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ABSTRACT: Reliability is one of the major concerns and challenges in designing organic/
inorganic interfaces for (opto)electronic applications. Even small structural differences for
molecules on substrates can result in a significant variation in the interface functionality,
due to the strong correlation between geometry, stability, and electronic structure. Here,
we employed state-of-the-art first-principles calculations with van der Waals interactions, in
combination with atomic force microscopy experiments, to explore the interaction
mechanism for three structurally related olympicene molecules adsorbed on the Cu(111)
surface. The substitution of a single atom in the olympicene molecule switches the nature
of adsorption from predominantly physisorptive character [olympicene on Cu(111)], to an
intermediate state [olympicene-derived ketone on Cu(111)], then to chemisorptive
character [olympicene radical on Cu(111)]. Despite the remarkable difference in adsorption structures (by up to 0.9 Å in
adsorption height) and different nature of bonding, the olympicene, its ketone, and its radical derivatives have essentially identical
binding energies and work functions upon interaction with the metal substrate. Our findings suggest that the stability and work
functions of molecular adsorbates could be rendered insensitive to their adsorption structures, which could be a useful property
for (opto)electronic applications.

The interfaces between π-conjugated molecules and metal
surfaces have high potential for applications in catalysis,

light-emitting diodes, single-molecule junctions, molecular
sensors and switches, and photovoltaics.1−6 The stability and
performance of such hybrid interfaces are known to be critically
influenced by their interface geometry. In particular, small
changes in adsorption heights can lead to qualitatively different
interfacial energy level alignment.7−9 For example, experiments
clearly demonstrate that the lowest unoccupied molecular
orbital (LUMO) of the PTCDA molecule is strongly involved
in the formation of a bonding orbital with the Ag(111) surface,
and charge transfer occurs from the metal to molecule upon
adsorption.10 However, theoretical work has revealed that for
the charge transfer process to occur, an accuracy of 0.1 Å is
required in the calculation of the PTCDA/metal vertical
adsorption height.11,12 Even small modification of the
adsorbate, which can be caused by external perturbations or
small distortions of the molecule, can strongly alter the
interface electronic properties. In the search for reliable and
robust functional interfaces, it is thus highly desirable to look

for systems whose stability and functions show a high degree of
independence from their adsorption structures.
In this contribution, we demonstrate that these requirements

are satisfied by recently synthesized olympicene molecule
(C19H12), its radical (C19H11), and its ketone (C19H10O)
derivatives adsorbed at the Cu(111) surface. Figure 1a shows
the structures of these three molecules. The main difference
between these three olympicene derivatives consists in the
functional group bound to the central carbon ring. We
employed density functional theory (DFT) calculations
including van der Waals (vdW) interactions, in combination
with noncontact atomic force microscopy (NC-AFM) experi-
ments, to study the adsorption behaviors of the three
structurally related molecules at the Cu(111) surface. Despite
the fact that their chemical structure differs only by one atom,
their adsorption geometries (adsorption height and tilt angle)
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are found to be qualitatively different on the metal substrate.
Thus, we demonstrate that single-atom substitution can
effectively control the bonding nature of large aromatic
molecules on metal surfaces. Given the fact that the stability
and electronic properties of hybrid systems are very sensitive to
the adsorbate structure, one would expect significantly different
binding energies and work functions for the three molecules.
Remarkably, our theoretical calculations demonstrate that the
complex interplay between weak and strong bonding can lead
to identical binding energies and work functions.
We first explored the nature of bonding for the three

molecules by calculating the geometric structure for olympi-
cenes adsorbed at the Cu(111) surface. For all DFT
calculations, we employed the recently developed DFT +
vdWsurf method,15 coupled to the Perdew−Burke−Ernzerhof

(PBE) functional,16 which allows us to quantitatively treat both
weakly and strongly adsorbed molecules on metal surfaces.17−22

For computational details, adsorption models, and convergence
tests, refer to the Methods section. In order to obtain the most
stable adsorption structure, we started by exploring the
potential-energy surface for olympicenes on the Cu(111)
surface. In analogy to benzene/Cu(111),20 we relaxed a single
olympicene molecule at the eight high-symmetry adsorption
sites of the metal substrate. Note that the central carbon ring of
olympicenes was taken as reference in the molecule, and for all
starting geometries refer to the Supporting Information.
Consistent with observations from AFM experiments13 and
vdW−DF calculations,23 our PBE + vdWsurf results showed that
the hollow adsorption structures are the most stable for all
olympicenes on the Cu(111) surface, along with similar binding

