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Abstract
We studied the structural and electronic properties of 2,3,9,10-tetrafluoropentacene (F4PEN) on Ag(111) via X-ray standing waves
(XSW), low-energy electron diffraction (LEED) as well as ultraviolet and X-ray photoelectron spectroscopy (UPS and XPS). XSW
revealed that the adsorption distances of F4PEN in (sub)monolayers on Ag(111) were 3.00 Å for carbon atoms and 3.05 Å for fluo-
rine atoms. The F4PEN monolayer was essentially lying on Ag(111), and multilayers adopted π-stacking. Our study shed light not
only on the F4PEN–Ag(111) interface but also on the fundamental adsorption behavior of fluorinated pentacene derivatives on
metals in the context of interface energetics and growth mode.
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Introduction
The performance of organic (opto)electronic devices is strongly
affected by the energy level alignment at the various interfaces
in such devices [1-3]. Fluorination is a viable way to change the

ionization energies (IEs) of organic semiconductor thin films
[4-6], which are an important parameter for energy level align-
ment [7,8]. Moreover, at organic–metal interfaces, fluorination
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is believed to decrease the coupling strength between the sub-
strate and the adsorbate [9-11]. However, at such interfaces,
vertical adsorption heights [12,13], interface dipoles (vacuum
level shifts) [9,14] and consequently the energy level alignment
[15-17] are affected by fluorination. Furthermore, fluorination
can change the molecular multilayer growth [18-21], which in
turn affects the IEs. Overall, predicting the impact of fluori-
nation on the energetics at organic–metal interfaces still remains
a challenge.

In this context, pentacene (PEN) and perfluorinated pentacene
(PFP) are frequently-studied model compounds [9,18,22-35].
PEN and PFP have almost identical optical gaps in thin films
(1.85 eV and 1.75 eV, respectively) [36,37], and the experimen-
tal gas phase IEs (measured by UPS) are 6.59 eV [38] and
7.50 eV [39], respectively. This trend of the IEs is also found
for thin films comprised of PEN or PFP with a flat-lying (long
and short molecular axes parallel to the substrate) orientation,
which have IEs (in monolayers on graphite) of 5.65 eV and
6.20 eV, respectively [25,26]. The decrease in the IE is due to
solid state polarization, which is a general phenomenon for mo-
lecular thin films [40-44]. However, in thin films comprised of
molecules in a standing orientation on SiO2 (long molecular
axis perpendicular to the substrate), the IE of PEN decreases to
4.90 eV and the IE of PFP increases to 6.65 eV [45]. The oppo-
site trend of the orientation dependency of the IEs has its origin
in the strongly polar C–F bonds of PFP [5,27], which reverse
the intramolecular quadrupole moment of PEN and PFP [46].
The collective influence of these quadrupoles in turn affects the
potential energy, and thus the IEs of the thin films, an effect
that is likewise termed electrostatic contribution polarization
[11,44].

Perfluorination does not impact the orientation of PEN and PFP
in the contact layer with clean metals, where both compounds
are lying flat [9,30,31,47-52]. On Au(111), the coupling
strength of both monolayers with the substrate is rather similar
and physisorptive [29,53]. On Cu(111), PFP shows a behavior
close to physisorption [9], although the coupling strength might
be slightly stronger than with Au(111) [54]. PEN on Cu(111),
however, is strongly chemisorbed, involving a partial filling of
the former lowest unoccupied molecular orbital (LUMO) by a
charge transfer from the substrate [9,28]. This can be explained
by the repulsive interaction of the fluorine atoms with the sub-
strate, which leads to much larger vertical adsorption heights of
PFP compared to PEN in monolayers on Cu(111) [9]. Ag(111)
represents an intermediate case [55] with weak chemisorption
of PEN [28,51] and physisorption of PFP [50]. Multilayers of
PEN adopt a herringbone arrangement on virtually all sub-
strates [47,56-59], whereas PFP multilayers exhibit π-stacking
[18,56]. The different multilayer packing motifs of PEN and

PFP can again be explained by electrostatic intramolecular
interactions [18].

Overall, the influence of perfluorination on the multilayer
growth and on the interfacial coupling of pentacene on clean
metal surfaces is understood to a large extent. However, the
impact of partial fluorination is less well studied, and thus we
explored thin films of partially fluorinated PEN, namely
2,3,9,10-tetrafluoropentacene (F4PEN) [46,60,61]. F4PEN
physisorbs on Au(111) [62] and chemisorbs on Cu(111), in-
volving interfacial charge transfer and strong molecular distor-
tions [63]. Here, we investigated the coupling with Ag(111) as
we expected this to be an interesting intermediate case. We de-
termined the vertical adsorption heights of F4PEN (sub)mono-
layers on Ag(111) employing the XSW technique [64-67]. The
lateral order in the monolayer was determined by LEED.
Possible chemical interactions between F4PEN and the sub-
strate were studied by XPS. The energy level alignment was in-
vestigated by UPS. Furthermore, we compared the adsorption
behavior of F4PEN on Ag(111) with that of PEN and PFP on
the same substrate to understand the influence of fluorine sub-
stitution on the interfacial electronic structure of prototypical
pentacene derivatives at organic–metal interfaces.

Results
The determination of the vertical adsorption heights of F4PEN
in (sub)monolayers on Ag(111) relied on high-resolution core
level spectra, which are shown in Figure 1 (additional XPS
spectra are shown in Supporting Information File 1, Figure S1).
Following the assignment of the F4PEN core levels on Cu(111)
[63], the C 1s peak centered at 287.29 eV binding energy (BE)
was assigned to the carbon atoms bound to the fluorine atoms
(C–F), and the main peak centered at 284.88 eV BE was
assigned to the carbon atoms in the backbone of F4PEN (C–C).
In addition, at the low-BE edge a small tail attributed to the car-
bon atoms bound to the substrate (C–Ag) belonged to the
broken C–F bonds due to the dehalogenation reaction [63,68].
The symmetric F 1s peak was centered at 687.47 eV BE.
Figure 1 shows the photoelectron yield (Yp), i.e., the photoemis-
sion intensity of the core-levels as a function of the photon
energy, which allowed to determine the coherent position (PH)
and the coherent fraction (fH) of the adsorbate atoms [66,69].
The former gave the adsorption distance in terms of the lattice
spacing of the silver substrate: dH = d0(n + PH) (typical preci-
sion < 0.05 Å), with n being an integer. The coherent fraction
0 ≤ fH ≤ 1 describes the degree of vertical order of the adsor-
bate atoms, with fH = 0 for a completely disordered system and
fH = 1 for all probed adsorbate atoms having the same adsorp-
tion distance. XSW measurements were performed for two
(sub)monolayer coverages of F4PEN on Ag(111), yielding
essentially the same results (the data for higher coverage is
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Figure 1: (a) C 1s and (b) F 1s core levels of F4PEN in monolayers on Ag(111) measured at DLS. (c) Reflectivity and photoelectron yield (Yp) as a
function of the photon energy (hυ) relative to the Bragg energy (EBragg = 2630 eV) for a (sub)monolayer (<2 Å) F4PEN thin film on Ag(111). For each
element, the coherent position (PH) and the coherent fraction (fH) are given. (d) Chemical structure of F4PEN. (e) LEED pattern for F4PEN on Ag(111)
with a nominal thickness of 4 Å, measured at 295 K with a beam energy of 29 eV. The LEED pattern is almost the same as for PEN on Cu(111) [28].

