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ABSTRACT

Interfaces between polycyclic -electron systems and metals play prominent roles in 
organic or graphene-based (opto)electronic devices, in which performance-related 
parameters depend critically on the properties of metal/semiconductor contacts. Here, we 
explore how the topology of the -electron system influences the bonding and the 
electronic properties of the interface. We use azulene as a model for nonalternant pentagon-
heptagon (5-7) ring pairs and compare it to its isomer naphthalene, which represents the 
alternant 6-6 ring pair. Their coverage-dependent interaction with Ag(111) and Cu(111) 
surfaces was studied with the normal-incidence X-ray standing wave (NIXSW) technique, 
near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, UV and X-ray 
photoelectron spectroscopy (UPS, XPS), and density functional theory (DFT). Coverage-
dependent adsorption heights and spectroscopic data reveal that azulene forms shorter 
interfacial bonds than naphthalene and engages in stronger electronic interactions with both 
surfaces. These differences are more pronounced on Cu. Increasing coverages lead to larger 
adsorption heights, indicating bond weakening by intermolecular repulsion. The extensive 
DFT calculations include dispersive interactions using: (1) the DFT-D3 scheme, (2) the 
vdWsurf correction based on DFT-TS, (3) a Many-Body Dispersion (MBD) correction 
scheme, and (4) the D3surf scheme. All methods predict the adsorption heights reasonably 
well with an average error below 0.1 Å. The stronger bond of azulene is attributed to its 
nonalternant topology, which results in a reduced HOMO-LUMO gap and brings the 
LUMO energetically close to the Fermi energy of the metal, causing stronger hybridization 
with electronic states of the metal surfaces. 
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INTRODUCTION

Semiconductor materials with polycyclic π-electron systems such as aromatic molecules,1 
polymers,2 and graphene derivatives3 are widely applied in organic (opto)electronic 
devices such as organic light-emitting diode (OLED) based displays,4-5 where the 
semiconductors are typically contacted by metal electrodes.6-10 The resulting metal/organic 
interfaces determine important performance-related parameters such as charge carrier 
injection rates11 and have therefore been in the focus of surface-science studies with various 
model systems.12-18 The molecules used in these studies, such as benzene,18  pentacene,14-

15 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA),16 or sexiphenyl (6T),17 often 
comprise aromatic carbon backbones with alternant topologies. The latter term is rooted in 
the Hückel molecular orbital (HMO) theory, in which the linking pattern between the atoms 
in the conjugated system is expressed by the topological matrix and can be alternant or 
nonalternant.19 An alternant topology means that the atoms of two mutually exclusive 
subsets (e.g. red and green labelled atoms in Figure 1) are linked such that only atoms of 
different sets form direct bonds. Typical alternant aromatic hydrocarbons, such as 
naphthalene, consist of hexagonal rings (Figure 1a). In contrast, nonalternant structures 
contain bonds between atoms of the same subset. A prototypical example is azulene (Figure 
1b), an isomer of naphthalene, with its pentagon-heptagon (5-7) ring-pair structure. 
Comparison of the two isomers reveals the large influence of the topology on the optical 
and electronic properties: Azulene has a blue color and a considerable dipole moment of 
0.8 D,20 while the non-polar naphthalene does not absorb in the visible range. 

Because of their unique properties, molecules with nonalternant aromatic backbones have 
found increasing interest for application in organic (opto)electronic devices.21 Nonalternant 
structures also occur as defects in graphene, especially the 5-7 ring-pair motif of azulene. 
Such defects in graphene are potentially important because of the reduced contact 
resistance at defect sites.9 Despite their relevance for the understanding of 
metal/semiconductor and metal/graphene contacts, interfaces of nonalternant aromatic 
structures have rarely been investigated and compared to the corresponding alternant 
structures. Only very recently, it has been shown that azulene engages in a stronger bond 
to a Cu(111) surface than naphthalene.22 

Here, we present an extended investigation of metal/organic interfaces of alternant versus 
nonalternant molecules. Expanding on previous work,22 we compare the interaction of 
azulene and naphthalene with Ag(111) and Cu(111) surfaces at different coverages. For 
the first time, we present coverage-dependent adsorption heights, as measured by the 
NIXSW technique, and work-function changes for these systems, along with extensive 
theoretical treatment. Photoemission and NEXAFS data in combination with DFT 
calculations reveal details of the surface chemical bond in all systems. The theory part is 
of unprecedented depth for this class of systems: we compare four different methods for 
the prediction of the critical van der Waals contribution to the surface chemical bond: (1) 
the DFT-D3 scheme with Becke-Johnson damping function,23-24 (2) the vdWsurf 
correction25 based on DFT-TS,26-28 (3) a Many-Body Dispersion (MBD) correction 
scheme,29-30 and (4) the D3surf scheme (see the Supporting Information (SI) for details). 
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Our results reveal substantial influences of the topology on the interfacial chemical bond. 
The detailed experimental and theoretical investigation clarifies the mechanisms behind 
the different modes of interaction and thereby also contributes to the understanding of real 
metal-graphene contacts.

Figure 1. Molecular structures of (a) naphthalene and (b) azulene. The dipolar nature of 
azulene is illustrated by the additional mesomeric structure (right). The different topologies 
of the two isomers are illustrated by the schemes in the bottom row: naphthalene has an 
alternant topology (direct bonds only between differently labelled centers), whereas 
azulene has a nonalternant topology (direct bond between two atoms with the same color 
label).

