0.06 ML,
respectively, for the two preparations reported here. The
deposition rates were 1.0 ML /min and below. The long-range
order of the PTCDA layers was proven by the bright and sharp
LEED patterns for Ag(110) (Ref. 22) and Ag(100).

B. Experimental data treatment

The XPS data were analyzed employing the program
CasaXPS.? The energy scales of the XP spectra were cali-
brated using the position of the Ag3d signal*®?’ as a reference.
A background of linear or Shirley?® type was subtracted from
the individual XP spectra. The substrate Auger and XP spectra
were numerically integrated, while for the adsorbate signals,
sophisticated fit models were employed (see below). The errors
of the integral intensities were computed by means of the
Monte Carlo procedure embedded in CasaXPS.?>?>2° These
statistical errors were propagated to the NIXSW curves. In
addition, our fit models were validated by the fact that these
gave the highest coherent fractions f. in comparison with
alternative models.

All experimental NIXSW data were normalized to the
intensity of the primary x-ray beam. The obtained NIXSW
photoelectron yield curves were fitted with the data evaluation
routine XSWAVES.? Identical results (within the errors) were
obtained with the independent XSW program Torricelli,?*>!
ensuring the absence of systematic and/or numerical errors by
the evaluation routines. Due to the high photon energies em-
ployed in these experiments, nondipolar correction terms had
to be considered in the fitting process.>>3* These parameters
were calculated from tabulated values for 8, 8, y, and A33:36
for the relevant photon energies, XPS levels and experimental
geometries in this study. They are listed in Table I. Often,
the nondipolar corrections are expressed in terms of the
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parameters Q, Sg, |S/|, and ¥, which are also given in
Table 1. For the AgMVV Auger signal, possible photoelectron-
stimulated contributions®*37 were neglected. As nondipolar
effects generally do not apply to Auger signals,* y and A

were set to zero.

C. Theoretical methods

For the DFT studies on the periodic systems, the plane-wave
code VASP!7-3:3% in combination with the projector-augmented
wave method, !¢ in order to account for the core electrons, was
used. A cutoff energy of 400 eV for the plane-wave valence
basis and a Monkhorst—Pack integration setup with a 3 x 3 x
1 k-point mesh was chosen. These values had been obtained in
preliminary convergence studies as an optimal compromise
between accuracy and computational efficiency. The PBE
functional'® was applied in combination with an empirical
dispersion correction.!>*%4! This approach has already been
successfully tested for periodic systems whose interactions are
dominated by dispersion forces.*>** The dispersion corrected
DFT-D energy Epgr is calculated by adding an empirical
correction energy Egisp to the Kohn—Sham energy Exs_prr,
see Eq. (1):

Eprr = Exs-prr + Edisp- (1)

Calculations with the original D3*' as well as with the
new D3(BJ) dispersion correction'® were performed. However,
only the PBE-D3(BJ) results are presented here since these
show a slightly better agreement with the experimental data.

The silver surfaces were modeled by a (2 _72) super cell for the
Ag(111) surface, a (i 4 j) super cell for the Ag(100) surface

and a (i3 ;) super cell for the Ag(110) surface, respectively.
The slabs consisted of three Ag layers for Ag(111) and
Ag(100) and seven layers for Ag(110). The Ag atoms in the
bottom layers [one for the (111) as well as the (100) surface
and two for the (110) surface, respectively] were fixed to their
ideal bulk position during the structural optimization process.
PTCDA monolayers were obtained by the adsorption of two
molecules for Ag(111) and Ag(100) and one molecule for
Ag(110), respectively, see Fig. 1. The net charge transfer from
the Ag surfaces to the adsorbed PTCDA molecule was studied
on the basis of a Bader analysis*** of the electron density
p(r). The electron densities p(r) and the electron density
differences Ap(r) (see Fig. 5 below) which were obtained
from the DFT calculations in VASP were analyzed with the
program XCrySDen.*® Here, Ap(r) is defined as p(r) of the
bonded system PTCDA/Ag(hkl) minus p(r) of the free (but
distorted) PTCDA molecule and minus o(r) of the bare (but
buckled) Ag(hkl) surface, see Eq. (2):