Table 1: Summary of the element-specific vertical adsorption heights (dH/Å) of (fluorinated) pentacene in (sub)monolayers on Ag(111) measured with
the XSW technique. A low coverage indicates the submonolayer (<2 Å) and a high coverage indicates an almost closed monolayer (≈3 Å). The values
for PEN and PFP are taken from [51] and [50], respectively.

coverage element PEN F4PEN PFP

dH fH PH dH dH

low C 2.98 0.49 0.27 3.00 ± 0.03 3.16
F – 0.36 0.30 3.05 ± 0.02 3.16

high C 3.12 0.37 0.26 2.97 ± 0.02 –
F – 0.45 0.24 2.93 ± 0.01 –

shown in Supporting Information File 1, Figure S2). F4PEN
adsorbed in an essentially planar geometry, with averaged
vertical adsorption distances of around 3.00 Å for carbon and
fluorine atoms. The adsorption distances are summarized in

Table 1, together with literature values for PEN and PFP. In
general, the adsorption distance of F4PEN in (sub)monolayers
on Ag(111) was similar to that of PEN and PFP on the same
substrate.
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Figure 2: Valence band (a) and secondary electron region (b) of the UPS spectra of F4PEN on Ag(111). In (a), the nominal mass thickness is
denoted.

Turning from vertical to lateral order, the LEED pattern of
F4PEN on Ag(111) is shown in Figure 1e. At a nominal thick-
ness of 4 Å, F4PEN is well-ordered, in contrast to PEN on the
same substrate, which is disordered at room temperature for the
same thickness [28,31,52]. Interestingly, the LEED pattern of
F4PEN on Ag(111) was virtually identical to those of PEN on
Cu(111) [28]. Increasing the coverage to nominally 48 Å did
not significantly change the LEED image (see Supporting Infor-
mation File 1, Figure S3). This indicated that increasing the
coverage does not change the lateral order at the contact layer
and pointed towards Stranski–Krastanov growth (island on
wetting layer) [70] since the signal from the interface was
visible even when a nominal coverages corresponding to several
layers was deposited. Stranski–Krastanov growth has been sug-
gested for F4PEN on Cu(111) [63], and furthermore was sup-
ported by thickness-dependent XPS, where the relative intensi-
ty barely changed as the nominal F4PEN thickness increased
from 8 to 48 Å (for the spectra see Supporting Information
File 1, Figure S4). Furthermore, a rigid shift of the C 1s and
F 1s core levels of around 0.2 eV to a higher BE could be ob-
served for a nominal thickness from 2 to 48 Å. This shift could
be attributed to the screening effect (also often called the mir-
ror force effect), which is commonly observed in photoemis-
sion data of organic thin films on metal substrates [71-73]. The

absence of nonrigid shifts of the core level peaks between the
mono- and multilayer coverage, which usually occur in the case
of chemisorption [74-77], pointed to a weak interfacial cou-
pling.

Figure 2a shows the UPS data for the valence band region of
stepwise deposited F4PEN on Ag(111). For a nominal thick-
ness of 1 Å, two peaks that could be assigned to the HOMO and
HOMO−1 levels of F4PEN were visible. The low BE onset of
the HOMO-derived peak was located at a 1.56 eV BE. For a
thicknesses of 4 Å and larger, a third peak emerged at the high
BE shoulder of the HOMO-derived peak. Interestingly, the
maxima of these two peaks did not change with an increasing
coverage (as highlighted by the vertical lines in Figure 2a).
However, the HOMO-derived peak broadened, and for a nomi-
nal thickness of 48 Å, its onset was at 1.51 eV BE. The
HOMO−1-derived peak also broadened, but its maximum
showed a shift to higher BE with increasing coverage. This shift
was essentially parallel to that of a deeper-lying valence elec-
tron feature (centered at around a 10 eV BE, the spectra are
shown in Supporting Information File 1, Figure S5) and to that
of the core levels. Possible reasons why the HOMO level did
not show the screening effect and the origins of the third peak
will be discussed below.
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The secondary electron cut-off (SECO) spectra (Figure 2b)
allowed to determine the VL position above the Fermi level
(EF), which was reduced from an initial value of 4.62 eV [i.e.,
the work function of clean Ag(111)] to 4.05 eV for a nominal
F4PEN thickness of 4 Å and stayed essentially constant when
increasing the coverage. The VL decrease of 0.57 eV was rather
similar to that of PEN or PFP thin films on the same substrate
[28,50] and could be mainly attributed to the so-called push-
back effect, i.e., the reduction of the surface dipole part of the
metal work function [78] by the mere presence of the molecu-
lar adsorbate [73,79,80]. The VL and the HOMO onset gave the
IE, which decreased from 5.87 eV for the monolayer (4 Å) to
5.56 eV for the multilayer (48 Å).

Discussion
Figure 3 summarizes the experimental results of F4PEN thin
films on Ag(111) and compares them with those of PEN and
PFP thin films on the same substrate. Notably, the valence band
spectra were almost identical for the monolayer coverages. In
all cases, the HOMO-derived peak was centered at 1.85 eV,
while the peak centered at a higher BE (≈3.00 eV) was identi-
fied as the HOMO−1-derived peak. In addition, the vertical
adsorption geometries were rather similar (Table 1), and no
obvious distortions became evident for the fluorinated com-
pounds, which drew the picture of lying molecules (PEN,
F4PEN, and PFP) in monolayers on Ag(111). The carbon atoms
of PFP [50] exhibited a slightly larger adsorption distance com-
pared to PEN (low coverage) [51] and F4PEN. The increase in
dH for PEN by raising the coverage was explained by a vertical
ordering due to intermolecular interactions [51]. The small cov-
erage-dependent changes of F4PEN showed an opposite trend,
but the change in the vertical adsorption heights of the carbon
atoms was only 0.02 Å, i.e., within the experimental uncer-
tainty. In particular, the fluorine atoms showed a difference in
the adsorption distance of ΔdH = 0.10 Å. For the higher cover-
age (see Supporting Information File 1, Figure S2), the fluorine
atoms were apparently located below the carbon atoms. Howev-
er, such a behavior would be rather unusual as for F4PEN as
well as for PFP on Cu(111), an upward bending of the fluorine
atoms was observed [9,63] and is also expected due to the
repulsive interaction of the fluorine atoms with the metal sur-
face [81]. Moreover, also for related peripherally fluorinated
molecules on the (111) surfaces of coinage metals, a downward
bending of the fluorine atoms has never been observed [64]. In
particular, this holds for PFP on Ag(111) [50] and F16CuPc on
the same substrate [82]. Taking into account the error bar of our
measurements, a lying adsorption geometry will be considered
in the following. For a higher coverage, F4PEN adsorbed at a
lower position than PEN, which seemed to be at odds with the
expected decrease of the organic–metal coupling strength by
fluorination. However, also the carbon atoms of F4PEN on

Cu(111) have smaller vertical adsorption distances (2.24 Å
[63]) than PEN (2.34 Å [9]). The adsorption distance of the
fluorine atoms of F4PEN on Cu(111), however, was 3.40 Å,
and thus even higher than that of the PFP fluorine atoms on the
same substrate (3.08 Å [9]).

The similar adsorption distances on Ag(111) and the almost
planar adsorption geometry could explain the similar vacuum
level shifts (around 0.5 eV) upon monolayer formation of the
three molecules (Figure 3): In the absence of notable
organic–metal interactions, the interface dipole is mainly due to
the pushback effect, and its magnitude is determined by the
adsorption distance [83,84]. In all cases, the vacuum level shift
saturated at a nominal thickness of 4 Å. This thickness thus
represented an almost closed monolayer coverage, and subse-
quently deposited molecules grew predominantly in multilayers
(and not on possibly uncovered substrate patches).

