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The interaction of carbon-based aromatic molecules and nanostructures with metals can strongly depend
on the topology of their z-electron systems. This is shown with a model system using the isomers azulene,
which has a nonalternant 7 system with a 5-7 ring structure, and naphthalene, which has an alternant z
system with a 6-6 ring structure. We found that azulene can interact much more strongly with metal surfaces.
On copper (111), its zero-coverage desorption energy is 1.86 eV, compared to 1.07 eV for naphthalene. The
different bond strengths are reflected in the adsorption heights, which are 2.30 A for azulene and 3.04 A for
naphthalene, as measured by the normal incidence x-ray standing wave technique. These differences in the
surface chemical bond are related to the electronic structure of the molecular 7 systems. Azulene has a low-
lying LUMO that is close to the Fermi energy of Cu and strongly hybridizes with electronic states of the
surface, as is shown by photoemission, near-edge x-ray absorption fine-structure, and scanning tunneling
microscopy data in combination with theoretical analysis. According to density functional theory
calculations, electron donation from the surface into the molecular LUMO leads to negative charging
and deformation of the adsorbed azulene. Noncontact atomic force microscopy confirms the deformation,
while Kelvin probe force microscopy maps show that adsorbed azulene partially retains its in-plane dipole.
In contrast, naphthalene experiences only minor adsorption-induced changes of its electronic and geometric
structure. Our results indicate that the electronic properties of metal-organic interfaces, as they occur in
organic (opto)electronic devices, can be tuned through modifications of the z topology of the molecular

organic semiconductor, especially by introducing 5-7 ring pairs as functional structural elements.

DOI: 10.1103/PhysRevX.9.011030

I. INTRODUCTION

Carbon-based materials with aromatic z-electron systems,
such as z-conjugated molecular solids [1,2], polymers [3,4],
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and low-dimensional nanostructures [5,6], have attracted
considerable attention as organic semiconductors [7-9]. A
crucial aspect for the application of these materials in (opto)
electronic devices is their interface formation with metal
surfaces at the contacting electrodes. The electronic proper-
ties of the resulting metal-organic interfaces determine
important performance parameters such as charge carrier
injection rates [10,11]. Precise control over various interface
properties, especially the wave-function overlap and the
energy-level alignment, is therefore critical for the rational
improvement of organic electronic devices [12].
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The properties of a z-electron system are largely deter-
mined by its topology, i.e., the connectivity pattern as
expressed through the topological matrix in the Hiickel
molecular orbital (HMO) theory [13]. Most organic semi-
conductors have carbon backbones with alternant topology
because they consists of six-membered rings [1,7]. Only very
recently has increased interest in so-called nonalternant
aromatic structures [14] arisen in the field of graphene
nanoribbons [15], nanographenes [16], and polycyclic aro-
matic hydrocarbons [17,18]. These nonalternant structures
often contain linked 5- and 7-membered rings. It has been
recognized that their unique electronic structure makes
nonalternant aromatic systems highly interesting as novel
(opto)electronic semiconductor materials for organic field-
effect transistors (OFET) and photovoltaic cells (OPVC)
[19,20]. Nonalternant structural elements also occur in
graphene in the form of 5-7 defects [21,22]. Theoretical
studies have predicted that various properties of graphene
depend on the presence of these nonalternant structural
elements, including electron transport properties [23,24],
mechanical stability [25,26], magnetism [27], and chemical
reactivity [28].

While interfaces between metals and alternant organic
semiconductor materials have been widely studied [29-33],
up until now it has not been known how the surface chemical
bond is influenced by nonalternant structural elements. To
address this fundamental question, we perform a direct
comparison between two isomeric aromatic molecules on
a Cu(111) surface. One of these isomers, azulene, is a
prototypical nonalternant aromatic system with a 5-7 ring
structure, while naphthalene, with its 6-6 ring structure,
serves as its alternant counterpart (Fig. 1). Some previous
work exists for naphthalene on Cu(111) [34-38] but not for
azulene. Copper was chosen as a model substrate because
of its frequent use for the epitaxial growth of graphene
[39—41] or the on-surface synthesis of carbon-based
nanostructures [42].

Below, we show that the topology of the molecular 7
system drastically influences its electronic interaction with a
metal surface. It is therefore proposed that the incorporation
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FIG. 1. Right, graphene lattice with an embedded nonalternant

5-7 defect, highlighted in blue. If this structural element is cut out
of graphene and terminated with hydrogen atoms, the resulting
molecule is azulene, shown on the left. Its isomer naphthalene
serves as the complementary model system for the regular,
alternant 6-6 structure, highlighted in red.

of nonalternant structural elements in molecular semicon-
ductors can be used to control and to optimize performance-
related properties of functional metal-organic interfaces.
Recent achievements in the synthesis on novel, structurally
complex, nonalternant, aromatic molecules [16,19,20,43]
show that this is a feasible and promising approach.

For a quantitative comparison of the adsorbate-metal
bonds of aromatic 5-7 and 6-6 carbon skeletons, we
determine the adsorbate-substrate bond distances with the
normal incidence x-ray standing wave (NIXSW) technique
and noncontact atomic force microscopy (nc-AFM), while
adsorbate-substrate  bond energies are measured by
temperature-programmed desorption (TPD). The electronic
structures are analyzed by x-ray and UV photoelectron
spectroscopy (XPS/UPS) in combination with near-edge
x-ray absorption fine-structure (NEXAFS) measurements.
Complemented by dispersion-corrected density functional
theory (DFT) calculations, our results provide a detailed
understanding of the surface chemical bond and its depend-
ence on the 7z topology.

II. METHODS

A. Experimental methods

The interaction of azulene and naphthalene with Cu(111)
was studied under ultrahigh vacuum (UHV) conditions.
Azulene (Sigma-Aldrich, purity > 99.0%) and naphthalene
(Sigma-Aldrich, purity > 99.7%) were introduced into the
vacuum systems through leak valves after initial pump-
freeze-thaw cycles of the reservoirs. A polished Cu(111)
single-crystal surface (purity > 99.9999%, roughness
< 0.03 um, orientation accuracy < 0.1° from MaTecK/
Germany) was prepared by iterated sputtering with Ar™
ions (0.5-1 keV, 5-15 pA, 30 min) and annealing (800—
830 K, 15 min). Surface cleanliness and structure were
confirmed by XPS, low energy electron diffraction, and
scanning tunneling microscopy (STM). Sample temper-
atures were measured with a type K thermocouple directly
mounted to the Cu single crystal. Coverages are given in
monolayers (ML). The coverage was determined by a
consistent routine using XPS, nc-AFM, and TPD measure-
ments. For a detailed description, see the Supplemental
Material [44].

NIXSW measurements were performed at the undulator
beam line 1-09 at Diamond Light Source in Didcot, UK,
using a VG Scienta EW4000 HAXPES hemispherical
electron analyzer for photoelectron detection, which is
mounted at 90° with respect to the incident x-ray beam.
Nondipolar effects were neglected in the data analysis, which
was performed using the software package Torricelli [45].
The sample temperature was approximately 150 K, which led
to a Bragg energy of 2980 eV for the Cu(111) lattice planes.