Ap(r) = pprcpa/aghk)(X) — PPTCDA. distorted ()
— PAg(hkl), buckled (). )

III. EXPERIMENTAL RESULTS

The Cls and Ols XP spectra of PTCDA on Ag(100)
and on Ag(110) were fitted with several components. This
allowed to differentially analyze the chemically inequivalent
species of one element within the molecule. Exemplary XP
spectra, which were taken at photon energies of 10—15 eV
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below the respective Bragg energies, are shown in Fig. 2.
For the main lines, a linear combination of a Gaussian and a
Lorentzian profile was used. Lorentzian contributions of 10—
20% gave the best agreement with the experimental data. The
corresponding satellite peaks were fitted with pure Gaussians.
All fit models meet the expected stoichiometry of the PTCDA
molecule, i.e. Cperyl : Crunet = 20:4 and Ocarb : Oqnnya = 4:2.
The detailed parameters of the fit models will be given in two
forthcoming publications [Ref. 21 for Ag(100) and Ref. 22 for
Ag(110)].

The so-obtained XPS fit models were employed in the
NIXSW data analysis. The relative intensities Cperyi : Cunct
and Ocarp : Oannya Were allowed to vary throughout the NIXSW
scan, while the full width at half-maximum (FWHM) and the
relative position of the peaks were constrained. Exemplary
NIXSW photoelectron yield curves for the measurements on
the (200) and (220) reflections are shown in Fig. 3. A detailed
discussion of the data is found in Sec. IV and in Refs. 21
and 22. The averaged results are summarized in Table II. For
averaging, we used two AgMVV, four Ag3d, seven Cls, and
seven Ols NIXSW datasets for PTCDA/Ag(100) and two
AgMVV, one Ag3d, two Cls, and three Ols datasets for
PTCDA/Ag(110) respectively. In the former case, NIXSW
datasets with respect to the (111) Bragg reflection of the Ag
bulk were also conducted, namely one for the Ag3d and four
for the Ols signal. The errors in the coherent fractions f. and in
the coherent positions p. that are given in Table II are derived
as the standard deviation of the individual fit results, while the
error in the vertical adsorption height d°*P is propagated from
the error in p..

For PTCDA/Ag(100), the adsorption site was determined
by triangulation via NIXSW.** An averaged coherent position
pe of 0.67 +£0.01 was obtained for the O atoms with respect
to the (111) lattice planes of the Ag bulk, which enclose an
angle of 54.7° with the surface. Our result can be assigned
unambiguously to an on-top adsorption of the center of the
PTCDA molecule (expected: 0.65; to be compared to 0.15 for
the four-fold hollow site and an incoherent position for the
bridge site).

In the case of PTCDA/Ag(110), we systematically find
coherent fractions f. which are the smallest within our
datasets of PTCDA on Ag(111),'> Ag(100), and Ag(110) (see
Table II), and also smaller than those usually obtained for
organic adsorbates, see e.g. Refs. 47 and 48. In particular, the f.
values of the C and O atoms in PTCDA on Ag(110) are reduced
by about 20% and 50% with respect to those on Ag(100). From
the quality of the LEED patterns,?”> we can exclude that this
is due to lateral disorder effects. It is much more likely that
the effect is related to the significantly smaller lattice plane
spacing in the case of the employed (220) reflection [by about
30% and 40%, respectively, in comparison to the (200) and
(111) reflections]. This causes f. as well as p. to be more
sensitive to vertical displacements of the atoms with respect
to the extended lattice planes.?>3**° Hence, thermal vibrations
lead to a stronger reduction of the f, values. In addition, a small
fraction of molecules at defect sites (which are more likely on
this most open surface), which are in a structurally different
adsorption geometry and lead to an incoherent contribution in
the NIXSW curves, could play a role here. However, the p.
values will not be affected by this.
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FIG. 2. (Color) Normalized x-ray photoemission spectra () for (a,c) PTCDA/Ag(100) and (b,d) PTCDA/Ag(110). The former were taken
at an emission angle of 2° and a photon energy of 3.024 keV, the latter at 45° emission and 4.280 keV. All spectra are corrected with a linear
or Shirley background function. (a) and (b) XP spectra of the Cls level. Green: Cc_c, brown: Cc_y, purple: Cc_co, gray: combined satellite
corresponding to Cc_c, Cc_y, and Cc_co, light gray: Cgne, black: unassigned satellites. Note that for the evaluation of the NIXSW data all
C atoms of the perylene core are combined to give the Cpy signal. (c) and (d) XP spectra of the Ols level. Red: Oy, blue: Ogphya, black:
unassigned satellite. The main photoemission peaks are drawn as full lines, the (corresponding) satellite peaks as dashed lines, in respective
colors. In addition, the resulting sum of all components is shown as a black line.