The almost identical HOMO positions were unexpected and in
contrast to the monolayers of PEN and PFP on graphite, with a
likewise lying-down orientation and large differences in the
HOMO positions [11,25,26]. In general, for a strong interfacial
coupling and charge transfer, the resonance structure of the
adsorbate in the monolayer can be notably different from that in
multilayers [75,85-87]. For the specific case of the pentacene
derivatives on Ag(111), strong coupling was not observed.
However, the interaction of PEN with Ag(111) was termed
“soft chemisorption” [51], and by a closer look at the PEN
monolayer spectrum in Figure 3a, a faint peak close to EF
(marked with an asterisk) could be ascribed to a charge transfer
from the substrate [28]. The transport gap of PEN is 2.20 eV
[88]. Similar transport gaps can be expected for PFP and
F4PEN, which puts the Fermi level rather close to the LUMO.
Moreover, in the vicinity of a metal surface, the gap has been
found to decrease, and the molecular energy levels become
broadened [1,89,90], which is expected to promote the charge
transfer to the LUMO [7,8].

The positions of the HOMO levels of molecular monolayers on
metal substrates depend also on the magnitude of the above
mentioned screening effect [10,72,89] or, more generally, on
the electronic polarization of the charged molecules on the sur-
faces. In addition to the substrate contribution, interactions with
neighboring molecules, which have an electrostatic and an
induction contribution, have to be taken into account [11,44].
Induction interactions are always stabilizing the photohole and
should–given the same coverage–lead to similar shifts for PEN,
F4PEN and PFP. As mentioned in the introduction, the electro-
static contribution depends on intramolecular quadrupole
moments and has, due to the strong polar character of the C–F
bonds, opposite signs for PEN and PFP [11]. Electrostatic
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Figure 3: (a) Valence band spectra for (fluorinated) pentacene in (sub)monolayer (solid lines) and multilayer (dotted lines) thin films on Ag(111).
(b) Evolution of the vacuum level of (fluorinated) pentacene with increasing thickness on Ag(111). The PEN and PFP data in (a) and (b) is taken from
[28,50]. (c) Hypothetical growth modes of (fluorinated) pentacene on Ag(111) on profile view, with the C atoms in green, the F atoms in red and the H
atoms in grey. Note, that PEN (F4PEN and PFP) is viewed along the short (long) molecular axis. A more detailed discussion on the F4PEN adsorp-
tion geometry on Ag(111) based on the analysis of the fH values can be found in Supporting Information File 1, Figure S6.

potential maps of PEN, F4PEN and PFP in the gas phase can be
found in [46]. In general, hydrogen atoms bear a minimum, and
fluorine atoms a maximum of the electron density, i.e., the
quadrupole moments of F4PEN along the molecular short and
long axes have opposite signs, while they have the same signs
for PEN and PFP, respectively. Without precise knowledge of
the F4PEN monolayer structure, the electronic polarization
cannot be calculated, but it is reasonable to assume that the
interplay of substrate, induction and electrostatic contributions
resulted in the observed identical HOMO level position in all
three monolayers.

For an in-depth discussion of the multilayer electronic structure,
for which the valence electron spectra were strikingly different
(Figure 3a), knowledge about the morphology and the molecu-
lar orientation was indispensable [91-94]. As mentioned above,
multilayers of PEN show a herringbone arrangement on virtu-
ally all substrates [47,56-59], and for commonly prepared
vacuum-sublimed thin films on metals, the long molecular axis
is parallel to the substrate [95-97]. Indeed, for the PEN multi-
layers on Ag(111), the HOMO-derived peak measured by partly
angle-averaging UPS exhibited the typical shape of crystalline

PEN in a herringbone arrangement [28,98-100]. The shift of the
HOMO onset to lower BE could be explained by the reduced IE
of PEN thin films consisting of tilted instead of lying mole-
cules [28,29]. PFP, in contrast, exhibits π-stacking on various
substrates [18,56]. The X-ray scattering data shown in Support-
ing Information File 1, Figure S7 confirmed this ordering motif
for the Ag(111) surface. The almost symmetric shape of the
PFP HOMO in multilayers on Ag(111) resembled that of like-
wise π-stacked organic multilayer thin films [101-103]. The
shift to higher BE could, in part, be attributed to the screening
effect [50], and the broadening could be ascribed to the inter-
molecular band dispersion [18]. The multilayer structure of
F4PEN on Ag(111) is unknown, but the comparison of photo-
electron spectroscopy data with that of PEN and PFP hinted at
π-stacking: For F4PEN, a herringbone arrangement involving
an inclination of the molecular short axis would expose the C–H
bonds (and not the C–F polar bonds) to the surface. This case
would be in analogy to PEN, and a shift of the HOMO towards
a lower BE should be expected, which was, however, not ob-
served. π-stacking, on the other hand, could explain the photo-
electron spectroscopy data: The rigid shifts in UPS and XPS
were due to screening by the substrate; the valence electron
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peak between the HOMO and the HOMO−1 for multilayer cov-
erage had almost the same BE as the HOMO in PFP multi-
layers.

Conclusion
In conclusion, in the monolayer regime on Ag(111), (partial)
fluorination of pentacene did not notably affect the adsorption
geometry and the energy level alignment. This finding was most
likely due to the interplay of the substrate, induction and elec-
trostatic contributions to the solid state polarization, i.e., a
mutual compensation of different mechanisms. Our results
show that the rationale of “decoupling by fluorination” re-
quired a threshold of organic–metal interaction strength, as can
be seen by the monolayers of PEN, F4PEN and PFP on
Cu(111), which were indeed distinctively different [9,63].
Moreover, the strong intramolecular polar C–F bond had an
eminent impact on the multilayer structure of the pentacene de-
rivatives on Ag(111), which were π-stacked for PFP and
F4PEN, whereas PEN adopted a herringbone arrangement. For
PFP this could be ascribed to attractive quadrupole interactions
between adjacent PFP molecules [18,56], and this seemed to be
the case for partial fluorination as well. The differences in thin
film structure were also reflected in the electronic structures,
which were distinctively different in multilayers on Ag(111).
Our results highlight that even for weak organic–metal interac-
tion, the fluorine substitution significantly affects the organic
thin film growth beyond the first layer as well as the multilayer
electronic structure.

Experimental
F4PEN was synthesized following an established procedure
[60] and vacuum-sublimed on clean metal surfaces (prepared by
repeated Ar+ ion sputtering and annealing cycles [up to
550 °C]), with deposition rates of about 0.5 Å/min. The film
mass thickness was monitored with a quartz crystal microbal-
ance (QCM) near the sample, and a nominal thickness of 4 Å is
close to monolayer coverage. The high-resolution XPS (HR-
XPS) and normal-incidence XSW (NIXSW) experiments were
performed at beamline I09 at Diamond Light Source (DLS, UK)
using both the soft (110–1100 eV) and hard (2.1–18 keV) X-ray
beams [104,105]. Sample preparation and measurements were
performed in situ under ultrahigh vacuum (UHV) conditions.
The analysis chamber (base pressure: 3 × 10−10 mbar) contained
a VG Scienta EW4000 HAXPES hemispherical photoelectron
analyzer, which was mounted at 90° relative to the incident
X-ray beam. The reflectivity and photoelectron core level spec-
tra of all elements were recorded at different photon energies E
(31 data sets) within a ±3 eV interval around the normal-inci-
dence Bragg energy EBragg (2630 eV) of Ag(111). The photo-
electron yield YP (E − EBragg) and the reflectivity were modeled
taking into account the experimental geometry and the nondi-