Figure 1. (a) Molecular structures of the olympicenes. (b) Adsorption geometries of the olympicenes/Cu(111) systems, all at the most stable
hcp30° adsorption site. The indicated distances are referenced to the average positions of the relaxed topmost Cu atoms, obtained based on the PBE
+ vdWsurf optimized structures. (c) Map of the minima in the measured Δf(z) spectra (z*) with a fitted plane indicated in blue. The different tilting
angles of the adsorbates (−2.6°, 2.5°, and 5.4° for the olympicene, radical, and ketone, respectively) are readily seen. (d) Frequency-shift curves for
ketone on the Cu(111) surface from AFM experiments and DFT simulations. The inset in the top panel shows the respective positions of the
spectra. The inset in the bottom panel shows the model for spectral calculations. Each computed frequency-shift curve was fitted to a polynomial.
Note that we removed the Cu(111) surface but kept the atomic positions of the adsorbate fixed when calculating the frequency-shift curves above
the molecules in order to reduce the computational time.

Table 1. Tilt angles θ in degrees, the binding energies Eb in electronvolts, and the work function changes Δϕ in electronvolts
for olympicenes/Cu(111) at the most stable hollow sitesa

molecule site θDFT θCO
Exp θXe

Exp Eb
Total Eb

PBE Eb
vdW ΔϕTotal ΔϕBond ΔϕMol

olympicene hcp30° −0.4 −2.6 −1.1 ± 0.2 2.45 −0.39 2.84 0.85 0.81 0.04
fcc30° −0.3 2.42 −0.39 2.81 0.84 0.82 0.02

radical hcp30° 3.4 2.5 3.3 ± 0.1 2.46 −0.78 3.24 0.71 0.63 0.08
fcc30° 2.2 2.29 −0.84 3.13 0.71 0.67 0.04

ketone hcp30° 5.9 5.4 4.9 ± 0.1 2.45 −0.74 3.19 0.74 0.58 0.16
fcc30° 4.8 2.47 −0.60 3.07 0.70 0.47 0.23

aθCO
Exp and θXe

Exp denote the experimental tilt angles measured using AFM with CO- and Xe-decorated tips, respectively.13 Eb = −(EAdSys − ECu − EMol),
where the subscripts “AdSys”, “Cu”, and “Mol” denote the adsorption system, the clean Cu surface, and the free olympicene and ketone molecules,
respectively. Because the free radical cannot stably exist we computed the radical/Cu(111) binding energy (or reaction enthalpy) as Eb = −(EAdSys +
EH/Cu − 2 × ECu − EOlym), where the subscripts “H/Cu” and “Olym” indicate the H/Cu(111) system with H at the hollow site, and the intact
olympicene molecule, respectively. The work function change ΔϕTotal is divided into two components: one from the bond dipole ΔϕBond and the
other from the molecular dipole ΔϕMol. The calculated work function is 4.79 eV for the bare Cu(111), in good agreement with the experimental data
(4.90 eV).14
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energies at the hcp30° and fcc30° sites (c.f. Table 1). Their
equilibrium structures at the hcp30° site are shown in Figure
1b, in which the carbon atom at the edge of the central ring,
indicated as Cc , has very different adsorption heights d. More
specifically, the olympicene has the largest Cc−Cu distance of d
= 3.15 Å, because the saturated C−H2 moiety hinders the
interaction of the Cc atom with Cu surface. Dehydrogenation of
olympicene by applying a voltage pulse of 1.6 V created a
radical on the metal substrate.13 Due to high reactivity, the
radical Cc adsorption height is significantly reduced by 0.72 Å
compared to olympicene. The ketone is an intermediate in the
synthesis of olympicene. For the ketone, the formation of the
short O−Cu bond (1.94 Å in length) brings the Cc atom 0.89 Å
closer toward the metal substrate than for the olympicene. Our
PBE + vdWsurf structures justify the characteristically different
contrast observed in the AFM images.13 In particular, the AFM
images measured at the same set point also illustrate that the
olympicene has a more intense contrast and thus is closer to the
tip, that is, less closely adsorbed, than the radical.
In addition to the adsorption heights, the tilts of the