IV. THEORETICAL RESULTS AND DISCUSSION

We now turn to the discussion of the experimental and
theoretical results. This section is split into two parts. First,
the observed adsorption geometries will be discussed in detail.
Afterwards, we will review the electronic structure of the
adsorbed PTCDA molecules.

A. Adsorption geometry

The NIXSW results for all three surfaces are summarized
in Table IIT and illustrated in Fig. 1. Several trends can be
seen: (1) In the sequence Ag(111), Ag(100), Ag(110), i.e. in
the direction of decreasing surface atom density, the overall
vertical adsorption height d of PTCDA, taken to be equal
to d(C total), decreases by 0.30£0.01 A. On all three Ag
faces, the adsorption height is lower than expected for a pure
vdW bonding.?* (2) The adsorption geometry changes from
saddle-like to arch-like for the two more open surfaces, where
all O atoms are located closer to the surface than the perylene
core. (3) The C backbone distortion, i.e. d(Cpery1) — d(Cpynct),
increasesto 0.13 4 0.11 A for Ag(110),%" and (4) the difference
d(Oganhya) — d(Ocarp) decreases by 75% in the above-stated

sequence, i.e. it is reduced to 0.08 £ 0.05 A [Fig. 4(a), solid
lines]. The finding (1) proves a chemisorptive interaction of
the molecule with the substrate that is strongest for the most
open (110) face, where the lowest adsorption height is found.
Hence, the findings (2)—(4) indicate the presence of significant
chemical interactions, in particular between the O, and, to
a smaller extent, the Ounnyq atoms and the Ag surface atoms.
We will unveil this bonding channel on the anhydride groups
further by looking at the bond lengths b between the involved
atoms.

For this purpose, the adsorption sites of PTCDA on the
Ag surfaces have to be considered: For PTCDA/Ag(100),
we determined the adsorption site with NIXSW?! (see also
Sec. IIT). We find that the O atoms reside above a Ag atom,
while the Cgyyer atoms sit close to bridge sites [see Fig. 1(b)].
On Ag(110), the molecule adsorbs with its center on a bridge
position above a groove;’' as a consequence, the O atoms
sit close to on-top positions, while the Cgyyee atoms occupy
off-short-bridge positions i.e. positions close to short-bridge
positions, [Fig. 1(c)]. On Ag(111), both molecules of the unit
cell adsorb in bridge positions, but at different angles with
respect to the close-packed (110) substrate directions.’> One
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FIG. 3. (Color) Exemplary normal incidence x-ray standing waves photoemission yield curves for (a,c) PTCDA/Ag(100) and (b,d)
PTCDA/Ag(110). The energy scales refer to the nominal Bragg energies (see Table I). Experimental data points are shown as circles,
while fit results are given as full lines. The sophisticated XP fit models allow a differential analysis of the NIXSW data: (a) and (b) Cpery (gray),
Chrunet (light gray), (¢) and (d) Ocap (red), Oqnnya (blue). In addition, the summed data of the individual components are shown in black. The
measured reflectivity curves (Darwin—Prins curves, I.q) are shown as dashed lines. Note that the scaling of the x and y axes is not identical for
(a,c) PTCDA/Ag(100) and (b,d) PTCDA/Ag(110). Also, curves have been vertically offset for clarity. The lower signal-to-noise of the data for
the Ag(110) surface is due to the smaller photoemission cross sections at the higher Bragg energy, a smaller transmission of the analyzer (see
above), and a different data acquisition geometry.