METHODS

A. Experimental Methods

The interaction of azulene and naphthalene with Cu(111) and Ag(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 stainless-steel reservoirs. 
The polished single-crystal surfaces (purity >99.9999 % for Cu(111) and >99.999 % for 
Ag(111), roughness < 0.01 µm, orientation accuracy < 0.1°, from MaTecK/Germany) were 
prepared by iterated sputtering with Ar+ ions (0.5-1 keV, 5-15 µA, 30 min) and annealing 
(800-830 K, 15 min). Surface cleanliness and structure were confirmed by XPS, low energy 
electron diffraction (LEED) and scanning tunneling microscopy (STM). Sample 
temperatures were measured with type K thermocouples directly mounted to the single 
crystals. Coverages are given in monolayers (ML), where a coverage of 1 ML represents a 
complete layer of the molecule on the surface. The absolute monolayer coverage was 
determined as described previously22 and amounts to 0.16 molecules per surface atom on 
the Ag(111) surface and 0.13 molecules per surface atom on the Cu(111) surface.  

X-ray photoelectron spectroscopy (XPS) and normal incidence X-ray standing wave 
(NIXSW) measurements were performed at the undulator beamline I-09 at Diamond Light 
Source in Didcot, UK. For photoelectron detection, a VG Scienta EW4000 HAXPES 
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hemispherical electron analyzer mounted at 90° with respect to the incident X-ray beam 
was used. The data analysis was performed using the software package TORRICELLI,31-32 
including the correction of non-dipolar effects.33 The sample temperature was 
approximately 150 K, which leads to Bragg energies of 2980 and 2638 eV for the (111) 
lattices planes of Cu and Ag, respectively. The photon energy for the XPS measurements 
was 600 eV.

UV photoelectron spectroscopy (UPS) was performed with He-I and He-II radiation from 
a UVS 10/35 gas discharge lamp and a PHOIBOS 150 electron energy analyzer equipped 
with an MCD-9 multi channeltron detector. Work functions were measured with the same 
setup. 

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy was performed at the 
synchrotron radiation facility BESSY II (Helmholtz-Zentrum Berlin) using the HE-SGM 
dipole beamline, 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. The resulting NEXAFS data was treated as described previously.22  

B. Density Functional Theory Calculations

Density-functional-theory calculations using periodic boundary conditions were performed 
to compute adsorption heights and work-function changes. The generalized gradient 
approximation (GGA) proposed by Perdew, Burke, and Ernzerhof (PBE)34 for the 
exchange-correlation functional was used in combination with four different methods to 
treat the van der Waals (vdW) interactions:  (1) the DFT-D3 scheme with Becke-Johnson 
damping function,23-24 (2) the vdWsurf correction25 based on DFT-TS,26-28 (3) a Many-Body 
Dispersion (MBD) correction scheme,29-30  and (4) the D3surf scheme. Below, a brief 
description of the computational methods is given. Further details can be found in the SI. 

The DFT-D3 scheme proposed by Grimme et al. uses atomic pairwise contributions to the 
dispersion interaction energy based on the polarization of the respective atoms in their 
chemical environment.35 The energy contributions are based on tabulated C6 coefficients 
taking into account the fractional coordination number of the atom under consideration and 
a damping function for close interatomic distances following a proposal by Becke and 
Johnson.23-24 

The vdWsurf approach25 includes the collective electronic response of the substrate in the 
determination of the vdW parameters (C6 coefficients, polarizabilities and vdW radii) by 
combining the pairwise Tkatchenko-Scheffler (TS) method26 with the Lifshitz-Zaremba-
Kohn theory.27-28 

The MBD method29-30 accounts for collective vdW effects beyond the pairwise 
approximation by including self-consistent screening of the atomic TS polarizabilities. This 
is achieved by representing the atomic response functions (within the random phase 
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approximation) by a set of quantum harmonic oscillators interacting via a coupled 
fluctuating dipole model. 

The D3surf scheme is an extension of the original DFT-D3 method proposed by Grimme et 
al. in which the parameter set of coordination-dependent C6 coefficients is extended by 
additional values for Cu and Ag at the higher coordination numbers of the surface and bulk 
atoms, as explained in detail in the SI.

X-ray absorption spectra were calculated using the pseudopotential plane-wave code 
CASTEP-17.136. 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 calculations were performed using on-the-fly generated USPPs in the 
CASTEP module ELNES37 and the transition-potential approach.38-39 For more details on 
the computational settings and analysis see the SI and Diller et al.40 For more details on the 
implementation of the molecular orbital projection employed in Figure 9, see Maurer and 
Reuter.41

RESULTS

Adsorbate-substrate bond distances (Adsorption heights)

The height of an adsorbed molecule above the surface, i.e., its vertical bonding distance, is 
an important criterion for determining the character of a surface chemical bond. A unique 
method to measure adsorption heights is the normal incidence X-ray standing wave 
(NIXSW) technique. As this method is described elsewhere in detail,42-44 we only give a 
short description here. When monochromatic X-rays undergo Bragg reflection on a 
crystalline substrate, a standing wave field is formed. Variation of the photon energy 
around the Bragg condition leads to a phase shift and thus changes the position of the nodes 
and anti-nodes of the standing wave field relative to the crystal planes. Therefore, the X-
ray intensity at any given height has a characteristic energy-dependent profile. Any 
quantity that is proportional to the photon intensity, such as the photoelectron intensity in 
a photoemission experiment, follows the same profile. This profile (yield profile) can be 
extracted for each XPS signal and be analyzed with a fit-model derived by dynamical 
diffraction theory including the corrections of non-dipolar effects:31, 33, 42-44

(1)H H
R I( ) 1 2 cos( 2 )I E S R S R F P        

Here, I(E) is the (photon)energy-dependent XPS intensity, R = R(E) is the reflectivity 
(intensity of the Bragg reflection H), and Φ = Φ(E) is the phase of the standing wave field. 
SR, |SI| and  are correction parameters to the yield model taking into account the dipole-
quadrupole approximation of the photoemission process (the so-called non-dipolar effect, 
see the literature33 and the SI for details).