molecular plane also clearly reflect the different bonding nature
for the three molecules on Cu(111). In our calculations, the tilt
angles were determined by a least-squares fitting of a plane to
the carbon atoms in the optimized adsorption structures. As
shown in Figure 1b, the olympicene adsorbs in a nearly flat-
lying geometry on the Cu(111) surface, with a small tilt angle
of −2.6°, whereas the ketone has the largest degree of tilt
among the three molecules (5.4°). The computed sequence of
tilt angles is consistent with the AFM experimental data shown
in Figure 1c and Table 1, which were obtained from the spectra
of three-dimensional force maps.13 Note that the tilt angles
determined from the CO and Xe tips are slightly different,
which was attributed to the distance dependent CO-tip tilting
that affects the frequency shift versus distance spectra [Δf(z)].
In terms of the adsorption heights and tilt angles, we conclude
that our DFT calculations are in excellent agreement with
experiments.
The tilt of the adsorbed ketone can also be seen from

individual Δf(z) versus distance curves in AFM experiments.
Experimentally, these curves were recorded with a CO-
decorated tip approaching to different carbon-ring centers of
the molecule (see Figure 1d). Analysis of these curves showed
that different carbon-rings have different effective distances,
defined as the difference between the Δf-minimum of the C-
ring centers and Cu surface. To compare with experiments, we
also used a CO-tip in our simulations, and computed the Δf-
distance spectra by taking the second derivative of the binding-
energy curve for the tip-molecule system.24 We found that the
computed effective distances shown in the bottom panel of
Figure 1d (1.71, 1.75, and 2.01 Å) are in excellent agreement
with experimental values (1.70, 1.74−1.77, and 1.97−2.00 Å).
However, the computed frequency is slightly smaller than that
of the AFM experiments, which is mainly because we used a
small model for the tip (Cu2CO). Notably, our tests for a
similar, but smaller, benzene on Cu(001) system have shown
that adding a Cu5 cluster behind the CO tip increases vdW
interactions, and rigidly shifts the Δf curves by about −1 Hz.
Considering the large differences in the adsorption structures

of the three molecules, one would expect significant
renormalization of adsorption energies and electronic proper-
ties of the olympicenes/metal systems. However, this is not the
case, as we will demonstrate below.

Table 1 shows that the olympicene, its ketone, and its radical
have essentially identical binding energies on the Cu(111)
surface. To understand this remarkable finding, we calculated
the binding energy as a function of the Cc−Cu adsorption
height for the three molecules at the hcp30° site. For each point
in Figure 2, we constrained the molecular conformation at its

equilibrium state but changed the adsorption height d that is
evaluated relative to the Cc atom and the position of the
unrelaxed topmost Cu layer. As discussed before, we found the
radical and ketone significantly closer adsorbed compared to
the olympicene. This can be rationalized by the half-filled
HOMO of the radical and the unsaturated CO bond that
both increase the interaction with the Cu surface substantially.
The closer adsorption distance leads to considerably larger vdW
energies (3.24 and 3.19 eV for radical and ketone vs. 2.84 eV
for olympicene). This somewhat unconventional result has also
been observed for benzene and water adsorption on transition
metal surfaces.19,20,25 On the other hand, the closer adsorption
distance for the radical and ketone increases the Pauli repulsion
compared to olympicene. This behavior can be seen from the
PBE + vdWsurf curves shown in Figure 2, by comparing the
energies at the equilibrium distances of the respective
molecules. Especially, the binding energies for the ketone and
the radical rise less steeply near their minima compared to the
olympicene, which in turn explains the significantly larger
adsorption height for the latter. As a result, the increased vdW
energy and the increased Pauli repulsion compensate each
other, which leads to nearly identical adsorption energies for
the three systems.
Having explained the equal stability for olympicenes on

Cu(111), we will discuss next the charge redistribution at the
surface-molecule interface and its effect on the electronic work
function. We first projected the total density of states (DOS) of
the full adsorption system onto the HOMO and the LUMO of
the free molecule,26 and analyzed their different electronic
features. As shown in Figure 3a, for olympicene/Cu(111), there
is a very weak overlap of the HOMO and LUMO, with an
absence of any noticeable charge transfer. In contrast, the