TPD measurements were carried out with a HIDEN
EPIC 1000 mass spectrometer mounted inside a differ-
entially pumped cryoshroud cooled to 80 K with I-N,. This
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setup is a variant of line-of-sight mass spectrometry [46]
and ensures that molecules hitting the inner wall of the
cryoshroud stick there, such that the mass spectrometer
detects only molecules with a straight trajectory between
sample and detector. This leads to improved quality of the
TPD traces and is the basis for their quantitative analysis.

XPS was performed with monochromatic Al-K, radia-
tion using a SPECS XR 50 M x-ray anode, a FOCUS 500
monochromator, and a PHOIBOS 150 electron energy
analyzer equipped with an MCD-9 multichanneltron detec-
tor. Work functions were measured with He-I radiation
from a UVS 10/35 gas discharge lamp. UPS was per-
formed at the PM4 dipole beam line with the LowDosePES
end station at the synchrotron radiation facility BESSY II
(Helmbholtz-Zentrum Berlin) using a Scienta ArTOF angle-
resolved time-of-flight spectrometer. A photon energy of
16.5 eV was used.

NEXAFS spectroscopy was also performed at BESSY 11
using the HE-SGM dipole beam line, which provides
linearly polarized radiation with a polarization factor of
0.91 and an energy resolution of 300 meV at the carbon
K-edge. The partial electron-yield (PEY) mode was used
with a retarding field of —150 V and a channeltron detector
voltage of 2.2 keV. Further information on the data treat-
ment can be found in the Supplemental Material [44].

For variable-temperature scanning tunneling microscopy
(VI-STM), a SPECS 150 Aarhus STM with SPC 260
electronics was used. VI-STM measurements were per-
formed at a sample temperature of 150 K using an etched
tungsten tip conditioned by initial Ar" sputtering and
pulsing. The reported bias voltages refer to the sample.
The STM images were recorded in constant-current mode
and were processed with WSxM v5.0 D8.4 [47] by care-
fully using flatten and plane tools, scale adjustment, and
slightly filtering with a Gaussian filter.

The nc-AFM images were taken with an Omicron
NanoTechnology LT-STM/AFM with a commercially
available qPlus sensor, operating at approximately 4.6 K
in UHV with an average pressure of 5 x 107'% mbar. The
baked gPlus sensor (3 h at 120°C) had a quality factor of
Q =~ 30000, aresonance frequency of f, = 21922 Hz, and
a peak-to-peak oscillation amplitude of less than 1 A. Tip
conditioning was accomplished with controlled crashes
into the copper surface and bias pulses until the STM
resolution was satisfactory. The tip apex was functionalized
with a CO molecule. The AFM was operated in constant-
height mode, and AFM images show the frequency shift
(Af) with respect to the resonance frequency. During the
AFM scan, the tunneling current was also measured, which
gives a constant-height STM scan.

B. Density functional theory calculations

Periodic density functional theory calculations of azu-
lene and naphthalene on Cu(111) were performed with the
Vienna Ab Initio Simulation Package (VASP) [48-51]. The

PBE functional [52] was used in combination with the
third-generation van der Waals dispersion correction by
Grimme (DFT-D3) [53] and the projector-augmented wave
(PAW) ansatz [54,55] for the atomic cores. Further details
can be found in the Supplemental Material [44].

XP and x-ray absorption spectra were calculated using the
pseudopotential plane-wave code CASTEP-17.1 [56]. For
the XPS chemical shifts, the delta self-consistent field
(DeltaSCF) method of constraining electronic occupations
to resemble full core-hole excitations was used. NEXAFS
simulations were performed using on-the-fly generated
USPPs and the CASTEP module ELNES [57] and the
transition-potential approach [58,59]. For more details on
the computational settings, analysis, and implementation, see
the Supplemental Material [44] and Diller et al. [60] as well
as Maurer and Reuter [61]. Furthermore, the Supplemental
Material [44] contains additional NEXAFS simulations
obtained by a more approximate method.

III. RESULTS

A. Adsorbate-substrate bond distances
(adsorption heights)

The vertical distance of an adsorbed molecule from the
surface is an important parameter for the quantitative
characterization of the adsorbate-substrate bond. To measure
the adsorption heights of azulene and naphthalene over the
Cu(111) surface [Fig. 2(a)], we used the NIXSW technique.
This method utilizes the standing x-ray wave field generated
by a crystalline substrate when near-normal incidence x rays
undergo Bragg diffraction on a set of lattice planes H =
(hkl) with a distance of d'! [62]. The standing wave field can
be vertically shifted by d' /2 by scanning the photon energy
E through the Bragg energy [62].

At any certain adsorption height, the photon field intensity
will therefore change in a characteristic way during such a
scan. Hence, one expects characteristic x-ray absorption
profiles for different adsorption heights since the atomic
absorption is proportional to the local photon intensity. By
recording the photoelectron yield of any core level of this
species, which is (within the dipole approximation) propor-
tional to the atomic absorption, one can measure the x-ray
absorption profile at the position of the adsorbate atom and
obtain the height DY of this atomic species relative to the
substrate diffraction plane locations. The variation of the
atomic absorption /(E) can be calculated with dynamical
diffraction theory and follows the equation

I(E) = 1+ R+2VR - F'. cos(® + 2z - PH), (1)

where R = R(E) is the reflectivity and ® = ®(E) is the
phase of the standing wave field [63,64].

Data analysis on the basis of Eq. (1) provides the
coherent position PH and the coherent fraction FH. The
coherent position PH equals DY modulo 4", i.e., DY /d" =
n+ P2 (n=0,1,2...) In the case of single-site adsorption,
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FIG. 2. Adsorption heights from NIXSW measurements for
azulene and naphthalene on Cu(111), coverage 1 ML. (a) Space-
filling adsorbate models with the heights true to scale as obtained
from NIXSW. (b) C 1s photoelectron yields for azulene (top) and
naphthalene (center) along with the x-ray reflectivity R(E)
(bottom) as a function of the photon energy around the Bragg
energy Ep,g,. The yield data are shown as open circles (with error
bars); the solid blue and red lines are fits with Eq. (1). (c) Argand
diagram with the results of the individual measurements in light
colors and the averaged value in bold colors, with error bars.

i.e., when each atomic species occupies only one adsorp-
tion height (this is the relevant case for the systems
discussed here), F" is a measure for the scattering of
the real heights around the coherent position. A coherent
fraction of FH = 1 means that all contributing atoms have
exactly the same height DM, whereas a fraction of F! =0
means that they have a random height distribution. Note
that the latter is not necessarily true if (at least) two clearly
different adsorption heights occur. In this case, averaging of
coherent positions and fractions has to be performed in an
Argand vector diagram [62—65].

For our systems, we used the background corrected total
intensity of the C Is spectral region to obtain the photo-
electron yield curve for each individual NIXSW scan.
A typical yield curve is shown in Fig. 2(b). A distinction
between the different carbon atoms within one molecule
was not possible because the core level shifts were too
small compared to the available energy resolution. Note
that we have not performed any correction for nondipolar
parameters in our analysis since the NIXSW data were
recorded close to grazing emission geometry (90° between
incident x-ray beam and the analyzer). In this geometry,
nondipolar effects are minimal.