The fitting procedure yields the coherent position PH and the coherent fraction FH. PH 
represents the height relative to the next lattice planes below, in units of the lattice spacing 
dH, while FH is a measure for the vertical order. Typically, FH = 1 indicates that all related 
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7

atoms have the same adsorption height (as expressed by PH), whereas FH = 0 means 
randomly distributed heights.

Using this method, we determined the adsorption heights of azulene and naphthalene on 
Cu(111) and Ag(111) at various coverages. The values of PH and FH for all measurements 
are compiled (in Table S1) and visualized in Argand vector diagrams (in Figure S1) in the 
SI. From the coherent positions, the monolayer adsorption heights DH were extracted using 
DH = (PH+n) dH, where n is the number of lattice planes that would fit between the sample 
surface and the adsorbate layer. At monolayer coverage (1 ML), the adsorption heights for 
azulene are 2.30(±0.03) Å on Cu(111) and 3.06(±0.02) Å on Ag(111). For naphthalene, the 
corresponding values are 3.03(±0.04) Å on Cu(111) and 3.13(±0.02) Å on Ag(111) (Figure 
2a). On Ag(111), both distances are in line with previously reported values for cases of 
physisorption of planar organic molecules on Ag.18, 45 There is no indication from other 
methods pointing to a covalent chemical bond, although both molecules are slightly closer 
to the surface than the sum of their tabulated van-der-Waals radii (3.42 Å).46 In the case of 
the Cu(111) surface, the adsorption height of naphthalene is close to the sum of the van-
der-Waals radii (3.1 Å).46 In contrast, the height of azulene approaches that of a typical 
carbon-copper bond length (2.2 Å),20 indicating a strong chemical interaction in this 
system, which is supported by a variety of other experimental and theoretical methods.

Figure 2. (a) NIXSW adsorption heights of azulene (Az) and naphthalene (Nt) at 
monolayer coverage. The filled areas represent the covalent radii,20 while the dashed lines 
represent the vdW radii.46 (b) Coverage-dependent adsorption heights for all four systems, 
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based on the NIXSW data in Table 1. The uncertainty in the coverage is in the range of 
0.05 ML. The horizontal dashed lines indicate the corresponding vdW and covalent 
distances calculated from literature vdW46 and covalent20 radii.

The results of the NIXSW measurements at various coverages are summarized in Table 1 
and Figure 2b. The coverages were determined from the XPS intensities. The NIXSW 
results show a slight increase of adsorption height with the coverage for all systems, which 
is to be expected and in agreement with the coverage dependence of the adsorption energy 
known for these and other systems.45, 47-49 Commonly, this is attributed to the lateral 
repulsion between the molecules and subsequent weakening of the bond with increasing 
coverage.48, 50

The values of the coherent fraction FH are all in a reasonable range for organic molecules 
of this size,18, 51 if corrections for non-dipolar effects are included.33 The Argand diagrams 
for all NIXSW measurements from Table 1 and a comparison showing the influence of the 
non-dipolar effects on the analysis are provided in the SI. 

Table 1. Coverage dependent results of the NIXSW measurements. All coverages Θ are in 
ML, all adsorption heights DH are in Å. The uncertainty in the coverages is about 0.05 ML.

Occupied electronic states: Photoelectron spectroscopy

The occupied electronic states, which are expected to reflect properties of the interfacial 
chemical bond, were probed here with X-ray and UV photoelectron spectroscopy. The core 
level C 1s spectra for monolayers of both molecules adsorbed on Cu(111) and Ag(111) are 
shown in Figure 3a. As can be seen, the signals of naphthalene adsorbed on both substrates 
consist of only one symmetric peak. On copper, this peak appears at a 0.4 eV lower binding 
energy (BE) than on silver.

Molecule Surface Θ   |   DH Θ   |   DH Θ   |   DH Θ   |   DH

Azulene Cu(111) 0.59  |  2.28 0.75  |  2.28 1.0  |  2.30

(±0.02) (±0.02) (±0.03)

Ag(111) 0.78  |  3.03 1.0  |  3.06

(±0.01) (±0.02)

Naphthalene Cu(111) 0.59  |  2.91 0.75  |  2.94 1.0  |  3.03

(±0.05) (±0.06) (±0.04)

Ag(111) 0.40  |  2.97 0.57  |  3.01 0.84  |  3.07 1.0  |  3.13

(±0.02) (±0.02) (±0.02) (±0.02)
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Azulene on Ag(111) shows a broad signal with a shoulder at the low binding energy side. 
This peak shape originates from the chemically different 5- and 7-membered rings, as has 
been shown by comparison of multilayer XPS data with calculations of the free molecule.22 
The fact that the chemical difference of the rings still determines the peak shape in the 
monolayer is a further indication of a weak interaction of azulene with Ag(111). 

On Cu(111), the situation is quite different: The C 1s signal of azulene has lost its shoulder 
and has acquired a pronounced asymmetry with high-BE tailing, which hints at a 
hybridization between molecular orbitals and electronic states of the surface. This 
hybridization leads to the presence of electron density of states around the Fermi edge, 
which in turn causes the peak asymmetry.52 The peak maximum has shifted by 0.7 eV to 
lower BE, compared to the position on Ag(111). This shift may at least partially be caused 
by transfer of electron density from the surface to the molecule. In addition, the small 
adsorption height of azulene on Cu(111) should result in increased final-state screening, 
which can also contribute to the lowered BE. 