Figure 2. Binding energy −Eb as a function of the Cc atom adsorption
height d from both the PBE and PBE + vdWsurf methods. Note that the
radical PBE curve will not converge to zero at large distance, because
the single hydrogen atom always stays at the equilibrium distance at
the Cu(111) surface.
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LUMO of the chemisorbed radical is shifted below the Fermi
level and is occupied by 0.81 electrons upon interaction with
the Cu(111) surface (Figure 3a, middle). Similarly, the LUMO
level of the adsorbed ketone is noticeably broadened,
accompanied by a back-donation of 1.62 electrons from the
metal to the empty bands (LUMO and above) of the molecule
(Figure 3a, bottom). Notably, the number of electrons was
calculated by integrating the projected density of states
(PDOS) of molecular orbitals, such as the HOMO and
LUMO of the adsorbates, up to the Fermi level. To better
understand the electron density changes upon adsorption, we
further subtracted the electron density of the isolated
olympicenes and that of the clean metal surface from that of
the olympicenes/Cu(111) system. Figure 3b shows the
electron density difference plots for the three adsorption
systems at each equilibrium distance. For the same value of the
isosurface (0.02 Å−3), the charge rearrangement for the
olympicene on Cu(111) is weak (see Figure 3b, top), whereas
significant charge redistribution occurs when the O−Cu bond
is formed in the ketone/Cu(111) system (Figure 3b, bottom).
The electronic structure analysis (the PDOS and the electron
density difference), in combination with the molecular height
on the substrate, highlight the different adsorption modes for
the three olympicenes on the metal substrate.
In spite of the very different PDOS and charge transfer

properties, we found that the adsorption decreases the work
function of the clean Cu(111) surface by 0.85, 0.71, and 0.74

eV for olympicene, radical, and ketone, respectively (cf. Table
1), at the molecular coverage of 1.99 nm−2. The magnitude of
the work function decrease is essentially the same for the three
cases, but the underlying mechanism differs, as we will explain
below.
In general, molecular adsorption changes the work function

of the bare surface by generating an interface dipole. The
interface dipole can be partitioned into two components: the
bond dipole and the molecular dipole perpendicular to the
surface.27 The bond dipole is caused by the electron
redistribution. For weakly bound molecules, the bond dipole
is predominantly attributed to the effect of Pauli repulsion, or
“push-back” effect.28 For strongly bound systems, in addition to
the Pauli repulsion, the charge transfer between molecule and
metal also creates a potential that shifts the molecular levels
relative to the Fermi level of the clean metal surface.29 Any
deformation of the molecular structure can induce a molecular
dipole that also contributes to the observed changes in the
interface work function.
For olympicene molecules, we calculated the electron density

difference before and after adsorption, averaged it over the x−y
plane (parallel to the surface), and solved a one-dimensional
Poisson equation that gives an electron-redistribution induced
potential change, an approximation to the bond dipole (see
Figure 3).
In the case of olympicene, the adsorption proceeds without

formation of chemical bonds. Upon adsorption, the electron

Figure 3. (a) Projected density of states (PDOS) onto the HOMO and LUMO of free olympicene, radical, and ketone molecules for the
olympicenes/Cu(111) systems. The spin polarization was taken into account for the radical. The zero of energy corresponds to the Fermi level. (b)
Side view of the electron density difference for olympicenes on Cu(111) at equilibrium distances. Plots were obtained by subtracting the electron
density of an isolated molecule and clean surface from an electron density plot of the entire adsorption systems, using the same value of the
isosurface (0.02 Å−3). The red and blue indicate the electron loss and gain, respectively. (c−e) Adsorption-induced electron density redistribution
integrated over the x−y plane (Δρ, left) and the generated bond dipole (Δϕ, right) for the olympicenes/Cu(111) systems as a function of z
coordinate (perpendicular to the surface). z = 0 represents the position of the first Cu layer, and the green dashed lines denote the average position
of carbon atoms of the adsorbates.
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density between the adsorbate and the substrate is depleted in
the region near the adsorbate and accumulated in the region
close to the substrate. As illustrated in Figure 3c, the generated
bond dipole resulting from the Pauli repulsion reduces the
work function by 0.81 eV.
Despite the push-back effect being stronger for a smaller