pole corrections associated with it [82]. For HR-XPS, the
photon energy was 800 eV, and the angle between the incom-
ing beam and the substrate normal was 60°. Thickness-depend-
ent UPS and XPS experiments were carried out at Soochow
University in an ultrahigh vacuum system consisting of three
interconnected chambers (base pressure: 3 × 10−10 mbar) for
substrate preparation, thin film evaporation and analysis. LEED
was performed using a Micro-Channel-Plate LEED (OCI
BDL800IR-MCP). Photoelectron spectroscopy experiments
were performed using a SPECS PHOIBOS 150 analyzer and
monochromatized He I radiation (21.22 eV) and the monochro-
matized Al Kα line (1486.6 eV) for UPS and XPS, respectively.
For UPS, the energy resolution was 80 meV, and the angle be-
tween the incident beam and the sample surface was fixed to
40°. The spectra were collected at photoelectron take-off angles
of 45°, with an acceptance angle of ±12°. A sketch of the mea-
surement geometry can be found in Reference [28]. The XPS
and UPS valence band spectra were plotted with respect to EF.
In the plots of the secondary electron region of UPS (measured
in normal emission), the energy scale was corrected by the
applied bias voltage (−3 V) and the analyzer work function.
Thus, the position of the SECO corresponds to the vacuum level
(VL) with respect to EF. All organic thin film preparation steps
and all measurements were performed at room temperature
(295 K).

Supporting Information
Comparison of low- and high-coverage F4PEN on
Ag(111), both HR-XPS and XSW results, full spectra of
coverage-dependent XPS results, C 1s and F 1s core levels,
full UPS survey spectra, XRD measurement and analysis of
PFP on Ag(111) and a set of XSW measurements.

Supporting Information File 1
Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-120-S1.pdf]

Acknowledgements
The authors thank the Diamond Light Source for access to
beamline I09, and the staff, in particular D. A. Duncan, for
excellent support during the beamtime.

Funding
This work was financially supported in part by the National Key
R&D Program of China (Grant No. 2017YFA0205002), the 111
Project of the Chinese State Administration of Foreign Experts
Affairs, the Collaborative Innovation Center of Suzhou Nano
Science & Technology (NANO-CIC) and the Soochow Univer-

https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-11-120-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-11-120-S1.pdf


Beilstein J. Nanotechnol. 2020, 11, 1361–1370.

1368

sity-Western University Joint Center for Synchrotron Radiation
Research. Q. W. gratefully acknowledges financial support
from the China Scholarship Council (CSC No. 201706920041).

ORCID® iDs
Qi Wang - https://orcid.org/0000-0002-9777-3637
Antoni Franco-Cañellas - https://orcid.org/0000-0001-7767-9611
Holger F. Bettinger - https://orcid.org/0000-0001-5223-662X
Frank Schreiber - https://orcid.org/0000-0003-3659-6718
Alexander Gerlach - https://orcid.org/0000-0003-1787-1868
Steffen Duhm - https://orcid.org/0000-0002-5099-5929

References
1. Fahlman, M.; Fabiano, S.; Gueskine, V.; Simon, D.; Berggren, M.;

Crispin, X. Nat. Rev. Mater. 2019, 4, 627–650.
doi:10.1038/s41578-019-0127-y

2. Nakano, K.; Tajima, K. Adv. Mater. (Weinheim, Ger.) 2017, 29,
1603269. doi:10.1002/adma.201603269

3. Zojer, E.; Taucher, T. C.; Hofmann, O. T. Adv. Mater. Interfaces 2019,
6, 1900581. doi:10.1002/admi.201900581

4. Schwarze, M.; Tress, W.; Beyer, B.; Gao, F.; Scholz, R.; Poelking, C.;
Ortstein, K.; Günther, A. A.; Kasemann, D.; Andrienko, D.; Leo, K.
Science 2016, 352, 1446–1449. doi:10.1126/science.aaf0590

5. Heimel, G.; Salzmann, I.; Duhm, S.; Koch, N. Chem. Mater. 2011, 23,
359–377. doi:10.1021/cm1021257

6. Schwarze, M.; Schellhammer, K. S.; Ortstein, K.; Benduhn, J.;
Gaul, C.; Hinderhofer, A.; Perdigón Toro, L.; Scholz, R.; Kublitski, J.;
Roland, S.; Lau, M.; Poelking, C.; Andrienko, D.; Cuniberti, G.;
Schreiber, F.; Neher, D.; Vandewal, K.; Ortmann, F.; Leo, K.
Nat. Commun. 2019, 10, 2466. doi:10.1038/s41467-019-10435-2

7. Oehzelt, M.; Koch, N.; Heimel, G. Nat. Commun. 2014, 5, 4174.
doi:10.1038/ncomms5174

8. Yang, J.-P.; Bussolotti, F.; Kera, S.; Ueno, N. J. Phys. D: Appl. Phys.
2017, 50, 423002. doi:10.1088/1361-6463/aa840f

9. Koch, N.; Gerlach, A.; Duhm, S.; Glowatzki, H.; Heimel, G.;
Vollmer, A.; Sakamoto, Y.; Suzuki, T.; Zegenhagen, J.; Rabe, J. P.;
Schreiber, F. J. Am. Chem. Soc. 2008, 130, 7300–7304.
doi:10.1021/ja800286k

10. Goiri, E.; Borghetti, P.; El-Sayed, A.; Ortega, J. E.; de Oteyza, D. G.
Adv. Mater. (Weinheim, Ger.) 2016, 28, 1340–1368.
doi:10.1002/adma.201503570

11. D’Avino, G.; Duhm, S.; Della Valle, R. G.; Heimel, G.; Oehzelt, M.;
Kera, S.; Ueno, N.; Beljonne, D.; Salzmann, I. Chem. Mater. 2020, 32,
1261–1271. doi:10.1021/acs.chemmater.9b04763

12. Yamane, H.; Gerlach, A.; Duhm, S.; Tanaka, Y.; Hosokai, T.;
Mi, Y. Y.; Zegenhagen, J.; Koch, N.; Seki, K.; Schreiber, F.
Phys. Rev. Lett. 2010, 105, 046103.
doi:10.1103/physrevlett.105.046103

13. Kleimann, C.; Stadtmüller, B.; Schröder, S.; Kumpf, C.
J. Phys. Chem. C 2014, 118, 1652–1660. doi:10.1021/jp411289j

14. Peisert, H.; Knupfer, M.; Schwieger, T.; Fuentes, G. G.; Olligs, D.;
Fink, J.; Schmidt, T. J. Appl. Phys. 2003, 93, 9683–9692.
doi:10.1063/1.1577223

15. Duhm, S.; Bürker, C.; Hosokai, T.; Gerlach, A. Vertical Bonding
Distances Impact Organic-Metal Interface Energetics. In Electronic
Processes in Organic Electronics; Ishii, H.; Kudo, K.; Nakayama, Y.,
Eds.; Springer: Japan, 2015; pp 89–107.
doi:10.1007/978-4-431-55206-2_6

16. Otero, R.; Vázquez de Parga, A. L.; Gallego, J. M. Surf. Sci. Rep.
2017, 72, 105–145. doi:10.1016/j.surfrep.2017.03.001

17. Willenbockel, M.; Lüftner, D.; Stadtmüller, B.; Koller, G.; Kumpf, C.;
Soubatch, S.; Puschnig, P.; Ramsey, M. G.; Tautz, F. S.
Phys. Chem. Chem. Phys. 2015, 17, 1530–1548.
doi:10.1039/c4cp04595e