Figure 3. Photoemission spectroscopy of the azulene (Az) and naphthalene (Nt) 
monolayers on Ag(111) and Cu(111). (a) C 1s XP spectra measured with a photon energy 
of 600 eV in grazing emission geometry (87° to surface normal). The spectra are 
normalized with respect to the substrate background at 284 eV. (b) He-I UP spectra for 
azulene and naphthalene on Ag(111).  (c) He-II UP spectra for azulene and naphthalene on 
Cu(111). All UP spectra were measured in normal emission geometry. The different photon 
energies for the UP spectra were chosen to avoid substrate satellites in the regions of 
interest. See Figure S2 in the SI for the spectra taken with the complementary photon 
energies.

UV photoelectron spectra provide direct insight in the valence electronic structure. In 
Figure 3b,c, the He-I and He-II UP spectra corresponding to the C 1s data are shown. On 
Ag(111), adsorption of azulene and naphthalene causes a shift of the surface state to lower 
BE, leading to its complete disappearance in the case of azulene and only a small residual 
signal for naphthalene. On Cu(111), naphthalene induces a similar shift of the surface state 
by 0.1 eV to lower binding energies. In the case of azulene on Cu(111), the surface state is 
completely suppressed and the whole range between the Fermi edge and copper d-band 
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10

shows increased intensity. This behavior was repeatedly observed with different photon 
energies in different experimental setups and is clearly not due to a normalization error or 
related issues.

The different influence of the molecules on the surface state of Cu(111) is apparent in the 
2D representation of the coverage dependent He-I UP data presented in Figure 4. For 
naphthalene on Cu(111), the surface state shifts between 0.1 and 0.2 eV before a coverage 
of 1.5 ML is reached, after which it is only attenuated with further increase of the coverage. 
In contrast, the adsorption of azulene on Cu(111) leads to a complete disappearance of the 
surface state before a coverage of 0.5 ML is reached (Figure 4a). It is then replaced by a 
broad region of increased intensity (visible also in Figure 3c), which is then attenuated 
when multilayers are adsorbed. Related UP spectra for a larger energy range show the 
emergence of molecular states at higher coverages (Figure S3).

Figure 4. 2D representations of coverage dependent He-I UPS data for (a) azulene and (b) 
naphthalene on Cu(111). Intensity scale from purple (lowest) to red (highest) in the order 
of the spectral colors. Extended plots for these measurements and data for the Ag(111) 
substrate can be found in Figure S3 of the SI.

Unoccupied electronic states: NEXAFS

The unoccupied range of the valence electronic structure was probed with NEXAFS 
spectroscopy at the carbon K-edge. The resulting spectra for multilayers and monolayers 
on Ag(111) and Cu(111) are displayed in Figure 5 and compared with DFT calculations.

The multilayer spectra are well reproduced by the calculations, both in the π∗ and the σ∗ 

range. Compared to the multilayer, the monolayer of azulene on Ag(111) shows significant 
broadening and reduction in intensity of the π∗ resonance. For naphthalene on Ag(111), the 
broadening is less pronounced. This is also backed by the corresponding calculations and 
is an indication for a stronger interaction of azulene. 

On Cu(111), the situation of naphthalene is similar to that on Ag(111), whereas in the case 
of azulene the π∗  resonances experience dramatic changes compared to the multilayer 
spectrum and form now a broad feature with much lower intensity. The reasons for this 
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11

deviating behavior of azulene on Cu(111) are discussed later using an advanced projection 
scheme for the DFT calculations.

Figure 5. Experimental (Expt.) carbon K-edge NEXAFS spectra and corresponding DFT 
calculations (Calc.) for azulene and naphthalene. Upper part: Multilayer spectra and 
calculations for the free molecules. The multilayer spectra were taken with the electric field 
vector oriented 90° relative to the surface normal. Middle part and lower part: Monolayer 
spectra and calculations on Ag(111) and Cu(111), respectively, with the different angles of 
the electric field vector relative to the surface normal as indicated by the color scheme. The 
calculations for the free molecules are displayed both as isolated excitations and after 
broadening; the calculations for the monolayers are only shown in broadened form. For the 
broadening, each excitation is represented by a pseudo-Voigt peak with an increasing width 
and Lorentzian contribution at higher photon energies. The calculated spectra were rigidly 
shifted by -6.1 eV to match the experimental energy scale. The data for the copper substrate 
has already be published elsewhere and is shown again here for direct comparison.22

Work function changes

Adsorption-induced changes of the electronic work function (WF) of the substrate are 
related to the vertical dipole moment of the adsorbate-substrate complex. In Figure 6, the 
experimental WF changes as determined by He-I UPS measurements are plotted as 
functions of coverage and compared to the DFT-calculated WF changes. The experimental 
data was fitted with the Topping model53-54 to extract the unattenuated dipole moment per 
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molecule μ0 and the polarizability volume α. Details about the fitting procedure are 
provided in the SI along with the fits themselves (Figure S4). The parameters obtained by 
the fits are summarized together with the WF change at monolayer coverage in Table 2. 

Figure 6. Compilation of the experimental and theoretical results for the work function 
changes for different coverages of azulene (Az) and naphthalene (Nt). Colors and symbols 
as labeled in the graph. 

Table 2. Work function changes at monolayer coverages of azulene (Az) and naphthalene 
(Nt), the unattenuated dipole moment |μ0|  per molecule, and the polarizability volume α as 
determined by the Topping equation for all four systems.