adsorption distance, we noticed that the smaller adsorption
distances do not induce larger bond dipoles in the cases of
radical and ketone compared to the olympicene (Figure 3c−e).
Thus, there must be another mechanism that compensates the
work function decrease driven by Pauli repulsion. Compared to
the olympicene, the radical has a dangling bond and receives
charge from the substrate, evidenced by the fact the previous
empty LUMO orbital is now almost fully occupied (Figure 3a,
middle). The charge transfer from substrate to adsorbate
creates a dipole that increases the work function, which
compensates the contribution of Pauli repulsion and decreases
the total bond dipole. The same scenario applies to the ketone,
although it has a larger electronegativity than the radical and
thus exhibits increased charge transfer (Figure 3a, bottom).
Consequently, the bond dipoles of the radical and the ketone
are 0.18 and 0.23 eV smaller than that of the olympicene.
The molecular dipole also contributes to the change in the

interface dipole. Here, all the isolated adsorbates have vanishing
dipole moments, the molecular dipoles thus come from the
structural deformation upon adsorption. From olympicene to
ketone, the adsorption-induced distortions get increasingly
larger, which decreases work function by 0.04, 0.08, and 0.16
eV, respectively. As shown in Table 1, the molecular dipole
shows an opposite trend and reduces the differences in the
bond dipole.
Therefore, it is the delicate balance between the push-back

effect, charge transfer, and molecular dipole that gives similar
work functions for all the three systems. Such a feature is highly
favorable for reliable and robust devices, such as Schottky
barrier diodes, considering that the work function determines
the energy level alignment and plays a crucial role in defining
the electronic properties at the interface.
In summary, we find that substitution of one atom in

olympicene molecules significantly modifies the nature of
bonding for the adsorbates on the Cu(111) surface. Despite the
adsorption heights being significantly different among the three
molecules, our calculations show that the delicate balance
between the Pauli repulsion and vdW interactions leads to the
identical binding energies, whereas the competition among the
push-back effect, charge transfer, and molecular dipole gives rise
to similar work functions.

■ METHODS
Density functional theory calculations employed the numeric
atom-centered basis set all-electron code FHI-aims,30 together
with the Perdew−Burke−Ernzerhof (PBE) exchange-correla-
tion functional.16 We used the PBE + vdWsurf method15 to
account for the van der Waals (vdW) interactions and collective
response effects. The PBE + vdWsurf method extends pairwise
vdW approaches to modeling of adsorbates on surfaces by a
synergetic combination of the PBE + vdW method31 for
intermolecular interactions with the Lifshitz−Zaremba−Kohn
theory32,33 for the nonlocal Coulomb screening within the bulk.
We used the scaled zeroth-order regular approximation34 to
treat relativistic effects for Cu atoms. The “tight” settings
including the “tier2” standard basis set in the FHI-aims code
were used for H, C, and O, and “tier1” for Cu. All atomic

positions were relaxed until the maximal force on each atom
was smaller than 10−2 eV/Å. For all computations, the
convergence criteria of 10−5 electrons per unit volume for the
charge density and 10−6 eV for the total energy of the system
were utilized. In slab calculations, we used a 3 × 3 × 1
Monkhorst−Pack mesh for the sampling of the Brillouin zone
of the (6 × 6) surface. Less than 50 meV difference was
obtained for olympicene/Cu(111) when we further increased
the k-point mesh to 6 × 6 × 1. The radical was treated with
spin-unrestricted DFT formalism. The dipole correction was
taken into account for slab calculations. The Cu(111) surfaces
were modeled by six-layer slabs. For geometry relaxations, the
molecule and the two uppermost metal layers were allowed to
fully relax, whereas the four bottommost layers were con-
strained at their bulk positions. Different slabs were separated
by 30 Å of vacuum. Our extensive tests confirmed that our
computational settings guarantee convergence of the calculated
adsorption energy within 0.05 eV.
We computed the frequency-shift spectra for the olympicene

ketone based on the fully relaxed ketone/Cu(111) structure, at
the most stable hcp30° adsorption site. We only kept the
atomic positions of the deformed ketone fixed, but removed the
underlying metal substrate. In accord with previous studies,24

we used a Cu-dimer tip functionalized with a CO molecule. To
compare with AFM experiments, we placed the tip above the
center of each carbon ring of the ketone molecule. Then, by
using the PBE + vdWsurf method and the standard “safe”
settings in the FHI-aims code, we calculated the total energy of
the adsorbate interacting with the Cu2CO tip as a function of
vertical distance. Once the total energies were obtained, we
took the second derivative with respect to the z direction, and
finally obtain the frequency shift.
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