18. Salzmann, I.; Moser, A.; Oehzelt, M.; Breuer, T.; Feng, X.;
Juang, Z.-Y.; Nabok, D.; Della Valle, R. G.; Duhm, S.; Heimel, G.;
Brillante, A.; Venuti, E.; Bilotti, I.; Christodoulou, C.; Frisch, J.;
Puschnig, P.; Draxl, C.; Witte, G.; Müllen, K.; Koch, N. ACS Nano
2012, 6, 10874–10883. doi:10.1021/nn3042607

19. Jones, A. O. F.; Chattopadhyay, B.; Geerts, Y. H.; Resel, R.
Adv. Funct. Mater. 2016, 26, 2233–2255.
doi:10.1002/adfm.201503169

20. Hu, J.; Aghdassi, N.; Bhagat, S.; Garmshausen, Y.; Wang, R.;
Koch, N.; Hecht, S.; Duhm, S.; Salzmann, I. Adv. Mater. Interfaces
2020, 7, 1901707. doi:10.1002/admi.201901707

21. Hofmann, P. E.; Tripp, M. W.; Bischof, D.; Grell, Y.; Schiller, A. L. C.;
Breuer, T.; Ivlev, S. I.; Witte, G.; Koert, U. Angew. Chem., Int. Ed.
2020, in press. doi:10.1002/anie.202006489

22. Kim, D. K.; Lubert-Perquel, D.; Heutz, S. Mater. Horiz. 2020, 7,
289–298. doi:10.1039/c9mh00355j

23. Duva, G.; Mann, A.; Pithan, L.; Beyer, P.; Hagenlocher, J.;
Gerlach, A.; Hinderhofer, A.; Schreiber, F. J. Phys. Chem. Lett. 2019,
10, 1031–1036. doi:10.1021/acs.jpclett.9b00304

24. Sakamoto, Y.; Suzuki, T.; Kobayashi, M.; Gao, Y.; Fukai, Y.;
Inoue, Y.; Sato, F.; Tokito, S. J. Am. Chem. Soc. 2004, 126,
8138–8140. doi:10.1021/ja0476258

25. Yamane, H.; Nagamatsu, S.; Fukagawa, H.; Kera, S.; Friedlein, R.;
Okudaira, K. K.; Ueno, N. Phys. Rev. B 2005, 72, 153412.
doi:10.1103/physrevb.72.153412

26. Kera, S.; Hosoumi, S.; Sato, K.; Fukagawa, H.; Nagamatsu, S.-i.;
Sakamoto, Y.; Suzuki, T.; Huang, H.; Chen, W.; Wee, A. T. S.;
Coropceanu, V.; Ueno, N. J. Phys. Chem. C 2013, 117,
22428–22437. doi:10.1021/jp4032089

27. Salzmann, I.; Duhm, S.; Heimel, G.; Oehzelt, M.; Kniprath, R.;
Johnson, R. L.; Rabe, J. P.; Koch, N. J. Am. Chem. Soc. 2008, 130,
12870–12871. doi:10.1021/ja804793a

28. Lu, M.-C.; Wang, R.-B.; Yang, A.; Duhm, S. J. Phys.: Condens. Matter
2016, 28, 094005. doi:10.1088/0953-8984/28/9/094005

29. Koch, N.; Vollmer, A.; Duhm, S.; Sakamoto, Y.; Suzuki, T.
Adv. Mater. (Weinheim, Ger.) 2007, 19, 112–116.
doi:10.1002/adma.200601825

30. Gall, J.; Zhang, L.; Fu, X.; Zeppenfeld, P.; Sun, L. D. Phys. Rev. B
2017, 96, 125424. doi:10.1103/physrevb.96.125424

31. Dougherty, D. B.; Jin, W.; Cullen, W. G.; Reutt-Robey, J. E.;
Robey, S. W. J. Phys. Chem. C 2008, 112, 20334–20339.
doi:10.1021/jp804682v

32. Yang, X.; Egger, L.; Fuchsberger, J.; Unzog, M.; Lüftner, D.; Hajek, F.;
Hurdax, P.; Jugovac, M.; Zamborlini, G.; Feyer, V.; Koller, G.;
Puschnig, P.; Tautz, F. S.; Ramsey, M. G.; Soubatch, S.
J. Phys. Chem. Lett. 2019, 10, 6438–6445.
doi:10.1021/acs.jpclett.9b02231

https://orcid.org/0000-0002-9777-3637
https://orcid.org/0000-0001-7767-9611
https://orcid.org/0000-0001-5223-662X
https://orcid.org/0000-0003-3659-6718
https://orcid.org/0000-0003-1787-1868
https://orcid.org/0000-0002-5099-5929
https://doi.org/10.1038%2Fs41578-019-0127-y
https://doi.org/10.1002%2Fadma.201603269
https://doi.org/10.1002%2Fadmi.201900581
https://doi.org/10.1126%2Fscience.aaf0590
https://doi.org/10.1021%2Fcm1021257
https://doi.org/10.1038%2Fs41467-019-10435-2
https://doi.org/10.1038%2Fncomms5174
https://doi.org/10.1088%2F1361-6463%2Faa840f
https://doi.org/10.1021%2Fja800286k
https://doi.org/10.1002%2Fadma.201503570
https://doi.org/10.1021%2Facs.chemmater.9b04763
https://doi.org/10.1103%2Fphysrevlett.105.046103
https://doi.org/10.1021%2Fjp411289j
https://doi.org/10.1063%2F1.1577223
https://doi.org/10.1007%2F978-4-431-55206-2_6
https://doi.org/10.1016%2Fj.surfrep.2017.03.001
https://doi.org/10.1039%2Fc4cp04595e
https://doi.org/10.1021%2Fnn3042607
https://doi.org/10.1002%2Fadfm.201503169
https://doi.org/10.1002%2Fadmi.201901707
https://doi.org/10.1002%2Fanie.202006489
https://doi.org/10.1039%2Fc9mh00355j
https://doi.org/10.1021%2Facs.jpclett.9b00304
https://doi.org/10.1021%2Fja0476258
https://doi.org/10.1103%2Fphysrevb.72.153412
https://doi.org/10.1021%2Fjp4032089
https://doi.org/10.1021%2Fja804793a
https://doi.org/10.1088%2F0953-8984%2F28%2F9%2F094005
https://doi.org/10.1002%2Fadma.200601825
https://doi.org/10.1103%2Fphysrevb.96.125424
https://doi.org/10.1021%2Fjp804682v
https://doi.org/10.1021%2Facs.jpclett.9b02231


Beilstein J. Nanotechnol. 2020, 11, 1361–1370.