Az/Cu Nt/Cu Az/Ag Nt/Ag

ΔΦ / eV -1.07 -0.75 -0.74 -0.63

|μ0| / D 2.04 1.35 1.58 1.08

α / 10-29 m3 2.17 1.90 2.70 1.58

The WF change at monolayer coverage is by far the largest for azulene on Cu(111) with -
1.07 eV. Azulene on Ag(111) and naphthalene on Cu(111) have almost the same value of 
-0.74 and -0.75 eV, whereas naphthalene on Ag(111) has the lowest value with -0.63 eV. 
These same trends hold at submonolayer coverages, while naphthalene/Cu and azulene/Ag 
have a very similar WF change at higher coverages (Figure 6). The lowering of the work 
function in all these systems can be attributed to the so called Pauli-pushback effect.55-56 
This effect is strongest for azulene on Cu(111) because of its small adsorption height, as 
determined by NIXSW. As a result, the close proximity between molecule and surface 
leads to increased repulsion between the electrons in the molecule and the surface. The 
dipole moments from the Topping fit show the same trend, naphthalene on Cu(111) now 
has an appreciably lower value than azulene on Ag(111). This result of the fit is to be 
expected, as it quantifies the behavior of the work function at low coverages, where the 
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gradient for azulene on Ag(111) is steeper. However, in light of the uncertainties in the 
experiment the differences between Az/Ag and Nt/Cu are not significant. The comparison 
between experiment and DFT results will be discussed below.

Density-functional theory (DFT) calculations

The experimental data for the two metal surfaces reveal that azulene interacts more strongly 
with both substrates than its isomer naphthalene. For a detailed understanding of the 
bonding situation between adsorbate and substrate, DFT calculations were performed. 
Considering that the correct quantitative description of the van der Waals contribution to 
the molecule-metal interaction is still challenging,57 we compare here four different 
methods of dispersion correction of the PBE functional in the context of the obtained 
adsorption heights and the work function changes. The performance of these methods with 
respect to the adsorption energies will be discussed in a forthcoming paper. 

Adsorption heights: To determine the adsorption height DH, structural optimizations with 
all methods of dispersion correction were carried out for the (2√3×2√3)-R30° structure. 
The adsorption heights of the molecules were then calculated with respect to the bulk-
truncated surface layer to provide the best comparability with the NIXSW measurements. 
For the theoretical investigation of the coverage-dependence of the adsorption heights, 
additional calculations were performed only with the DFT-D3 scheme for several other 
coverages. Note that the range of very low coverages is experimentally increasingly 
difficult to access, because the resulting signal intensities in the NIXSW experiments get 
too low, whereas the high coverages are not accessible by theory because no commensurate 
structures are possible anymore. 

Table 3 and Figure 7 show a generally satisfactory performance of the different theoretical 
approaches in the overlapping coverage range between theory and experiment. All methods 
correctly predict that azulene/Cu(111) has (by far) the smallest adsorption height and that 
naphthalene/Ag(111) has the largest adsorption height. Only MBD correctly predicts the 
adsorption height of azulene/Ag to be larger than that of naphthalene/Cu.  All methods 
show a comparable average error of 0.04 to 0.07 Å. It is noticeable that vdWsurf always 
gives the smallest adsorption heights of all methods, whereas D3surf and MBD often show 
the largest adsorption heights. Because of the finite temperature of the measurements 
combined with the anharmonicity of the molecule-surface potential, the calculated 
adsorption heights should be slightly smaller than the experimental values, but this effect 
is within the margin of error.58

The coverage-dependent DFT-D3 adsorption heights, also plotted together with the 
experimental data in Figure 7, show a good agreement with the experimentally observed 
trends, especially in the case of the Cu surface.
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Figure 7. Compilation of the experimental and theoretical results for the adsorption heights 
of azulene (Az) and naphthalene (Nt) for different coverages, (a) on Ag(111) and (b) on 
Cu(111). Small filled circles with error bars, experimental data; lines, fit of the 
experimental data; open circles, D3; triangles, vdWsurf; squares, MBD; diamonds, D3surf. 
The adsorption heights for the (2√3×2√3)-R30° structure (0.65 ML on Cu(111) and 0.51 
ML on Ag(111)) can be found in Table 3. The horizontal dashed lines indicate the 
corresponding vdW and covalent distances calculated from literature vdW46 and covalent20 
radii.

Table 3. Comparison of the experimental (Expt.) values for the adsorption heights DH of 
azulene (Az) and naphthalene (Nt) with results calculated using DFT combined with 
different vdW methods. Note that the coverage for the computational setup is 0.65 ML on 
Cu(111) and 0.51 ML on Ag(111) corresponding to the (2√3×2√3)-R30° structure on both 
surfaces. The experimental value for the same coverages is calculated using a linear fit of 
the experimental data points at the measured coverages. 

DH in Å Az/Cu Nt/Cu Az/Ag Nt/Ag
Expt. 2.28 2.92 2.98 2.99
D3 2.33 2.96 2.94 3.10
vdWsurf 2.21 2.86 2.86 3.02
MBD 2.22 2.89 2.97 3.14
D3surf 2.34 3.06 2.96 3.11

Work function changes: Comparison of the experimental WF changes with those obtained 
by DFT (Table 4 and Figure 6) reveal more pronounced differences. All theoretical 
methods overestimate the WF change in all cases. This is probably due to the shortcomings 
of the PBE functional and the influence of the finite temperature. Consistent with the 
pushback effect, the adsorption geometry is expected to have a strong impact on the WF; 
methods that yield a small adsorption height show a large WF reduction, whereas a larger 
adsorption height correlates with a smaller WF reduction. Hence, the observed differences 
between the methods arise to some extent from the different adsorption height predicted by 
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them. The order (trends) in the WF changes between the different systems are correctly 
reproduced by all methods, with the only exception that all methods yield a large 
overestimation in the case of naphthalene on Ag(111). 