The results of the analysis are summarized in the Argand
diagram in Fig. 2(c). The coherent position for azulene at
monolayer coverage is PH = 0.11 4 0.01, which yields an
adsorption height of DY =2.304 0.03 A. This number
was derived using d" = 2.08 A for the Cu(111) surface at
the measurement temperature of 150 K. The corresponding
coherent fraction of F = 0.80 4 0.06 is in a typical range
for a rather homogeneous contribution of the adsorption
heights. For the naphthalene monolayer, the analysis gives
a coherent position of PH = 0.46 £ 0.01, from which an
adsorption height of 3.04 4 0.03 A is obtained. The coher-
ent fraction is similar, with F = 0.74 + 0.08.

Comparison of these values [see also Fig. 2(a)] reveals a
much lower adsorption height for azulene. A shorter
adsorbate-substrate bond distance typically indicates a
stronger bond [66], which agrees with the higher desorption
energy of azulene as discussed below. The adsorption
height for naphthalene is quite similar to the sum of the
van der Waals radii of a carbon and a copper atom (3.10 A)
[67]. In contrast, the adsorption height of azulene, 2.30 A,
is closer to known organometallic carbon-copper bond
lengths of approximately 2.10 A [67]. All these consid-
erations lead to the conclusion that naphthalene engages
only in dispersive interaction with the Cu(111) surface,
whereas azulene forms a chemical bond.

NIXSW as alaterally integrating technique averages over a
large number of molecules. Later, we present nc-AFM data
that qualitatively confirm the height difference between
azulene and naphthalene on the single-molecule level.

B. Adsorbate-substrate bond energies

Another quantitative parameter describing the strength of
the adsorbate-substrate interactions is the activation energy
for desorption, which can be derived from temperature-
programmed desorption (TPD) data [68-70]. At low
submonolayer coverages, the TPD traces of both molecules
are governed by first-order desorption kinetics [Figs. 3(a)
and 3(b)]. As can be seen, the low-coverage desorption
maxima occur at 520 K for azulene and at 340 K for
naphthalene. Qualitatively, this large temperature differ-
ence shows that the adsorbate-substrate interaction is
substantially higher for the 5-7 isomer.
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FIG. 3.

TPD traces of (a) azulene and (b) naphthalene on Cu(111), with a heating rate 1.0 K/s. Curves with different initial coverage

are shifted along the vertical axis for clarity, but we start with a zero desorption rate in each case. The monolayer coverages are marked by bold
lines. The other initial coverages are listed in Tables S II in the Supplemental Material [44]. (c) Desorption activation energies as a function of
coverage for azulene (blue) and naphthalene (red). Solid lines: Differential desorption energies. Dashed lines: Integral energies for comparison
with DFT calculations. Black dotted lines: Fits of the differential desorption energies with the equations mentioned in the text. Triangles:
Energies from HRV analysis. Note that HRV is only possible at low coverages, where the peaks have a regular first-order shape.

With increasing coverage, the TPD traces of both mole-
cules broaden towards lower temperatures. The effect, which
is attributed to lateral intermolecular repulsion, is more
pronounced for azulene. Its monolayer TPD trace reaches
a width of 330 K, compared to 180 K for naphthalene (bold
lines). Lateral intermolecular repulsion in adsorbates on
metal surfaces is usually dominated by a dipole-dipole
interaction between vertical dipoles created by electron
transfer between molecules and surface, as well as by the
pillow (or pushback) effect. This effect is caused by Pauli
repulsion between the electrons in the molecule and those in
the metal [71-74]. Apparently, these effects play a larger role
for azulene than for naphthalene. The vertical dipole
moments are also related to the adsorbate-induced work-
function change. We show below that azulene causes a larger
work-function change than naphthalene, in line with the
stronger lateral repulsion of the former.

The high-coverage TPD traces of azulene show an
additional desorption maximum at 300 K, which is attrib-
uted to a compressed phase occurring close to monolayer
saturation (above 0.7 ML). This phase can also be observed
in the nc-AFM images discussed below. Above monolayer
coverage, narrow second-layer peaks occur at 220 K
(azulene) and 190 K (naphthalene).

Quantitative analysis of the TPD spectra gives access to
the desorption activation energy Ey as a measure of the
adsorbate-substrate bond energy [68—70]. The most rigorous
analyses, the so-called complete methods [75,76], are not
suitable here because of the strong lateral repulsion [70].
Instead, we use an alternative approach, which provides the
coverage-dependent desorption energy from a single TPD
trace [70,77]. The resulting curves for azulene and naph-
thalene are shown in Fig. 3(c) (solid lines). The desorption
energies in the zero-coverage limit, Eg, are 1.86 eV for
azulene and 1.07 eV for naphthalene. This confirms that
azulene forms a much stronger bond to the metal surface than

naphthalene. While both curves show a substantial decrease
of E4 with increasing coverage as a result of the lateral
repulsion, the effect is more pronounced for azulene. In the
case of naphthalene, E; decreases nearly linearly with
coverage following the equation E4 = (1.07 — 0.440) eV,
where O is in units of monolayers. In contrast, the desorption
energy of azulene is well described by the second-order
polynomial E4 = (1.86 — 0.670 — 0.400?) eV for cover-
ages up to 0.75 ML. Figure 3(c) also shows the integral
desorption energies necessary for comparison with DFT
results (dashed lines).

The desorption prefactors used for the analysis are
determined by heating rate variation (HRV) analysis [68],
which is only meaningful for the regular first-order peaks in
the low-coverage range. The related data are presented in the
Supplemental Material [44]. For the respective coverages,
the HRV analysis also provides the desorption energies
[triangles in Fig. 3(c)], which agree well with the other data.

C. Occupied electronic states:
Photoelectron spectroscopy

The very different adsorption energies and heights of
azulene and naphthalene are expected to correspond to
characteristic differences in the electronic structure. First,
we focus on the molecules in a thick multilayer, i.e., without
the influence of the metal surface. The multilayer C 1s XP
spectra of azulene and naphthalene are compared in Fig. 4(a).
The C 1s signal of azulene has a broader shape with a distinct
shoulder at the low binding energy side. This shape can be
understood by theoretical modeling. For this aim, we
calculate the relative peak positions for the different carbon
atoms in the molecule by DFT. The details of the calculation
and the theoretical modeling can be found in the
Supplemental Material [44]. The results are in agreement
with previously reported values [78]. While these calcula-
tions are performed for the isolated molecules, this
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FIG. 4. Photoelectron spectra: (a) Multilayer C 1s XP spectra of azulene and naphthalene, compared with a theoretical model based
on DFT calculations. Black circles are experimental data; red lines are fitted results from DFT-based model calculations. The colors of
the component peaks correspond to the colors of the labels on the molecular formulas. The shake-up satellite of azulene is shown in grey.
(b) C 1s XP spectra of monolayers of azulene and naphthalene on Cu(111). The dotted lines indicate the shifts relative to the multilayer
peak positions. (c) UP spectra of azulene and naphthalene monolayers and of the clean Cu(111) surface, taken with a photon energy

of 16.5 eV.