molecule (A) is (nearly) aligned with the substrate, with the = experimentally not distinguishable, average values for d and
Ocarv atoms being on-top and the Ogpyg as well as the Cryne b, respectively, are considered in the following.

atoms being in bridge sites. The second molecule (B) is rotated The DFT results for the adsorption heights d are sum-
versus (110) and has all atoms within its functional groups marized in Table III. They match the experimental values
roughly in bridge positions [Fig. 1(a)]. Since A and B are = within 5% for all distinguishable atoms/groups. This renders
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TABLEII. Experimental NIXSW results (including statistical and systematic errors related to different evaluation routines) for the adsorption
geometry of PTCDA on the Ag(100) and Ag(110) surfaces. Here, f. and p. are the coherent fractions and positions, respectively, which were
obtained from the fits to the photoelectron yield curves. The d**P values denote the averaged vertical adsorption height of the specific atoms (all
values in A, n.d. = not determined). Here, d®*® is calculated at d**P = (n + p.) dy with n = 1 for the adsorbate signals and n = O for the substrate
signals. dy is the lattice plane spacing of the employed Bragg reflection of the Ag bulk. For the specification of the atoms, see Fig. 4(b). In the
case of C and O, the Cls and Ols levels were measured, respectively. The values for C total and O total were obtained by performing the fit of
the NIXSW photoelectron yield curves to the sum of the integral intensities of all components contributing to the respective XPS signal. For

Ag(111) data see Ref. 15.

Ag(100) - (200) reflection

Ag(100) - (111) reflection

Ag(110) - (220) reflection

fc Pe de® fc Pe dse fc Pe de
C total 0.50+0.08 0.38 £0.01 2.81£0.02 n.d. n.d. nd. 0.38+0.05 0.77 £0.01 2.56+£0.01
Creryl 0.50£0.10 0.39£0.01 2.84£0.02 n.d. n.d. nd. 0.38%0.07 0.79£0.01 2.58+£0.01
Chunct 0.58 £0.05 0.34£0.01 2.73£0.01 n.d. n.d. nd. 043+0.01 0.69 £0.08 245+0.11
O total 0.55£0.06 0.29£0.01 2.64£0.02 0424+0.02 0.67£0.01 nd. 0.26+0.03 0.61 £0.02 2.33+£0.03
Ocarb 0.49 £0.06 0.24£0.01 253£0.02 035+£001 068+£0.01 =nd. 0.234£0.02 0.59£0.03 2.30£0.04
Ounhya 0.77£0.03 0.36 £0.01 2.78£0.02 0.574+0.03 0.66£0.01 nd. 0.33+0.06 0.65£0.02 2.38+£0.03
Ag3d 0.90£0.01 -0.01£0.01 -0.014+0.01 0.85+£0.01 —-0.03£0.01 nd. 0.80%+0.01 —-0.04£0.01 —-0.06=+0.01
AgMVV  0.86+0.01 0.00£0.01 0.00£0.02 n.d. n.d. nd. 087+0.05 —-0.01£0.01 —-0.02+0.01

the conclusions drawn from the DFT calculations meaningful.
Moreover, we calculated the adsorption energies E,4. By
comparing the pure PBE and the dispersion-corrected PBE-
D3(BJ) results, the vdW contribution to E,q4 is determined to
be larger than 70% on all surfaces, e.g. approximately 3 eV on
Ag(110), leaving for the chemical interactions only an amount
of maximal 1.4 eV. Nevertheless, the chemical interactions
are decisive for the distortion and the site selectivity of the
molecule upon adsorption. The adsorption energies nicely
follow the trends of d and b in relation to the substrate faces
[see Fig. 4(a)]. This is particularly true for b(Ocarb/anhyd),
indicating again the importance of the interactions between
the O and the Ag surface atoms.