Table 4. Comparison of the experimental work function changes (Expt.) of azulene (Az) 
and naphthalene (Nt) with results obtained from DFT calculations with different vdW 
methods. The work functions were calculated with the adsorption geometries pertinent to 
each method. Note that the coverage is 0.65 ML on Cu(111) and 0.51 ML on Ag(111) 
corresponding to the (2√3×2√3)-R30° structure on both surfaces. To get an experimental 
value at these coverages, the work function change was linearly interpolated between the 
two closest data points.

ΔΦ in eV Az/Cu Nt/Cu Az/Ag Nt/Ag
Expt. -0.86 -0.58 -0.53 -0.40
D3 -1.14 -0.87 -0.65 -0.67
vdWsurf -1.24 -0.98 -0.82 -0.87
MBD -1.28 -1.01 -0.76 -0.76

Charge density difference plots: The charge redistribution between surface and molecule 
is indicative for the nature of the adsorbate-substrate interactions. Analysis of the charge 
density difference plots (Figure 8) reveals multiple effects: (1) Just above the first surface 
layer, electrons are depleted in the space beneath each molecule and enriched in the areas 
in-between molecules. This charge redistribution is attributed to the Pauli pushback 
effect.55-56 (2) Charge is enriched halfway between molecule and surface indicating a 
bonding interaction. The effects (1) and (2) are, on the same surface, stronger for azulene 
than for naphthalene, and on Cu(111) stronger than on Ag(111). They are strongest for 
azulene on Cu(111), where an additional effect occurs: (3) Charge transfer from the surface 
into the former LUMO of the molecule. This charge flow can be seen at a much larger iso-
value (see Figure S5 in the SI) and was already reported in previous work.22 

To summarize, on silver both molecules show a redistribution pattern consistent with the 
push-back effect accompanying physisorption, with the effect being stronger for azulene 
(Figure 8a,b) than for naphthalene (Figure 8c,d). On copper, naphthalene shows the same 
physisorptive behavior but in a more pronounced way (Figure 8g,h), whereas azulene and 
the surface experience a massive charge redistribution (Figure 8e,f) and an additional 
charge transfer from the surface to the molecule.

Regarding the overall resulting vertical dipole moment for azulene on Cu(111), the push-
back effect overcompensates the contribution of the surface-to-molecule charge transfer. 
As a result, the dipole moment remains in all cases oriented antiparallel to the surface 
dipole of the clean surface and the work function is therefore reduced, as already seen in 
the UPS results above.
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Figure 8.  Top and side views of the charge density difference plots for of azulene (Az) 
and naphthalene (Nt) on Ag(111) and Cu(111). The isosurface value is 0.0005 e-/Å3 for all 
plots. Blue, electron accumulation; red, electron depletion. 

The DFT-D3 values of the unattenuated vertical dipole moment  were obtained by fitting 
the dipole moments of the different coverages using a modified Topping equation.53-54 The 
resulting  values are compared to the corresponding experimental values in Table 5, 
revealing substantial overestimation by the computational method used. This is not 
surprising, as the (independently calculated) WF changes were also overestimated by 
theory. The experimental trend is reproduced correctly with the exception of a large 
deviation for Nt/Cu.

Table 5. Comparison between the vertical dipole moments   of azulene (Az) and 
naphthalene (Nt) calculated by DFT-D3 and experimental values obtained from the work 
function change measured by UPS. All theoretical and experimental values are extrapolated 
to the zero coverage limit and were determined by a Topping fit of the coverage dependent 
measurements and calculations.

 in D Az/Cu Nt/Cu Az/Ag Nt/Ag

 UPS) 2.04 1.35 1.58 1.08

 (DFT) 3.77 3.64 2.37 1.61

To quantify the charge transfer between molecule and substrate, two different charge 
partitioning schemes were employed. These are the atoms-in-molecules (AIM) charge 
analysis developed by Bader59 and the integration of the molecular DOS up to the Fermi 
energy. Both reveal that significant total surface-to-molecule charge transfer occurs only 
for azulene on Cu(111). For the other systems, the obtained total charges are not of a 
significant magnitude compared to the typical deviations of DFT partial charges. However, 
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this does not mean that there is no local adsorption-induced charge redistribution in these 
systems, as can be seen in the charge density difference plots (Figure 8).

Table 6. Comparison of the total charge transfer q from surface to of azulene (Az) and 
naphthalene (Nt), as calculated by AIM charge analysis and by integrating the molecular 
projected DOS up to EF. A negative sign means charge is transferred from the substrate to 
the molecule. The charges for the adsorbates on copper have already been published in 
previous work.22

q in e Az/Cu Nt/Cu Az/Ag Nt/Ag
qAIM -0.49 0.06 0.01 0.06
qDOS -1.39 -0.13 -0.21 -0.05

Figure 9. DFT calculated density of states (DOS) of the adsorbed species. MO-projected 
DOS for (a) azulene on Ag(111), (b) naphthalene on Ag(111), (c) azulene on Cu(111), (d) 
naphthalene on Cu(111). Contributions of the LUMO in dark red and those of the HOMO 
in blue; higher or lower orbitals in incrementally lighter colors. In addition, the total density 
of states (in black, scaled for better presentation) and the energies of the molecular frontier 
orbitals (shown as horizontal lines) are included. The data for the copper substrate has 
already been published elsewhere and is shown again here for direct comparison.22
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Molecular-orbital projection scheme: The valence electronic structure of the adsorbed 
molecules can also be analyzed by a MO projection scheme, which reveals the adsorption-
induced changes of the molecular orbitals. As shown in Figure 9, there are substantial 
differences of the energetic position of the frontier orbitals. Due to the lower HOMO-
LUMO gap of azulene, its frontier orbitals are closer to the Fermi energy (EF) of the metal. 
On Ag(111), these orbitals experience a somewhat larger broadening in the case of azulene 
compared to naphthalene, especially the LUMO and LUMO+1 orbitals. On Cu(111), the 
situation is more pronounced and the DOS contribution of the LUMO and the LUMO+1 
of azulene are substantially broadened, resulting in large contributions of the former 
unoccupied orbitals below EF. The presence of this very broad state around EF is also in 
agreement with the UP spectra in Figures 3 and 4. For naphthalene on Cu(111) the frontier 
orbitals are only slightly more broadened than on Ag(111) and do not have significant 
contributions below EF.