simplification appears to be justified considering that the
intermolecular interactions in the multilayer are relatively
weak and thus have only little influence on the electronic
energies and transitions. The resulting theoretical model
agrees well with the experimental data for azulene. It further
reveals that the shoulder at low binding energies is associated
with the five-membered ring. For naphthalene, the calcu-
lations of the C 1s spectrum are performed in the same way
and confirm the narrower peak shape of the experimental
spectrum. In the azulene multilayer spectrum [Fig. 4(a)], a
shake-up satellite at 289 eV is shown in grey. The corre-
sponding satellite for naphthalene appears above 290 eV and
is thus not visible in this plot. However, it can be seen in an
extended plot in Fig. S3 of the Supplemental Material [44].
In the monolayer, the differences between the XP spectra
of azulene and naphthalene are even more pronounced. As
can be seen in Fig. 4(b), the naphthalene signal is shifted by
only —0.2 eV relative to its multilayer position and is only
slightly asymmetric. In contrast, the azulene peak shifts by
—0.5 eV and develops a strong asymmetry. The asymmet-
ric peak shape is attributed to the interaction of the C 1s
core hole with electron density close to the Fermi edge [79].
This is an indication for a distinctly different electronic
valence structure of azulene compared to naphthalene when
adsorbed on Cu(111). In an initial-state picture, the shift of
the C 1s signal of azulene towards lower binding energies
suggests a transfer of negative charge from the surface to
the molecule. Further evidence for a negative charging of
the molecule will be presented below. In addition, the closer
distance of the azulene molecule to the surface will likely
cause increased final-state screening, which would also
lead to a shift to lower binding energy.
Synchrotron-based valence photoelectron spectroscopy
(PES) was used for the direct probing of the occupied

valence electronic structure. In the PE spectra, the molecu-
lar states already occupied in the free molecules cannot be
identified because they have binding energies above 2 eV
and thus are obscured by the d-band of the substrate.
Nevertheless, the important changes in the valence elec-
tronic structure close to the Fermi edge are quite visible
[Fig. 4(c)]. For azulene/Cu(111), the entire range between
the Cu d-band and the Fermi edge experiences a massive
rise in intensity with a broad maximum around 0.3-0.4 eV.
In contrast, naphthalene only causes attenuation of the
region between 0 and 2 eV, including the surface state. The
occurrence of broad, adsorbate-related features for azulene,
but not for naphthalene, is consistent with the calculated
densities of states, as will be discussed later.

Adsorbate-induced work-function changes were extracted
from He-I UPS data and show that both azulene and
naphthalene lower the work function of the Cu(111) surface.
The change is larger for azulene with —1.07 eV than for
naphthalene with —0.73 eV, both at full monolayer cover-
age. Apparently, azulene causes a larger vertical surface
dipole upon adsorption than naphthalene, in agreement with
the stronger intermolecular repulsion of azulene observed
in TPD. The negative sign of the work-function change
indicates that the pillow effect is dominant and overcom-
pensates for any contributions by the charge transfer from
the surface to the molecule.

D. Unoccupied electronic states: NEXAFS

Information about the unoccupied valence electronic
structure of the adsorbed molecules is obtained from carbon
K-edge NEXAFS spectra. Multilayers of both molecules
show a distinct set of z* and ¢* resonances, which are well
reproduced by the theoretical calculations, as shown
in Fig. 5.

011030-6



MOLECULAR TOPOLOGY AND THE SURFACE CHEMICAL BOND: ...

PHYS. REV. X 9, 011030 (2019)

" Azulene (a)
m o
Exp
g
£
|||.| had Sm| 2

Exp

B

25°

— 53°

— 90°
Sim

Sim

Monolayer

T T T 717 T T T T T
284 288 292 296 300 284 288 292 296 300
Photon energy (eV) Photon energy (eV)

FIG. 5. Experimental carbon K-edge NEXAFS spectra and
corresponding DFT simulations for (a) azulene and (b) naphtha-
lene. Upper part: Multilayer spectra and simulations for the free
molecule. The multilayer spectra were taken with the electric
field vector oriented 90° relative to the surface normal. Lower
part: Monolayer spectra and simulations for different angles of
the electric field vector relative to the surface normal as indicated.
The simulations for the free molecules are displayed both as
isolated excitations and after broadening; the simulations for the
monolayers are only shown in broadened form. For the broad-
ening, each excitation is represented by a pseudo-Voigt peak with
an increasing width and Lorentzian contribution at higher photon
energies. The simulated spectra were shifted by —6.1 eV to match
the experimental data.

In the monolayer spectra, the z* resonances disappear
when the electric field vector of the incident x rays is
parallel to the surface (i.e., 90° relative to the surface
normal). This shows that the molecular planes are parallel
to the surface for both azulene and naphthalene.

In the case of naphthalene, the monolayer spectrum taken
with the electric field vector oriented 25° relative to the
surface normal closely resembles the multilayer spectrum;
only a slight signal broadening is visible. This result confirms
that the unoccupied valence electronic states of naphthalene
are only weakly influenced by the metal surface.

For azulene, however, the shape of the z* resonance is
very different in the monolayer and multilayer spectra. The
narrow 7* peak in the multilayer spectrum, resulting from
the excitation into the LUMO and LUMO +1 of the azulene
molecule, turns into a very broad monolayer feature, which
is lower in intensity and covers a broad range of 5 eV. For
both systems, the NEXAFS spectra are correctly reproduced
by DFT-based transition potential simulations, which are
discussed in detail later. A simpler approach for simulating
NEXAFS spectra based only on ground-state properties can
be found in the Supplemental Material [44].

E. Geometric structure: Scanning probe microscopies

Local information about the bonding situation of azulene
as the model 5-7 structural element is obtained by scanning

probe microscopies. These methods also provide valuable
input for the DFT calculations discussed further below
because there is no information in the literature about the
adsorbate structure of azulene on Cu(111), in stark contrast to
naphthalene [34-36,38,80]. In the low submonolayer range,
azulene avoids the formation of ordered islands, in line with
the strong lateral repulsion seen in TPD. Corresponding
submonolayer STM and nc-AFM images are shown in
Fig. S4 of the Supplemental Material [44]. When the
coverage is increased, azulene eventually forms a long-
range-ordered, commensurate (2\/’5’ X 2\/5)—R30° super-
structure [Fig. 6(a)]. This structure does not represent the
saturated monolayer but has a coverage of only 0.65 ML.
(Note that 1 ML is defined here as the coverage in the
saturated monolayer as determined by TPD.) Upon deposi-
tion of additional molecules onto this commensurate struc-
ture, the molecules are even more closely packed but lose the
long-range order. This case is illustrated in the nc-AFM
image in Fig. 6(b), which still shows one unit cell of the
commensurate (2\/§ X 2\/§)—R30° structure in the image
center. The molecules surrounding this unit cell, however, are
more densely packed and break the translational symmetry.