1369

33. Kim, V. O.; Broch, K.; Belova, V.; Chen, Y. S.; Gerlach, A.;
Schreiber, F.; Tamura, H.; Della Valle, R. G.; D’Avino, G.;
Salzmann, I.; Beljonne, D.; Rao, A.; Friend, R. J. Chem. Phys. 2019,
151, 164706. doi:10.1063/1.5130400

34. Cocchi, C.; Breuer, T.; Witte, G.; Draxl, C. Phys. Chem. Chem. Phys.
2018, 20, 29724–29736. doi:10.1039/c8cp06384b

35. Shi, X.-Q.; Li, Y.; Van Hove, M. A.; Zhang, R.-Q. J. Phys. Chem. C
2012, 116, 23603–23607. doi:10.1021/jp310007v

36. Hinderhofer, A.; Heinemeyer, U.; Gerlach, A.; Kowarik, S.;
Jacobs, R. M. J.; Sakamoto, Y.; Suzuki, T.; Schreiber, F.
J. Chem. Phys. 2007, 127, 194705. doi:10.1063/1.2786992

37. Duhm, S.; Salzmann, I.; Heimel, G.; Oehzelt, M.; Haase, A.;
Johnson, R. L.; Rabe, J. P.; Koch, N. Appl. Phys. Lett. 2009, 94,
033304. doi:10.1063/1.3073046

38. Coropceanu, V.; Malagoli, M.; da Silva Filho, D. A.; Gruhn, N. E.;
Bill, T. G.; Brédas, J. L. Phys. Rev. Lett. 2002, 89, 275503.
doi:10.1103/physrevlett.89.275503

39. Delgado, M. C. R.; Pigg, K. R.; da Silva Filho, D. A.; Gruhn, N. E.;
Sakamoto, Y.; Suzuki, T.; Osuna, R. M.; Casado, J.; Hernández, V.;
Navarrete, J. T. L.; Martinelli, N. G.; Cornil, J.;
Sánchez-Carrera, R. S.; Coropceanu, V.; Brédas, J.-L.
J. Am. Chem. Soc. 2009, 131, 1502–1512. doi:10.1021/ja807528w

40. Sato, N.; Seki, K.; Inokuchi, H. J. Chem. Soc., Faraday Trans. 2 1981,
77, 1621–1633. doi:10.1039/f29817701621

41. Tsiper, E. V.; Soos, Z. G. Phys. Rev. B 2003, 68, 085301.
doi:10.1103/physrevb.68.085301

42. Neaton, J. B.; Hybertsen, M. S.; Louie, S. G. Phys. Rev. Lett. 2006,
97, 216405. doi:10.1103/physrevlett.97.216405

43. Yoshida, H.; Yamada, K.; Tsutsumi, J.; Sato, N. Phys. Rev. B 2015,
92, 075145. doi:10.1103/physrevb.92.075145

44. D’Avino, G.; Muccioli, L.; Castet, F.; Poelking, C.; Andrienko, D.;
Soos, Z. G.; Cornil, J.; Beljonne, D. J. Phys.: Condens. Matter 2016,
28, 433002. doi:10.1088/0953-8984/28/43/433002

45. Duhm, S.; Salzmann, I.; Bröker, B.; Glowatzki, H.; Johnson, R. L.;
Koch, N. Appl. Phys. Lett. 2009, 95, 093305. doi:10.1063/1.3213547

46. Shen, B.; Geiger, T.; Einholz, R.; Reicherter, F.; Schundelmeier, S.;
Maichle-Mössmer, C.; Speiser, B.; Bettinger, H. F. J. Org. Chem.
2018, 83, 3149–3158. doi:10.1021/acs.joc.7b03241

47. Kawai, S.; Pawlak, R.; Glatzel, T.; Meyer, E. Phys. Rev. B 2011, 84,
085429. doi:10.1103/physrevb.84.085429

48. Ugolotti, A.; Harivyasi, S. S.; Baby, A.; Dominguez, M.; Pinardi, A. L.;
López, M. F.; Martín-Gago, J. Á.; Fratesi, G.; Floreano, L.;
Brivio, G. P. J. Phys. Chem. C 2017, 121, 22797–22805.
doi:10.1021/acs.jpcc.7b06555

49. Wong, S. L.; Huang, H.; Huang, Y. L.; Wang, Y. Z.; Gao, X. Y.;
Suzuki, T.; Chen, W.; Wee, A. T. S. J. Phys. Chem. C 2010, 114,
9356–9361. doi:10.1021/jp910581b

50. Duhm, S.; Hosoumi, S.; Salzmann, I.; Gerlach, A.; Oehzelt, M.;
Wedl, B.; Lee, T.-L.; Schreiber, F.; Koch, N.; Ueno, N.; Kera, S.
Phys. Rev. B 2010, 81, 045418. doi:10.1103/physrevb.81.045418

51. Duhm, S.; Bürker, C.; Niederhausen, J.; Salzmann, I.; Hosokai, T.;
Duvernay, J.; Kera, S.; Schreiber, F.; Koch, N.; Ueno, N.; Gerlach, A.
ACS Appl. Mater. Interfaces 2013, 5, 9377–9381.
doi:10.1021/am402778u

52. Eremtchenko, M.; Temirov, R.; Bauer, D.; Schaefer, J. A.; Tautz, F. S.
Phys. Rev. B 2005, 72, 115430. doi:10.1103/physrevb.72.115430

53. Lo, Y.-Y.; Chang, J.-H.; Hoffmann, G.; Su, W.-B.; Wu, C.-I.;
Chang, C.-S. Jpn. J. Appl. Phys. 2013, 52, 101601.
doi:10.7567/jjap.52.101601

54. Glowatzki, H.; Heimel, G.; Vollmer, A.; Wong, S. L.; Huang, H.;
Chen, W.; Wee, A. T. S.; Rabe, J. P.; Koch, N. J. Phys. Chem. C
2012, 116, 7726–7734. doi:10.1021/jp208582z

55. Bürker, C.; Ferri, N.; Tkatchenko, A.; Gerlach, A.; Niederhausen, J.;
Hosokai, T.; Duhm, S.; Zegenhagen, J.; Koch, N.; Schreiber, F.
Phys. Rev. B 2013, 87, 165443. doi:10.1103/physrevb.87.165443

56. Klues, M.; Witte, G. CrystEngComm 2018, 20, 63–74.
doi:10.1039/c7ce01700f

57. Ruiz, R.; Choudhary, D.; Nickel, B.; Toccoli, T.; Chang, K.-C.;
Mayer, A. C.; Clancy, P.; Blakely, J. M.; Headrick, R. L.; Iannotta, S.;
Malliaras, G. G. Chem. Mater. 2004, 16, 4497–4508.
doi:10.1021/cm049563q

58. Käfer, D.; Ruppel, L.; Witte, G. Phys. Rev. B 2007, 75, 085309.
doi:10.1103/physrevb.75.085309

59. Pachmajer, S.; Jones, A. O. F.; Truger, M.; Röthel, C.; Salzmann, I.;
Werzer, O.; Resel, R. ACS Appl. Mater. Interfaces 2017, 9,
11977–11984. doi:10.1021/acsami.6b15907

60. Bula, R. P.; Oppel, I. M.; Bettinger, H. F. J. Org. Chem. 2012, 77,
3538–3542. doi:10.1021/jo202450u

61. Geiger, T.; Schundelmeier, S.; Hummel, T.; Ströbele, M.; Leis, W.;
Seitz, M.; Zeiser, C.; Moretti, L.; Maiuri, M.; Cerullo, G.; Broch, K.;
Vahland, J.; Leo, K.; Maichle‐Mössmer, C.; Speiser, B.;
Bettinger, H. F. Chem. – Eur. J. 2020, 26, 3420–3434.
doi:10.1002/chem.201905843

62. Savu, S.-A.; Biddau, G.; Pardini, L.; Bula, R.; Bettinger, H. F.;
Draxl, C.; Chassé, T.; Casu, M. B. J. Phys. Chem. C 2015, 119,
12538–12544. doi:10.1021/acs.jpcc.5b03768

63. Franco-Cañellas, A.; Wang, Q.; Broch, K.; Shen, B.; Gerlach, A.;
Bettinger, H. F.; Duhm, S.; Schreiber, F. Phys. Rev. Mater. 2018, 2,
044002. doi:10.1103/physrevmaterials.2.044002