Figure 10. MO projection analysis of the NEXAFS spectra, left azulene, right naphthalene. 
Contributions of the LUMO in dark red, higher orbitals in incrementally lighter colors, total 
spectrum in black. (a, d) MO-projected NEXAFS calculations of the free molecules. MO-
projected NEXAFS calculations (25° incidence) of the molecules adsorbed on Ag(111) (b, 
e) and on Cu(111) (c, f). The calculated spectra were shifted by -6.1 eV to match the 
experimental energy scale. The data for the copper substrate has already been published 
elsewhere and is shown again here for direct comparison.22
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NEXAFS calculations: For a detailed theoretical analysis of the NEXAFS spectra, we 
calculated the contribution of the molecular orbitals of the free azulene and naphthalene 
molecules to the calculated NEXAFS spectra. Hereby, the overlap between the ground-
state molecular orbitals of the free molecules with the final-state corrected transition 
potential wavefunctions has been calculated. As can be seen in Figure 10, the first * 
resonance comprises contributions from the LUMO and LUMO+1 for both molecules. The 
calculations further reveal the influence of the substrate on the NEXAFS transitions. 
Compared to the free molecule, azulene on Ag(111) shows a broadening of the * 
resonance caused by a shift of the transition involving the LUMO to lower photon energies, 
while the LUMO+1 contribution stays at the same position. For naphthalene no such shift 
is visible and the broadening is less pronounced. For azulene on Cu(111) the situation 
becomes extreme and the contributions of these two orbitals are substantially reduced, 
leading to a strong change in spectral appearance. Naphthalene on the other hand does not 
experience a major change in the total NEXAFS signal or the contributing transitions and 
the spectra of the free molecule and the adsorbed species on Cu(111) and on Ag(111) are 
similar. From these results, it is concluded that the electronic structure of naphthalene is 
not significantly influenced by either substrate. In contrast, azulene experiences substantial 
influence on the LUMO already when adsorbed on Ag(111), while adsorption on Cu(111) 
causes a massive reduction in intensity of the * resonance, indicating a complete change 
in the electronic structure and a partial filling of the LUMO and LUMO+1 orbitals, in line 
with previous work.22

DISCUSSION

The experimental and computational results presented above show unambiguously that the 
nonalternant -electron system of azulene results in a stronger interaction with both metal 
surface at all investigated coverages. In the following, we discuss how the interaction with 
the surface influences the aromatic character of the molecules. The partial occupation of 
formerly unoccupied molecular orbitals, as observed in the NEXAFS measurements, 
should lead to increased C-C bond lengths in the adsorbed molecules. Indeed, the DFT 
calculation show that all bonds of naphthalene and most bonds of azulene are elongated in 
the adsorbed structures. There only exception is the bridging C-C bond in azulene, which 
is substantially shortened both on Ag(111) and (even more pronounced) on Cu(111).  This 
different pattern of bond-length change of azulene and naphthalene can be rationalized 
within the concept of aromaticity. A prerequisite of this approach is that the sp2-to-sp3 
rehybridisation accompanying the adsorption is weak enough, which seems fulfilled as the 
out-of-plane angles are only about 10° for azulene on Cu(111) as the most strongly 
interacting system and less than 2° for all other systems.

A widely used method to quantify aromaticity is the harmonic oscillator model of 
aromaticity (HOMA)60, which is based on the molecular geometry and takes the deviation 
of the bond lengths from the ideal aromatic bond into account. The model parameters Ropt 
(the optimal C-C bond length of the reference molecule) and  are chosen such that the 
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benzene molecule (with six equally long bonds) has a HOMA value of 1, whereas the 
hypothetical Kekulé-like benzene (with three single and three double bonds) has a HOMA 
value of 0. For the HOMA values discussed below, we used the bond lengths obtained from 
the DFT-optimized structures, the parameters used to calculate the HOMA values stem 
from free benzene optimized with the same method (Ropt = 1.398 Å and    Å-2). 

For molecules with more than one ring, different HOMA values can be calculated, 
depending on which -bonds and conjugation paths are taken into account. One possibility 
is to use all -bonds in the molecule; this will be denoted as overall HOMA value O. If 
only the perimeter -bonds of the molecule are used, this is called the perimeter HOMA 
value P. In addition, the HOMA value R for each ring can be calculated separately. Figure 
11a shows all these HOMA values for azulene and naphthalene as well as the reference 
molecule benzene in their gas phase structure as well as adsorbed on Ag(111) and Cu(111). 
For convenience, we introduce here the Excess Perimeter Conjugation EPC = P-O. This 
parameter provides a simple way to express the degree of annulenoid versus benzenoid 
aromaticity61 within the HOMA concept. For a molecule with annulene character, i.e., 
when the aromatic conjugation is predominantly along its perimeter (annulenoid 
aromaticity61), the EPC value is large. In contrast, a small EPC value means that the 
conjugation is distributed over the whole molecule (benzenoid aromaticity61). A higher 
EPC value therefore means a more annulene-like conjugation in the molecule, as illustrated 
in Figure 11b. For the free molecules, it is obvious that naphthalene (EPC = 0.04) shows 
conjugation over the whole molecule (predominant benzenoid aromaticity). Azulene, 
however, shows a high annulene-like character (EPC = 0.32, predominant annulenoid 
aromaticity). This conclusion derived from the HOMA values is in agreement with the 
extremely elongated bridging bond in the azulene molecule and also with a topological 
analysis of the aromaticity performed by Aihara.62-63 