Formation of a commensurate phase, which is followed
by a more densely packed, incommensurate phase without
long-range order at full monolayer coverage, has previously
been found for other organic molecules with lateral inter-
molecular repulsion and preference of a certain adsorption

FIG. 6. STM and nc-AFM images of azulene on Cu(111).
(a) Large-scale STM image of azulene on Cu(111), commensu-
rate (2v/3 x 24/3)-R30° structure (0.65 ML), I, = —0.06 nA
U, = —1.28 V, scale bar = 5 nm. (b) nc-AFM image of azulene
on Cu(lll), partially compressed phase (total coverage
0.78 ML), with an overlaid unit cell of the (21/3 x 21/3)-R30°
structure, scale bar = 0.5 nm. Note the disordered structure with
higher density around the central unit cell of the commensurate
structure. (c) nc-AFM image of an azulene molecule, (d) corre-
sponding STM constant-height image, (¢) DFT Tersoff-Hamann
simulation of azulene adsorbed on Cu(111) within an energy
range of 0 to 0.1 V below Ep. Scale bar for (c-e) = 0.1 nm.
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site, such as porphine on Ag(111) [81]. The transition from
the compressed quasidisordered phase to the commensurate
(24/3 x 24/3)-R30° phase during desorption is associated
with the small maximum around 300 K in the TPD curve
[Fig. 3(a)].

In the nc-AFM images, the two rings of the azulene
molecule can clearly be distinguished, and thus its
azimuthal orientation on the surface can be determined. In
the (2v/3 x 24/3)-R30° unit cell, all molecules point along
the [110] direction (and symmetry equivalent directions) of
the substrate.

During the nc-AFM scans, naphthalene showed a higher
tendency for tip-induced lateral displacements, whereas
azulene was more resistant to accidental manipulation and
only occasionally showed rotation by a 60° angle. Example
images for both phenomena are shown in Figs. S5 and S6 of
the Supplemental Material [44]. The reduced susceptibility
of azulene for tip-induced displacement probably also
means that it has a higher barrier for spontaneous diffusion.

In Figs. 6(c)-6(e), we compare an nc-AFM image of an
adsorbed azulene molecule with the corresponding con-
stant-height STM scan and with a DFT Tersoff-Hamann
simulation [82]. The nc-AFM image in Fig. 6(c) shows the
molecular structure with the five- and seven-membered
rings. The STM current map in Fig. 6(d) was taken during
the nc-AFM scan with negative sample bias (i.e., with
electrons flowing from the sample to the tip) and shows
well-defined features with lobes and nodes. Considering
the bias voltage, these features must be attributed to an
occupied state of the adsorbed azulene. They are well
reproduced by a Tersoff-Hamann simulation using the DFT
density of states (DOS) in the energy range from 0 to 0.1 eV
below the Fermi energy [Fig. 6(e)]. The shape of this
occupied state closely resembles that of the LUMO of the
free molecule, as will be discussed in more detail below.

The difference in adsorption height between azulene and
naphthalene as found by NIXSW was also measured on the
single-molecule level by comparing the positions of the
minima of frequency shift distance, i.e., Af(z) curves [83].
The inset of Fig. 7(a) shows a STM image of codeposited
azulene and naphthalene molecules. Naphthalene appears
as a single bright white feature, whereas azulene is imaged
as a two-segmented grey shape. The vertical and lateral
position at which the feedback loop was interrupted
is the same for both molecules (above the metal, the
STM set point of V = 100 mV and I = 10 pA corresponds
to z =0 A). The minimum z,;, in the Af(z) curve for
azulene occurs 0.92 4 0.08 A closer to the substrate than
for naphthalene. This difference is highly reproducible
for different tip terminations and molecules. Considering
the margins of error, this value is only slightly larger than
the difference in the NIXSW heights of 0.74 4- 0.06 A. The
deviation between NIXSW and AFM values is possibly a
temperature-related effect or due to small influences of the
AFM tip.

(a)

—— Azulene
—— Naphthalene

1nm
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L LR LRy Ly LY LA R L LR

3 -2-10 1 2 3 45

FIG. 7. (a) Af(z) spectra over azulene and naphthalene
molecules illustrating the difference in z,,;,, which is indicative
of the difference in adsorption height. The inset is an STM image,
where the blue and red dots indicate the positions at which the
Af(z) spectra were taken. The STM image was acquired with
I, =10 pA at U; = 100 mV. (b) Constant-height nc-AFM image
of a single azulene molecule at —180 pm w.r.t. an STM set-point
of 10 pA at 100 mV. (¢) z,;, map of azulene, overlaid with carbon
(black) and hydrogen (white) atom positions. (d) Experimentally
obtained z,,;, height of all C atoms with respect to the C atom at
the apex of the 5S-membered ring, in pm. (e) z.,;, heights of all C
atoms with respect to the nose-C atom calculated by DFT, in pm.
(f) KPFM map of a single azulene molecule, overlaid with carbon
(black) and hydrogen (white) atom positions. (g) Model of the
azulene molecule indicating the direction of the dipole moment.

The AFM-based height measurements also reveal a
substantial adsorption-induced deformation of the azulene
molecule. Figure 7(b) shows a constant-height nc-AFM
image of azulene, in which the 5-7-ring structure is clearly
resolved. The corresponding Fig. 7(c) shows a map with the
lateral variation of z.;,, indicating that the apices of the
5- and 7-membered rings are located farther away from
the surface than the C—C bond that joins the two rings. This
V-shaped adsorption geometry is later confirmed by DFT
calculations [Figs. 7(e) and 8]. A detailed comparison of
the relative heights as extracted from the AFM experiments
and DFT calculations is given in Figs. 7(d) and 7(e). The
value for the atom with the highest position is set to zero.
Both in the experiment and in theory, one long side of the
molecule is located somewhat closer to the surface than the
other. These results demonstrate that AFM can be used to
detect vertical relaxations in single molecules in the range
of a few pm.

The free azulene molecule has a considerable in-plane
dipole moment of 0.8 D [67]. To establish whether azulene
adsorbed on Cu(111) still has an in-plane dipole moment,
we performed Kelvin probe force microscopy (KPFM)
experiments [83—-85]. The maps extracted from these
experiments show how the local contact potential
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FIG. 8. Structural data for azulene and naphthalene on Cu(111)
from dispersion-corrected DFT-D3 calculations. (a,b) Top view
of the optimized (2v/3 x 2v/3)-R30° structure. The most favor-
able adsorption site for both molecules is hep-hep. (c,d) Vertical
displacements (in pm) of the copper atoms in the topmost layer,
compared to the relaxed surface without a molecule. Positive
values mean a displacement towards the molecule. (e,f) Side view
of the molecule in the optimized (2\/§ X 2\/§)—R30° structure.
Azulene shows a large distortion and is much closer to the surface
than naphthalene (average adsorption height 2.34 A vs 2.96 A).
(g,h) Changes of the in-plane bond lengths relative to the gas
phase structure (in pm).

difference varies. This quantity is related to the electrostatic
potential above the sample [84]. The KPFM maps pre-
sented here are obtained from finding the maximum (V*) of
Af(V) curves extracted from a set of constant-height AFM
images at increasing bias [85]. Figure 7(f) presents a V*
map of a single azulene molecule. The V* for the 5-
membered ring is about +0.52 V, while for the 7-mem-
bered ring, it is +0.42 V. The value of V* represents the
voltage needed to minimize the electrostatic interaction
between the tip and the molecule. Above the
5-membered (7-membered) ring, a larger (smaller) positive
voltage is needed to compensate for the presence of the
negative (positive) charge. From the V* data shown in
Fig. 7(f), it is evident that the adsorbed molecule has an
in-plane dipole along the long molecular axis, pointing

from the 5- to the 7-membered ring. The magnitude of the
retained dipole moment cannot be extracted from such
experiments [86].