64. Franco-Cañellas, A.; Duhm, S.; Gerlach, A.; Schreiber, F.
Rep. Prog. Phys. 2020, 83, 066501. doi:10.1088/1361-6633/ab7a42

65. van Straaten, G.; Franke, M.; Bocquet, F. C.; Tautz, F. S.; Kumpf, C.
J. Electron Spectrosc. Relat. Phenom. 2018, 222, 106–116.
doi:10.1016/j.elspec.2017.07.007

66. Gerlach, A.; Bürker, C.; Hosokai, T.; Schreiber, F. X-Ray Standing
Waves and Surfaces X-Ray Scattering Studies of Molecule–Metal
Interfaces. In The Molecule–Metal Interface; Koch, N.; Ueno, N.;
Wee, A. T. S., Eds.; Wiley-VCH: Weinheim, Germany, 2013;
pp 153–172. doi:10.1002/9783527653171.ch6

67. Kera, S.; Hosokai, T.; Duhm, S. J. Phys. Soc. Jpn. 2018, 87, 061008.
doi:10.7566/jpsj.87.061008

68. Basagni, A.; Ferrighi, L.; Cattelan, M.; Nicolas, L.; Handrup, K.;
Vaghi, L.; Papagni, A.; Sedona, F.; Valentin, C. D.; Agnoli, S.;
Sambi, M. Chem. Commun. 2015, 51, 12593–12596.
doi:10.1039/c5cc04317d

69. Zegenhagen, J. Surface Structure Analysis with X-Ray Standing
Waves. In The X-Ray Standing Wave Technique; Bracco, G.;
Holst, B., Eds.; Springer: Berlin, Heidelberg, Germany, 2013;
pp 249–275. doi:10.1007/978-3-642-34243-1_9

70. Baskaran, A.; Smereka, P. J. Appl. Phys. 2012, 111, 044321.
doi:10.1063/1.3679068

71. Koch, N. J. Phys.: Condens. Matter 2008, 20, 184008.
doi:10.1088/0953-8984/20/18/184008

72. Hill, I. G.; Mäkinen, A. J.; Kafafi, Z. H. J. Appl. Phys. 2000, 88,
889–895. doi:10.1063/1.373752

73. Kahn, A.; Koch, N.; Gao, W. J. Polym. Sci., Part B: Polym. Phys.
2003, 41, 2529–2548. doi:10.1002/polb.10642

https://doi.org/10.1063%2F1.5130400
https://doi.org/10.1039%2Fc8cp06384b
https://doi.org/10.1021%2Fjp310007v
https://doi.org/10.1063%2F1.2786992
https://doi.org/10.1063%2F1.3073046
https://doi.org/10.1103%2Fphysrevlett.89.275503
https://doi.org/10.1021%2Fja807528w
https://doi.org/10.1039%2Ff29817701621
https://doi.org/10.1103%2Fphysrevb.68.085301
https://doi.org/10.1103%2Fphysrevlett.97.216405
https://doi.org/10.1103%2Fphysrevb.92.075145
https://doi.org/10.1088%2F0953-8984%2F28%2F43%2F433002
https://doi.org/10.1063%2F1.3213547
https://doi.org/10.1021%2Facs.joc.7b03241
https://doi.org/10.1103%2Fphysrevb.84.085429
https://doi.org/10.1021%2Facs.jpcc.7b06555
https://doi.org/10.1021%2Fjp910581b
https://doi.org/10.1103%2Fphysrevb.81.045418
https://doi.org/10.1021%2Fam402778u
https://doi.org/10.1103%2Fphysrevb.72.115430
https://doi.org/10.7567%2Fjjap.52.101601
https://doi.org/10.1021%2Fjp208582z
https://doi.org/10.1103%2Fphysrevb.87.165443
https://doi.org/10.1039%2Fc7ce01700f
https://doi.org/10.1021%2Fcm049563q
https://doi.org/10.1103%2Fphysrevb.75.085309
https://doi.org/10.1021%2Facsami.6b15907
https://doi.org/10.1021%2Fjo202450u
https://doi.org/10.1002%2Fchem.201905843
https://doi.org/10.1021%2Facs.jpcc.5b03768
https://doi.org/10.1103%2Fphysrevmaterials.2.044002
https://doi.org/10.1088%2F1361-6633%2Fab7a42
https://doi.org/10.1016%2Fj.elspec.2017.07.007
https://doi.org/10.1002%2F9783527653171.ch6
https://doi.org/10.7566%2Fjpsj.87.061008
https://doi.org/10.1039%2Fc5cc04317d
https://doi.org/10.1007%2F978-3-642-34243-1_9
https://doi.org/10.1063%2F1.3679068
https://doi.org/10.1088%2F0953-8984%2F20%2F18%2F184008
https://doi.org/10.1063%2F1.373752
https://doi.org/10.1002%2Fpolb.10642


Beilstein J. Nanotechnol. 2020, 11, 1361–1370.

1370

74. Crispin, X.; Geskin, V.; Crispin, A.; Cornil, J.; Lazzaroni, R.;
Salaneck, W. R.; Brédas, J.-L. J. Am. Chem. Soc. 2002, 124,
8131–8141. doi:10.1021/ja025673r

75. Chen, M.-T.; Hofmann, O. T.; Gerlach, A.; Bröker, B.; Bürker, C.;
Niederhausen, J.; Hosokai, T.; Zegenhagen, J.; Vollmer, A.;
Rieger, R.; Müllen, K.; Schreiber, F.; Salzmann, I.; Koch, N.; Zojer, E.;
Duhm, S. J. Phys.: Condens. Matter 2019, 31, 194002.
doi:10.1088/1361-648x/ab0171

76. Wang, Q.; Franco-Cañellas, A.; Ji, P.; Bürker, C.; Wang, R.-B.;
Broch, K.; Thakur, P. K.; Lee, T.-L.; Zhang, H.; Gerlach, A.; Chi, L.;
Duhm, S.; Schreiber, F. J. Phys. Chem. C 2018, 122, 9480–9490.
doi:10.1021/acs.jpcc.8b01529

77. Stadtmüller, B.; Schröder, S.; Kumpf, C.
J. Electron Spectrosc. Relat. Phenom. 2015, 204, 80–91.
doi:10.1016/j.elspec.2015.03.003

78. Smoluchowski, R. Phys. Rev. 1941, 60, 661–674.
doi:10.1103/physrev.60.661

79. Koch, N. ChemPhysChem 2007, 8, 1438–1455.
doi:10.1002/cphc.200700177

80. Bagus, P. S.; Staemmler, V.; Wöll, C. Phys. Rev. Lett. 2002, 89,
096104. doi:10.1103/physrevlett.89.096104

81. Wang, Q.; Franco-Cañellas, A.; Yang, J.; Hausch, J.; Struzek, S.;
Chen, M.; Thakur, P. K.; Gerlach, A.; Duhm, S.; Schreiber, F.
ACS Appl. Mater. Interfaces 2020, 12, 14542–14551.
doi:10.1021/acsami.9b22812

82. Gerlach, A.; Schreiber, F.; Sellner, S.; Dosch, H.; Vartanyants, I. A.;
Cowie, B. C. C.; Lee, T.-L.; Zegenhagen, J. Phys. Rev. B 2005, 71,
205425. doi:10.1103/physrevb.71.205425

83. Toyoda, K.; Hamada, I.; Lee, K.; Yanagisawa, S.; Morikawa, Y.
J. Chem. Phys. 2010, 132, 134703. doi:10.1063/1.3373389