Figure 11a shows that, for benzene and naphthalene, the conjugation does not change when 
they are adsorbed on Ag(111) or Cu(111). This result is not surprising, because these 
molecules are only weakly physisorbed. For azulene the situation is different: On Ag(111), 
it shows already a more benzenoid aromaticity (EPC = 0.24) and the HOMA values of both 
rings increase. On Cu(111), the character of the conjugation gets even closer to the level of 
naphthalene (EPC = 0.11). The change away from annulenoid aromaticity for the adsorbed 
molecule is also visible in the bond lengths: The bridging bond in azulene gets slightly 
shorter when adsorbed on Ag(111) and even shorter when adsorbed on Cu(111). The other 
bonds in azulene get longer when adsorbed on Cu(111) leading to an overall decrease of 
the HOMA values compared to adsorption on Ag(111). (However, the HOMA values of 
both rings in azulene/Cu are still increased relative to those of the free molecule.) These 
considerations show that the metal surface promotes a change from the annulenoid 
aromaticity of the free azulene molecule to a more benzenoid aromaticity, via transfer of 
electron density into previously unoccupied orbitals.
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Figure 11. (a) HOMA analysis for azulene and naphthalene in the gas phase and adsorbed 
on Ag(111) and Cu(111), based on the DFT-optimized structures. The red color scheme 
shows the HOMA value. The fill color of each ring represents its HOMA value (R), the 
perimeter bonds are colored according to the perimeter HOMA value (P), and the bridging 
bonds are colored according to the overall HOMA value (O). All bonds are additionally 
colored with a blue color scheme representing the bond-length change with respect to the 
ideal aromatic bond. For the definition of EPC, see the text. (b) Comparison of the regular 
Lewis structures (left) with resonance structures indicating predominant benzenoid 
aromaticity (low EPC, center) of naphthalene and predominant annulenoid aromaticity 
(high EPC, right) of azulene.

CONCLUSION

Comparison of the isomers azulene and naphthalene reveals that the topology of the -
electron system has a strong influence on the interaction with metal surfaces. Azulene with 
its pentagon-heptagon ring system forms stronger bonds to both Ag(111) and Cu(111) than 
naphthalene. Coverage-dependent measurements of the vertical bond distances (adsorption 
heights) with NIXSW show that azulene forms shorter bonds than naphthalene on both 
surfaces at all investigated coverages. The shortest distances were measured for azulene/Cu 
(e.g. 2.28 Å at 0.75 ML), which is only slightly longer than a covalent C-Cu bond in 
organometallic compounds. The corresponding value for naphthalene is much larger (2.94 
Å at 0.75 ML). On Ag(111), the differences are significant but smaller (0.04-0.07 Å). The 
C 1s XP spectra of monolayers show characteristic differences between azulene and 

Page 21 of 27

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22

naphthalene. The dipolar nature of azulene is reflected in an increased peak width on Ag, 
while on Cu the azulene signal changes shape and position, indicating substantial electron 
transfer from the surface to the molecule. Valence photoemission spectra show increased 
intensity below EF especially for azulene/Cu, while the surface state is differently affected 
by azulene and naphthalene. On both metals, azulene induces larger work function 
reductions and creates stronger surface dipoles than naphthalene. NEXAFS reveals 
substantial differences also in the unoccupied valence range. The shape of the * resonance 
is more affected by adsorption in the case of azulene. Especially for azulene/Cu, the * 
resonance is substantially attenuated and broadened, in line with a strong hybridization and 
partial occupation of the former LUMO. DFT calculations using four different methods of 
dispersion correction of the PBE functional (the DFT-D3 scheme with Becke-Johnson 
damping function, the vdWsurf correction based on DFT-TS, a Many-Body Dispersion 
(MBD) correction scheme, and the D3surf scheme) all provide a good agreement with the 
experimental adsorption heights. Additional calculations with the DFT-D3 scheme 
reproduce the coverage dependence of the adsorption height reasonably well. WF changes 
are overestimated by the PBE functional regardless of the dispersion correction that was 
used to optimize the adsorption structure. AIM analysis reveals substantial surface-to-
molecule electron transfer for azulene/Cu (-0.49 e), whereas the charge transfer for the 
other systems is negligible (0.01 to 0.06 e); an alternative charge partitioning scheme 
substantiates this finding. Due to its nonalternant topology and the corresponding small 
HOMO-LUMO gap, the LUMO of azulene is much closer to EF of both metals than the 
LUMO of naphthalene. As a result, the LUMO of azulene hybridizes with the wave 
functions of the metal surfaces, as revealed by calculations of the MO-projected density of 
valence states. This effect is especially pronounced for azulene/Cu. MO projection analysis 
of the NEXAFS spectra proves that this hybridization is also responsible for the adsorption-
related changes of the first * resonance, which is dominated by the contributions of the 
LUMO and LUMO+1.  The interaction with the metal substrates can also affect the 
aromaticity of the molecule. In the case of azulene, it promotes a change from the 
annulenoid character of the free azulene molecule to a more benzenoid character. Overall, 
our results reveal the critical role of molecular topology in controlling the chemical bond 
and the electronic interactions at interfaces between -conjugated ring systems and metal 
surfaces.
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