F. Theoretical analysis

For additional insight into the surface chemical bond of
azulene and naphthalene, dispersion-corrected periodic
density functional theory calculations (DFT-D3) [53] were
performed for the ordered (2\/§ X 2\/§)—R30° structure,
which was found in the STM images of azulene/Cu(111)
[Fig. 6(a)]. This structure is not observed for
naphthalene/Cu(111), but as the (2v/3 x 3)-Rect structure
known in the literature has the same coverage, it is also
used here for better comparability [34,36]. For both
molecules, the same preferential adsorption site is found.
In this geometry, the molecules adsorb with each ring above
an hcp hollow site, as shown in Figs. 8(a) and 8(b). This
result is in agreement with the nc-AFM data, which show
that the molecules are aligned along a principal direction of
the surface, which is also the case with this adsorption site.

Closer inspection of the adsorbate geometries reveals
that the azulene molecule and the top layer of the surface
undergo substantial adsorption-induced deformations. The
surface copper atoms in the unit cell differ in height by up
to 0.14 A, as is visualized in Fig. 8(c). For comparison,
naphthalene does not cause any significant deformation of
the surface [Fig. 8(d)]. Azulene experiences an out-of-plane
deformation, which brings the bridging carbon atoms closer
to the surface than the apex atoms of the rings [Fig. 8(e)].
This was also observed with nc-AFM [Figs. 7(c) and 7(d)].
In addition, azulene shows extensive changes of the in-
plane bond lengths, in particular, a shortening of the
bridging bond (—3.6 pm) and elongations of the other
bonds (up to +4.5 pm). This can be explained by electron
donation into the LUMO [as shown in Fig. 9(a)] because its
bonding and antibonding contributions agree with the
pattern in the bond length changes. In the case of
naphthalene, the adsorption-induced deformations are
much smaller [Figs. 8(d), 8(f), and 8(h)].

The adsorption height was calculated as the distance
between the average height of the carbon atoms and the
relaxed height of the first substrate layer without a molecule.
For naphthalene, this approach gives a height of 2.96 A,
which is only slightly smaller than the sum of the van der
Waals radii of a carbon and a copper atom (3.10 A) and thus is
consistent with the van der Waals character of the naph-
thalene-copper interaction. In the case of azulene, the
calculated distance of 2.33 A is closer to the sum of the
covalent radii of a carbon and a copper atom (2.20 A), in line
with the much stronger bond of azulene. Both calculated
values are in excellent agreement with the NIXSW results of
2.30 A for azulene and 3.04 A for naphthalene.

In this comparison, we have considered that the standing
x-ray wave is formed by the bulk lattice planes, and
therefore, the experimental height value is the distance
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between the carbon atoms of the molecule and the ideal,
unrelaxed surface layer. For Cu(111), the vertical relaxation
of the adsorbate-covered first layer proved to be very small
in our calculations (less than 0.01 IOX), and thus the
relaxation correction is actually negligible.

In the electronic adsorption energies yielded by the DFT-
D3 calculations, azulene shows a much higher value than
naphthalene, E,3, = —1.79 eV and —1.40 eV, respectively.
When zero-point vibrational energy (ZPVE) corrections are
taken into account, the energy for azulene increases to
E.qs = —1.87 eV, while there is no change for naphthalene
(because its vibrational frequencies are much less influ-
enced by the adsorption). To compare these DFT results
with TPD data, we must use the integral desorption energy

at the coverage of the (2\/§ X 2\/5)—R30° structure used in
the DFT calculations (0.65 ML) and make the (here very
reasonable) assumption that the adsorption of azulene and
naphthalene has no activation barrier. The corresponding
experimental energies are 1.58 eV for azulene and 0.93 eV
for naphthalene [see Fig. 3(c), dashed lines]. In compari-
son, theory overestimates the adsorption energy by 0.29 eV
for azulene and by 0.47 eV for naphthalene, which is in the
range of expected deviations of current DFT methods [87].
In particular, dispersion-corrected DFT adsorption energies
of molecules on metal surfaces are typically overestimated
and usually show errors of this magnitude [88,89].

DFT also provides additional insight into the valence
electronic structure of the adsorbed molecules. For
azulene/Cu(111), the carbon-projected DOS in Fig. 9(e)
shows a substantial density of states spread out over a
large energy window around Ef, with only small variations
in magnitude. In contrast, naphthalene has a clear gap
in the carbon-projected DOS between —1.4 and +0.5 eV
[Fig. 9(f)]. Both findings are in agreement with the UPS
data in Fig. 4(c). The reason for this different behavior is
related to azulene’s low-lying LUMO, which is very close to
the Fermi edge of Cu(111), as shown in Fig. 9(e). As aresult,
the LUMO is pulled below Ep and is partially filled with
electrons from the surface, as can be seen in the charge
density difference plot [Figs. 9(a) and 9(b)]. Comparison
with a related plot for naphthalene using the same isosurface
value shows no visible charge transfer [see Figs. 9(c)
and 9(d)]. If a much lower isosurface value is chosen, the
so-called pillow effect (i.e., the pushback of electron
density between the molecule and surface caused by Pauli
repulsion [71]) can be seen for both molecules, but it is much
larger for azulene. These additional charge density difference
plots are shown in Fig. S7 of the Supplemental Material [44].

The participation of the frontier orbitals in the surface
chemical bond is illustrated in Figs. 10(a) and 10(b), which
show the DOS projected onto the molecular orbitals of the
free molecules. Again, drastic differences can be seen
between azulene and naphthalene. The frontier orbitals
of azulene [Fig. 10(a)] undergo substantial energetic broad-
ening in the adsorbed state. As a result, the LUMO and
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FIG. 9. Electronic structure of azulene and naphthalene on
Cu(111) from DFT calculations. (a,b) Charge density difference
plots for azulene. (c,d) Charge density difference plots for
naphthalene. The isosurface value is 0.003 ¢~ /A; electrons flow
from blue to red. In panel (a), electron enrichment in the shape of
the LUMO is clearly visible. (e,f) Carbon partial density of states
of the adsorbed species. The horizontal bars represent the
energies of the frontier orbitals of the free molecules. These
energy levels are shifted to align the lowest valence orbitals for
the free and the adsorbed molecules. The figure also shows
images of the HOMO and LUMO as calculated by DFT.

LUMO +1 levels show large contributions below the Fermi
energy. In the case of naphthalene, the frontier orbitals are
much less broadened and the LUMO remains well above
the Fermi energy.