84. Toyoda, K.; Hamada, I.; Lee, K.; Yanagisawa, S.; Morikawa, Y.
J. Phys. Chem. C 2011, 115, 5767–5772. doi:10.1021/jp1107262

85. Liu, W.; Filimonov, S. N.; Carrasco, J.; Tkatchenko, A. Nat. Commun.
2013, 4, 2569. doi:10.1038/ncomms3569

86. Hofmann, O. T.; Glowatzki, H.; Bürker, C.; Rangger, G. M.; Bröker, B.;
Niederhausen, J.; Hosokai, T.; Salzmann, I.; Blum, R.-P.; Rieger, R.;
Vollmer, A.; Rajput, P.; Gerlach, A.; Müllen, K.; Schreiber, F.;
Zojer, E.; Koch, N.; Duhm, S. J. Phys. Chem. C 2017, 121,
24657–24668. doi:10.1021/acs.jpcc.7b08451

87. Heimel, G.; Duhm, S.; Salzmann, I.; Gerlach, A.; Strozecka, A.;
Niederhausen, J.; Bürker, C.; Hosokai, T.; Fernandez-Torrente, I.;
Schulze, G.; Winkler, S.; Wilke, A.; Schlesinger, R.; Frisch, J.;
Bröker, B.; Vollmer, A.; Detlefs, B.; Pflaum, J.; Kera, S.; Franke, K. J.;
Ueno, N.; Pascual, J. I.; Schreiber, F.; Koch, N. Nat. Chem. 2013, 5,
187–194. doi:10.1038/nchem.1572

88. Han, W.; Yoshida, H.; Ueno, N.; Kera, S. Appl. Phys. Lett. 2013, 103,
123303. doi:10.1063/1.4821445

89. Heimel, G. Introduction to the Theory of Metal/Organic Interfaces. In
The WSPC Reference on Organic Electronics: Organic
Semiconductors; Bredas, J.-L.; Marder, S. R., Eds.; World Scientific,
2016; pp 131–158. doi:10.1142/9789813148598_0005

90. Anderson, P. W. Phys. Rev. 1961, 124, 41–53.
doi:10.1103/physrev.124.41

91. Chen, W.; Qi, D.-C.; Huang, H.; Gao, X.; Wee, A. T. S.
Adv. Funct. Mater. 2011, 21, 410–424. doi:10.1002/adfm.201000902

92. Yonezawa, K.; Hinderhofer, A.; Hosokai, T.; Kato, K.; Makino, R.;
Schreiber, F.; Ueno, N.; Kera, S. Adv. Mater. Interfaces 2014, 1,
1400004. doi:10.1002/admi.201400004

93. Ji, R.-R.; Wang, Q.; Hu, J.-X.; Duhm, S. Can. J. Chem. 2017, 95,
1130–1134. doi:10.1139/cjc-2017-0021

94. Kera, S.; Yamane, H.; Ueno, N. Prog. Surf. Sci. 2009, 84, 135–154.
doi:10.1016/j.progsurf.2009.03.002

95. Grimm, M.; Metzger, C.; Graus, M.; Jugovac, M.; Zamborlini, G.;
Feyer, V.; Schöll, A.; Reinert, F. Phys. Rev. B 2018, 98, 195412.
doi:10.1103/physrevb.98.195412

96. Djuric, T.; Ules, T.; Flesch, H.-G.; Plank, H.; Shen, Q.; Teichert, C.;
Resel, R.; Ramsey, M. G. Cryst. Growth Des. 2011, 11, 1015–1020.
doi:10.1021/cg101230j

97. Käfer, D.; Witte, G. Chem. Phys. Lett. 2007, 442, 376–383.
doi:10.1016/j.cplett.2007.06.006

98. Fukagawa, H.; Yamane, H.; Kataoka, T.; Kera, S.; Nakamura, M.;
Kudo, K.; Ueno, N. Phys. Rev. B 2006, 73, 245310.
doi:10.1103/physrevb.73.245310

99. Kera, S.; Ueno, N. J. Electron Spectrosc. Relat. Phenom. 2015, 204,
2–11. doi:10.1016/j.elspec.2015.07.007

100.Yoshida, H.; Sato, N. Phys. Rev. B 2008, 77, 235205.
doi:10.1103/physrevb.77.235205

101.Yamane, H.; Kera, S.; Okudaira, K. K.; Yoshimura, D.; Seki, K.;
Ueno, N. Phys. Rev. B 2003, 68, 033102.
doi:10.1103/physrevb.68.033102

102.Aghdassi, N.; Wang, Q.; Ji, R.-R.; Wang, B.; Fan, J.; Duhm, S.
Nanotechnology 2018, 29, 194002. doi:10.1088/1361-6528/aab0c8

103.Kashimoto, Y.; Yonezawa, K.; Meissner, M.; Gruenewald, M.;
Ueba, T.; Kera, S.; Forker, R.; Fritz, T.; Yoshida, H. J. Phys. Chem. C
2018, 122, 12090–12097. doi:10.1021/acs.jpcc.8b02581

104.Bürker, C.; Franco-Cañellas, A.; Broch, K.; Lee, T.-L.; Gerlach, A.;
Schreiber, F. J. Phys. Chem. C 2014, 118, 13659–13666.
doi:10.1021/jp503046w

105.Lee, T.-L.; Duncan, D. A. Synchrotron Radiat. News 2018, 31, 16–22.
doi:10.1080/08940886.2018.1483653

License and Terms
This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note
that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.11.120

https://doi.org/10.1021%2Fja025673r
https://doi.org/10.1088%2F1361-648x%2Fab0171
https://doi.org/10.1021%2Facs.jpcc.8b01529
https://doi.org/10.1016%2Fj.elspec.2015.03.003
https://doi.org/10.1103%2Fphysrev.60.661
https://doi.org/10.1002%2Fcphc.200700177
https://doi.org/10.1103%2Fphysrevlett.89.096104
https://doi.org/10.1021%2Facsami.9b22812
https://doi.org/10.1103%2Fphysrevb.71.205425
https://doi.org/10.1063%2F1.3373389
https://doi.org/10.1021%2Fjp1107262
https://doi.org/10.1038%2Fncomms3569
https://doi.org/10.1021%2Facs.jpcc.7b08451
https://doi.org/10.1038%2Fnchem.1572
https://doi.org/10.1063%2F1.4821445
https://doi.org/10.1142%2F9789813148598_0005
https://doi.org/10.1103%2Fphysrev.124.41
https://doi.org/10.1002%2Fadfm.201000902
https://doi.org/10.1002%2Fadmi.201400004
https://doi.org/10.1139%2Fcjc-2017-0021
https://doi.org/10.1016%2Fj.progsurf.2009.03.002
https://doi.org/10.1103%2Fphysrevb.98.195412
https://doi.org/10.1021%2Fcg101230j
https://doi.org/10.1016%2Fj.cplett.2007.06.006
https://doi.org/10.1103%2Fphysrevb.73.245310
https://doi.org/10.1016%2Fj.elspec.2015.07.007
https://doi.org/10.1103%2Fphysrevb.77.235205
https://doi.org/10.1103%2Fphysrevb.68.033102
https://doi.org/10.1088%2F1361-6528%2Faab0c8
https://doi.org/10.1021%2Facs.jpcc.8b02581
https://doi.org/10.1021%2Fjp503046w
https://doi.org/10.1080%2F08940886.2018.1483653
https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762/bjnano.11.120

	Abstract
	Introduction
	Results
	Discussion
	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	References