Important information from the DFT calculations is the
finding that the Ag atoms below the center of the perylene
core (and below the Ogpyg atoms) are repelled and pushed
into the surface, while the Ag atoms below the O, atoms are
pulled out (Fig. 1). Apparently, the interaction between the Ag
atoms and the C backbone turns locally Pauli-repulsive when
the PTCDA molecule is pulled towards the surface by the
O-Ag bonds. The amplitude of the surface buckling is largest
for Ag(110), being 0.22 A, compared to that for Ag(100) and
Ag(111), 0.19 A and 0.17 A, respectively. In the sequence
Ag(111), Ag(100), Ag(110), the coordination number of the

surface atoms decreases as 9 > 8 > 6. Thus, the surface
atoms are less tightly bound to the bulk in this series, which
is reflected by their displacements due to the interaction with
the PTCDA. Yet, for the (110) surface, the repulsion of the Ag
atoms directly below the perylene core is smaller compared
to (100) and (111). This indicates additional attractive inter-
actions for these atoms, as will be discussed below. From the
adsorption geometries, we calculated the average bond lengths
b between the Oy, the Ounnya, as well as the Cpyper atoms
and the neighboring Ag surface atoms. We considered two Ag
neighbors in the case of (off-)bridge adsorption sites and one
for (off-)on-top adsorption sites, respectively. As can be seen
from Fig. 4(a) (dashed lines), b(Cgnet-Ag) does not alter much
for the three Ag faces and is too long for a covalent interaction
(minimal 3.08 £ 0.07 A). However, 5(Ocar Janhyd-Ag) shortens
for both types of O atoms, the more open the substrate surface
is. In particular, b(Ogannya-Ag) reduces from 3.37 £ 0.04 A
(=sum of the vdW radii**) to 2.55+0.02 A, i.e. by 25%,
from Ag(111) to Ag(110). Finally, it is close to b(Ocyp-Ag),
being 2.37 +0.04 A for PTCDA/Ag(110). The reduction of
the difference in b(O-Ag) for Ocap and Ogpnyg points to a
stronger hybridization of the electronic states of the adsorbed
PTCDA with metal states, as is also visualized by DFT below.
This leads to a larger distortion of the C backbone and to a

TABLE I11. Experimental and theoretical results for the adsorption geometry of PTCDA on the low-index Ag surfaces. Here, d®**/"*° values
denote the averaged vertical adsorption heights of the specific atoms obtained from NIXSW experiments and DFT calculations, respectively
(all values in A, n.d. = not determined). For the specification of the atoms see Fig. 4(b).

Ag(111) Ag(100) Ag(110)

4P (Ref 15) dtheo dep dtheo 4exp dtheo
C total 2.86 £0.01 2.99 2.81£0.02 2.78 2.56 £0.01 2.68
Creryl n.d. 3.00 2.84£0.02 2.80 2.58£0.01 271
Crunct n.d. 2.94 2.73+0.01 2.69 245+£0.11 2.53
O total 2.86 £0.02 2.86 2.64£0.02 2.59 2.33£0.03 2.40
Ocarb 2.66 £0.03 2.80 2.53£0.02 2.53 2.30£0.04 2.38
Oanhyd 2.98 £0.08 2.98 2.78 £0.02 2.71 2.38£0.03 2.46
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FIG. 4. (Color) (a) Averaged vertical heights d (solid lines,®) and bond lengths b to neighboring surface atoms (dotted lines,©) for PTCDA
adsorption on the low index Ag surfaces. Gray: Cperyi, light gray: Crynei, red: Ocapy, blue: Ogpnya. Error bars are omitted for clarity; lines are
guides to the eye. The calculated adsorption energy E,4s per molecule is also indicated (black solid line, B). (b) Valence bond structure (top)
and ball-and-stick model (bottom) of PTCDA. (c) Schematic binding scenario for PTCDA on Ag surfaces: Contributions of Cpy (gray) and
Ocarp (red) to the potential energy E as a function of the adsorption height d. Realized values for d in the molecule are marked by dashed lines.

subsequent loss of the mesomeric stabilization within the
molecule. Apparently, the energetic cost of the deformation
is counterbalanced by the energy gain through the formation
of covalent O-Ag bonds. This holds for all O atoms, although
for Ounnyq the interaction is less pronounced as judged from
the larger b.