The adsorption-induced changes in the valence electronic
structure also have important consequences for the NEXAFS
spectra, as can be seen in the MO-projected NEXAFS
simulations [Figs. 10(c)-10(f)]. The LUMO and LUMO+1
contributions are greatly reduced for azulene, when adsorbed
on Cu(111), because these orbitals are now partially occu-
pied and therefore are not fully available for an excitation
anymore. For naphthalene, adsorption does not result in
substantial spectral changes. Note that the MO contributions
do not seem to add up to the total spectrum for azulene on Cu
(111) [Fig. 10(e)]. Because of the strong hybridization
between the molecular orbitals and the surface, as well as
final-state screening effects, the spectral contributions from
states with ground-state molecular orbital character are much
smaller than for the weakly interacting naphthalene.

The hybridization of the frontier orbitals also has
consequences for the charge redistribution between the
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FIG. 10. MO projection analysis, left azulene, right naphthalene.
Contributions of the LUMO are shown in dark red and of the
HOMO in blue; higher and lower orbitals are shown in incre-
mentally lighter colors. Total DOS and total spectrum are shown in
black. (a,b) TDOS and MO-projected density of states of the
adsorbed species with the energies of the molecular frontier
orbitals. The nonvanishing TDOS around the Fermi energy is
caused by the metal substrate. (c,d) MO-projected NEXAFS
simulations of the free molecules. (e,f) MO-projected NEXAFS
simulations of the adsorbed molecules. The simulated spectra are
shifted by —6.1 eV to match the experimental data in Fig. 5.

surface and the molecule. The charge transfer is quantified
using two different methods. The Bader analysis method
[90] predicts that azulene receives 0.49 negative elementary
charges (e™) from the surface, resulting in a net negative
charge at the molecule. In contrast, naphthalene shows only
avery small charge transfer of 0.06 ¢~ from the molecule to
the surface, i.e., in the opposite direction. Using an
alternative approach, we integrate the MO projection in
Figs. 10(a) and 10(b) up to Ef, including the pulled-down
contributions of LUMO and LUMO+1. The resulting
excess charges (negative charges) on the molecules are
1.39 e~ for azulene and 0.13 e~ for naphthalene, respec-
tively. Both methods thus indicate a significant surface-to-
molecule charge transfer. The partial charge is not an
observable property, and it is well known that different
methods give different absolute values. The chemisorbed
character of azulene on Cu(111) means that separation of
molecule and surface electronic states is not straightfor-
ward, either in real or in orbital space. However, the
considerable effects observed in the NEXAFS spectrum
of azulene upon adsorption indicate that the magnitude of
charge transfer is probably larger than predicted by the
Bader analysis method.

IV. DISCUSSION

The combined TPD, NIXSW, PES, NEXAFS, nc-AFM,
and DFT results provide a consistent picture of the surface
chemical bond of azulene and naphthalene on Cu(111).
Azulene, as a prototypical 5-7 system, forms a strong
chemical bond to the copper surface, whereas naphthalene
as a 6-6 system is only physisorbed. This difference is related
to the topology of the z-electron system. In naphthalene, the
z system has an alternant topology, which means that all
carbon atoms can be divided into two disjoint sets, such that
an atom of one set binds only to atoms of the other set [14].
All aromatic systems with 6-membered rings, the benzoid
systems, are alternant. In contrast, the 5-7z system of azulene
has a nonalternant topology [Fig. 11(a)].

Alternant and nonalternant z systems show fundamental
differences in the electronic structure. The Coulson-
Rushbrooke theorem, which states that the energy levels
of the aromatic 7 system are symmetrically distributed, is

(a)

Azulene

@

FIG. 11. (a) Alternating labeling of the carbon atoms (red,
green), illustrating that the 6-6 system has an alternant and the 5-7
system has a nonalternant 7z system. The dipole moment of the
5-7 system can also be understood as a consequence of the
Hiickel 4n + 2 rule for aromatic systems [91], which requires
transfer of one electron from the heptagon to the pentagon, such
that an aromatic sextet (Clar sextet) can be formed [92]. (b) Frost-
Musulin diagrams [93] for 6-, 5-, and 7-membered cyclic z
systems. The HOMO level of the 5-membered ring and the
LUMO level of the 7-membered ring are highlighted in blue. All
7-MO energies lie on a circle, which is centered at the Coulomb
integral a and has the radius of 2 times the Hiickel exchange
integral 5. The energy scale is in units of x, with x = (a — ¢€)/p,
where € is the 7z-MO energy. Only the 6-membered ring is
alternant and fulfills the Coulson-Rushbrooke theorem. In the 5-
membered system, the HOMO is lifted, and in the 7-membered
system, the LUMO is lowered. The hexagon has a neutral closed-
shell state, whereas the pentagon and the heptagon form a closed-
shell anion and cation, respectively.
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violated by nonalternant species [14,94]. While alternant
aromatic molecules have highly delocalized z orbitals, these
orbitals are more localized in nonalternant molecules.

The concept of alternant and nonalternant cyclic
z-conjugated systems is visualized in Fig. 11(b), which
compares the Frost-Musulin energy diagrams for 5-, 6-, and
7-membered cyclic 7 systems [93]. As can be seen, the
6-membered ring is alternant, and its z-orbital energies are
paired, such that each occupied bonding orbital with
energy —F has an empty antibonding counterpart with
energy —+E. This symmetry is broken for nonalternant
5- and 7-membered 7 systems. As one of the consequences,
the HOMO of the 5-membered ring is lifted, whereas the
LUMO of the 7-membered ring is lowered, compared to the
6-membered, alternant system.

Qualitatively, the electronic structure of azulene can be
viewed as a combination of 5- and 7-membered 7 systems.
From this consideration, one would expect that the
HOMO-LUMO gap of azulene is considerably smaller
than that of the corresponding system with two 6-membered
rings, naphthalene. The increased HOMO energy should
make azulene a better donor, and the reduced LUMO
energy a better acceptor, than naphthalene. In addition, the
frontier orbitals should be somewhat localized, with
increased contributions of the 5-membered ring to the
HOMO and of the 7-membered ring to the LUMO.

These anticipated properties are in agreement with the
experimental observations. The localization of HOMO and
LUMO in azulene causes a molecular dipole moment
of 0.8 D [67], which is a very large value for a simple
hydrocarbon without heteroatoms. In contrast, naphthalene
has no dipole moment. The HOMO-LUMO gap of azulene is
2.1 eV, compared to 3.5 eV for naphthalene, as calculated
by DFT.

With respect to the adsorption behavior of azulene,
the energetic shift of the frontier orbitals, especially the
down-shift of the LUMO, leads to the described acces-
sibility for electron donation from the surface into the
LUMO and thus to the much stronger chemical bond to the
Cu(111) surface. The partial occupation of the LUMO also
explains some of the adsorption-induced deformations,
especially the striking shortening of the bridging bond
[see Fig. 8(g)] because the LUMO is bonding while the
HOMO is antibonding between the two shared C atoms
[see Fig. 9(e)].

As pointed out above, the special electronic structure of
azulene and the resulting strong surface chemical bond are
by no means a coincidence but a consequence of the
topology of its z system, which is fundamentally different
from that of naphthalene. We expect this to hold true
wherever this structural element occurs, whether it be in a
molecule, a graphene nanoribbon, or another z-electron
system. The limitations of this molecular model system are
discussed in the following for a system that is, in many
ways, furthest removed from the molecules investigated:
defects in an infinite graphene lattice.