In conclusion: For longer O-Ag bonds, the C backbone of
the adsorbed PTCDA is less distorted, and d(Cpery1) is larger.
As a consequence of the generally small values of 5(Ocarb fanhyd-
Ag), the substrate/perylene core interactions become locally
repulsive. The corresponding binding potential for PTCDA can
schematically be split into the contributions of these two bond-
ing channels, which are sketched in Fig. 4(c): The minimum
of the potential that is felt by O, is at a smaller distance
d from the surface than the minimum for C,ery. Hence, the
overall adsorption height of the molecule can be understood as
a compromise between attractive O-Ag interactions and partly
repulsive Cperyi-Ag interactions. The above-noted buckling
amplitude is larger and b(O-Ag) is shorter for lower surface
atom coordination numbers. This correlation of coordination
number and strength of local bonding was recently also
emphasized in Ref. 53. We conclude that the strength of the
Ocarb-Ag bonds, and to some extent also the Oapnyg-Ag bonds,
plays a prominent, possibly decisive role for the adsorption
height and for the distortion of the PTCDA molecule.

B. Electronic structure

We now discuss the electronic structure. The formation of
covalent O-Ag bonds is shown in Fig. 5 (top). The electron
density p(r) between the O,y and the nearest Ag surface
atoms increases from Ag(111) over Ag(100) to Ag(110). Here,

Pb(Ocarb-Ag) at the bond critical point (of the type 3, —1)
is found to be approximately 0.25 e~ /A3 in the latter case,
while for PTCDA on Ag(100) and Ag(111), smaller values
are found (0.20 and 0.12 e~ /A3, respectively). Additionally,
electrons accumulate between the O,nnyg and the Ag atoms
in the same series. This proves the above-noted evolution of
Ocarb/anhyd-Ag bonds with decreasing Ag coordination number.
Their development can also be identified in the electron density
difference A p(r) (Fig. 5, second row), which is defined as p(r)
of the bonded system PTCDA/Ag(hkl) minus p(r) of the free
(but distorted) PTCDA molecule and minus p(r) of the bare
(but buckled) Ag(hkl) surface. The electron density enhances
around the O atoms, while it is reduced directly above the
surface, indicating (polar) covalent O-Ag bonds. Presumably,
these bonds are of coordinative nature. Again, this effect is
most prominent for the most open (110) surface. Therefore,
an important aspect of the bonding is the formation of the
covalent O-Ag bonds.

At first glance, the result that (only) local O-Ag interactions
determine the PTCDA adsorption geometry is in apparent
contradiction to our recent discussions of the bonding model of
PTCDA within the Newns—Anderson model.!>>* Therein, the
chemical interaction between the adsorbate and the substrate
is based on the energetic lowering and hybridization of a
molecular acceptor state with metal states and a charge
transfer to the adsorbate, i.e. (partial) filling of the former
acceptor state.’ For PTCDA on Ag surfaces, this charge
transfer into the former lowest unoccupied molecular orbital
(LUMO) has experimentally been proven and been interpreted
as the dominating bonding channel.>> Hence, we calculated
the metal-to-molecule charge transfer Ag: From a Bader
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FIG. 5. (Color) Total electron density p(r) and electron density difference A p(r) for PTCDA on (a) Ag(111), (b) Ag(100), and (c) Ag(110).
First and second rows: side views along the long molecular axis; third row: top views; fourth row: side views along the short molecular axis.
The horizontal cuts are made 0.8 A below the perylene core of the PTCDA molecule. Light gray: Ag, white: H, gray: Chpery, light gray: Cpunct,
red: Oca, blue: Oypyq. (d) Lowest unoccupied molecular orbital (LUMO) of gas-phase PTCDA.?' The black and white arrows indicate the
positions of the vertical and horizontal cuts. Note that in (a) the PTCDA molecule is rotated against the [110] substrate direction by 2°.

analysis,* we indeed find a net Ag of 1.00 e~, 1.33 e, and
1.35e™ for Ag(111), Ag(100), and Ag(110), respectively. (We
note that Bader analysis tends to overestimate the absolute
charges.’®) This can also be seen in the plots of Ap(r) in
Fig. 5 (third row). The charge that is donated from the metal
to the PTCDA accumulates in a metal/molecule hybrid state,>’
which very much resembles the LUMO of the free molecule
[see Fig. 5(d)]. Several aspects of the interface bonding can be
rationalized here: (a) The metal-to-molecule charge transfer
leads to a (partial) filling of the former LUMO state. Thereby,
the electron density on the molecule changes towards that of
a quinoidal structure.*?* (b) This leads to the weakening of
the Cfynet=0carb double bonds (to which the former LUMO is
antibonding) and causes charge depletion between these atoms
(see Fig. 5, third row). (c) Thus, the charge transfer supports the
formation of covalent O-Ag bonds by enhancing the flexibility
of the PTCDA molecule. The features (a)—(c) systematically
increase in the sequence Ag(111), Ag(100), Ag(110), that is
with lower surface atom coordination number. Thus, beside
the covalent bonding of the O, atoms (and partially of the
Ounnhya atoms) to the surface, charge donation from the surface
into the former LUMO is also an important aspect.

We emphasize that the charge donation is still of bonding
character for all Ag surfaces, despite the repulsion of surface

atoms by the perylene core. Figure 3 (third and fourth
row) shows the accumulation of charge also between the
Cperyl atoms on the periphery of the PTCDA molecule and
the Ag surface atoms, and thus the formation of (weak)
covalent/coordinative bonds. The repulsion of the Ag atoms is
only observed where the electron density of the metal/molecule
hybrid state is marginal, i.e. underneath the long central axis
of the PTCDA molecule (see Fig. 1), which coincides with the
nodal plane of the LUMO. In the case of PTCDA/Ag(110),
however, a strong hybridization of the molecular states with
metal states causes an accumulation of electron density
also below the long central axis of the adsorbed molecule,
indicating additional attractive interactions with the surface.
This explains the above-mentioned smaller repulsion of the
Ag atoms there. Hence, the interaction between the substrate
and the central 7 system has to be seen as a combination of
charge transfer, attractive m interactions (to a small extent
delocalized), and local Pauli repulsion.

V. SUMMARY

In summary, for PTCDA on Ag surfaces, the bonding
channels are as follows: (a) Local covalent bonds evolve
between the O, especially the O.,y,, and the Ag surface atoms
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(bonding). (b) There is a metal-to-adsorbate charge transfer
over the entire molecule. (c) The interaction turns (partially)
repulsive on the perylene core, but (d) in cases of strong
O-Ag bonding, i.e. for the open surfaces, attractive Cperyi-Ag
interactions on some of the perylene core atoms evolve. The
formation of the local O-Ag bonds is supported by the charge
donation, which results in a (partial) rehybridization of the
molecular orbitals. This, in turn, allows the PTCDA O atoms
and, subsequently, the perylene core to move closer to the
surface, further facilitating the charge transfer. The bonding
mechanism of PTCDA to Ag surfaces, hence, proceeds in a
complex and synergistic interaction cycle, bearing similarities

PHYSICAL REVIEW B 86, 235431 (2012)

to the Blyholder model.’ For the more open surfaces, the cova-
lent O-Ag bonds are significantly shorter as a consequence of
areinforced interaction cycle. We suggest that this picture also
holds for other i -conjugated planar molecules on surfaces.
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