The 5-7 defects embedded in the graphene lattice have
the same topology as azulene, whereas the regular
graphene lattice has the same topology as naphthalene
(Fig. 1). Therefore, we expect the 5-7 defects in graphene
to have a much stronger and more localized interaction
with a metal substrate than the regular graphene. It is
also possible that metal atoms deposited onto graphene
bind more strongly to 5-7 defects than to regular lattice
sites. In addition, electron transfer from the substrate is
more likely to occur at the 5-7 defects than at defect-free
areas.

Compared to a 5-7 defect in substrate-supported gra-
phene, our molecular system, azulene, differs in two
important points. First, the 7 system in azulene is termi-
nated by hydrogen atoms, and thus the area of z-electron
delocalization is spatially confined. In contrast, the 5-7
defect in a graphene layer is embedded in the 7 system of
graphene, making the area of delocalization much larger.
However, it is important to keep in mind that the effect of
the topological symmetry break caused by the 5-7 defect is
a spatial localization and energetic lowering of electronic
states. These effects should also occur in the extended
structure because the symmetry break is also present there.
To verify this assumption, we performed periodic DFT
calculations for a 5-7 defect embedded in a freestanding
graphene layer. As can be seen in a section through the
charge density, the defect interrupts the homogeneous
charge distribution present in the defect-free graphene
[Fig. 12(a)] and accumulates negative charge at the 5-
membered ring and positive charge at the 7-membered ring
[Fig. 12(b)]. The local charge accumulation on the
embedded 5-7 defect, as quantified by the Hirshfeld charge
analysis [95], has a similar magnitude as in the isolated 5-7
system of azulene (see the Supplemental Material [44] for
details). The graphene with the embedded defect also
shows additional DOS in the vicinity of the Fermi energy
[Fig. 12(c)].

Another difference between the molecular nonalternant
system and a 5-7 defect in an adsorbed graphene layer
will be apparent in the adsorption height. While azulene
can always adopt its equilibrium height, the 5-7 defect
embedded in the graphene lattice (or in another extended
aromatic system) will be pulled closer to the surface, but it
will also be held back by the surrounding regular graphene
lattice (or other alternant structure), which resides at a
larger distance. This competition may further influence the
electronic interaction with the substrate and related effects,
such as electron transfer. Nevertheless, the molecular
nonalternant system of azulene represents a highly valuable
model for extended aromatic systems with embedded
nonalternant structural elements because reliable quantita-
tive information such as local interaction energies and
adsorption heights are very difficult to obtain for defects in
extended z-conjugated systems with the presently available
experimental and theoretical methods.
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FIG. 12. Results of periodic DFT calculations for a freestanding
graphene layer with and without 5-7 defects. (a) The section
through the charge density for the planar ideal graphene layer and
(b) the section through the charge density for the planar graphene
layer with a 5-7 defect. As can be seen, the 5-7 defect
accumulates negative charge (red) at the 5-membered ring and
positive charge (blue/white) at the 7-membered ring. Only part of
the unit cell is shown. For a complete view, see Fig. S9 of the
Supplemental Material [44]. (c) Total density of states for both
systems. The DOS of the defect structure shows new states
around the Fermi energy. The nonzero DOS at Ey for both
systems is caused by the employed electronic smearing and is a
known artifact of the method [96,97].

V. CONCLUSIONS

Azulene as a nonalternant aromatic hydrocarbon forms a
much stronger chemical bond to the Cu(111) surface than
naphthalene as its alternant isomer. This result follows from
the very different low-coverage TPD peak temperatures
(520 K for azulene vs 340 K for naphthalene) and from the
resulting zero-coverage desorption energy, which is much
higher for azulene (1.86 eV) than for naphthalene
(1.07 eV). The same trend is seen in the vertical bonding
distances (adsorption heights) as measured by NIXSW and
nc-AFM. The NIXSW value of 2.30 A for azulene is much
smaller than the sum of the van der Waals radii and agrees
with the formation of a real chemical bond. In contrast, the
height of 3.04 A found for naphthalene is consistent with
pure physisorption. The distances calculated by dispersion-
corrected DFT agree very well with the measured heights.
The calculations also show that both azulene and the
surface underneath undergo substantial distortion (as is

confirmed by AFM experiments), while naphthalene
remains almost undistorted. Repulsive interactions between
the adsorbed azulene molecules lead to a strongly cover-
age-dependent desorption energy, which follows the equa-
tion E; = (1.86—0.670 —0.400%) eV. Naphthalene
shows less repulsion, and its desorption energy is well
described by the equation Ey = (1.07 — 440) eV. Effects
of the intermolecular repulsion are also visible in the
submonolayer STM images. The work-function change
at monolayer coverage is higher for azulene (—1.07 eV)
than for naphthalene (—0.73 eV), indicating that azulene
forms the larger surface dipole. The higher intermolecular
repulsion seen for azulene is therefore likely related to
increased dipole-dipole repulsion.

The differences in the surface chemical bonds of azulene
and naphthalene can be rationalized on the basis of the
different topologies of the molecular z systems. Because of
its violation of the Coulson-Rushbrooke theorem, azulene
has a low-lying LUMO, which is close to the Fermi energy
of copper. This fact leads to a strong hybridization between
the LUMO and electronic states of the surface, as well as
electron transfer from the surface into the LUMO. This
electron transfer is confirmed by various experimental data:
Probing the occupied states, the UP spectra of azulene on
Cu(111) show an adsorption-induced, broad feature below
the Fermi edge. Complementary NEXAFS studies of the
unoccupied states reveal strong changes in the 7* reso-
nance, which is attenuated and broadened. Theoretical
analysis shows that the new broad feature in the occupied
range is related to the former LUMO and other formerly
unoccupied orbitals, while the changes in the NEXAFS are
due to the partial occupation of the LUMO and LUMO +1
orbitals. In addition, submolecularly resolved STM images
of azulene show the shape of the former LUMO at negative
bias, which confirms that this orbital is filled with electrons.
This finding is also supported by STM simulations.
Theoretical analysis indicates a pronounced redistribution
of charge in the case of azulene and a substantial charge
transfer from the surface to the molecule. In contrast, the
electronic structure of naphthalene is only slightly influ-
enced by the surface, in line with its weaker and longer
surface chemical bond.

Our results show that the topology of an aromatic 7
system greatly influences its interaction with a metal
surface. In particular, structural elements with the non-
alternant 5-7 topology can form much stronger surface
chemical bonds than elements with the regular, alternant
6-6 topology. This may be true not only for aromatic
molecules but also for all occurrences of nonalternant
topology in carbon-based nanostructures on surfaces, in
graphene nanoribbons or, in the form of 5-7 defects, in
graphene itself. For all of these structures, we predict a
localized surface chemical bond and local electron transfer
between the substrate and adsorbate. In addition, our
findings may be relevant for the optimization of the
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metal-organic interfaces that occur at electrodes in organic
electronic devices. They suggest that modifying the top-
ology of the molecular 7 system represents a possible way
to tune performance-related parameters such as wave-
function overlap and energy-level alignment at the elec-
trode-semiconductor interface.
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