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ABSTRACT: Metal−organic complexes were formed by means of inelastic
excitations in a scanning tunneling microscope (STM). The electronic
structure of the complex was characterized using STM imaging and
spectroscopy. By exploiting the symmetry of the complex, its electronic
structure can be rationalized from linear combinations of molecular orbitals.
The actual bonding geometry, which cannot be inferred from STM alone, was
determined from atomic force microscopy images with atomic resolution. Our
study demonstrates that the combination of these techniques enables a direct
quantification of the interplay of geometry and electronic coupling in metal−
organic complexes in real space.

■ INTRODUCTION

Whereas most chemical reactions are studied in solution, in the
gas phase, or at their interfaces, some applications demand the
development of dry, on-surface chemistry. For example, if
molecular electronics in the future is to comprise any circuitry,
molecules with a delocalized electronic π-system need to be
electronically coupled together. Whereas on metal surfaces
quite a few examples for such a coupling exist,1−7 a useful
molecular electronic device would require being built up on the
surface of an insulator.8,9

The tremendous progress in recent years in the development
of various scanning-probe-based techniques offers the prospect
of obtaining a complete quantum chemical picture of such dry,
on-surface chemical reactions when combined in a single
experiment. Single-molecule chemistry1,10−12 by means of
scanning-probe microscopy enables characterization of chem-
ical bonding in real space and in an atomically well-defined
environment. The use of ultrathin insulating films in such
experiments made it possible to decouple molecular structures
from a conductive support and thereby enable the visualization
of the frontier orbitals of constituents and product.13−15

Recently, noncontact atomic force microscopy (nc-AFM) has
been used to resolve the chemical structure of mole-
cules.14,16−18 The combination of these techniques offers the
prospect of unraveling chemical reaction mechanisms on
surfaces, thereby providing an understanding of the interplay
between geometry and electronic coupling in metal−organic
complexes.
Here, we present a combined scanning tunneling microscopy

(STM)/AFM study of complex formation between phenazine
molecules and individual gold atoms deposited on an ultrathin
insulating film. Using atomically resolved AFM images, we
directly identify between which atoms chemical bonding has
occurred. The electronic structure of the reactants and complex
is characterized using scanning tunneling spectroscopy (STS).

This technique is used to probe the energetic position as well as
the nodal plane structure of the frontier orbitals of the reactants
and of the complex. By exploiting the symmetry of the complex,
its electronic structure can be rationalized from linear
combinations of molecular orbitals; i.e., our results provide a
direct experimental observation of this basic quantum chemical
principle. Accompanying density functional theory (DFT)
calculations support the applicability of this basic model. The
observed peak spacing in STS data provides a measure of the
electronic coupling strength.

■ EXPERIMENTAL SECTION
The experiments were carried out with two microscopes, a modified
commercial (SPS-CreaTec) STM and a home-built combined STM/
AFM, both operated in ultrahigh vacuum at a temperature of 5 K. The
AFM, based on the qPlus tuning fork design,19 was operated in the
frequency modulation mode.20 Sub-angstrom oscillation amplitudes
have been used to maximize the lateral resolution.21 The bias voltages
refer to the sample with respect to the tip. The Cu(111) single-crystal
samples were cleaned by several sputtering and annealing cycles. NaCl
was evaporated thermally, while the sample temperature was kept
between 280 and 315 K, so that defect-free, (100)-terminated NaCl
islands were formed.22,23 All experiments were carried out on a bilayer
of NaCl on Cu(111). A small amount of CO was dosed onto the
surface for tip functionalization during AFM experiments.16 Individual
phenazine molecules and gold atoms were evaporated onto the sample
at T ≅ 5 K, with the sample located in the microscope. DFT
calculations of the free phenazine monomer and the complex were
performed using the ADF 2012 program package.24,25

■ RESULTS AND DISCUSSION
Figure 1a,b shows the synthesis of the complex from two
individual phenazine molecules and an Au atom induced by
means of STM manipulation.11,13−15,27 Prior to the reaction,
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two phenazine molecules are adsorbed close to a negatively
charged gold atom (Figure 1a). The synthesis was induced by
positioning the tip above one of the molecules (cf. cross in
Figure 1a) and ramping down the bias voltage to −2.5 V. A
subsequently taken STM image reveals that a symmetric
phenazine−gold−phenazine structure has formed, as is
displayed in Figure 1b. Identical structures have been formed
eight times. In the example shown here, the structure formed in
a single excitation step, whereas on other occasions an
intermediate step, in which only one phenazine seemed to be
bonded to the gold atom, was also observed.
Although the bond motif was chosen such that a bond

between the metal atom and the aromatic nitrogen in the
molecules was expected, carbon−carbon bonds may have been
formed in this reaction.5,28 To unambiguously identify which
atoms are involved in bond formation, AFM constant-height Δf
images were acquired at small oscillation amplitudes with CO-
terminated tips as proposed by Gross et al.16 Figure 1d shows
such an image of the phenazine−gold−phenazine complex. It
clearly reveals that bonds have formed between the metal atom
and the aromatic nitrogen atoms. No additional C−C bonds
are observed. For comparison, Figure 1e shows a constant-
height Δf image of two nonbonded phenazine molecules that
are as close to each other as the ones in the complex. The
geometry of the complex as deduced from AFM imaging is
shown in Figure 1c. Complex formation was found to be
reversible. After breaking one of the N−Au bonds, the
separated phenazine molecule showed identical features in
STM images as prior to the complex formation.

The electronic structure of individual phenazine molecules,
as well as that of the complex, were studied using differential
conductance (dI/dV) spectra and maps (Figure 2). The
spectrum of the monomer exhibits a single peak centered at
1.7 V corresponding to the negative ion resonance. The
constant current image acquired at the peak position shows a
three lobe structure corresponding to the lowest unoccupied
molecular orbital (LUMO) density, as can be seen in
comparison to Figure 2b. Note that the molecular orbital is
probed at a very low density in our STM experiments.29

In contrast, the complex exhibits several features in the dI/
dV spectrum, one peak at negative bias,30 and a trapezoidal-
shaped feature at positive bias. The shape of the latter suggests
that it consists of two close-lying peaks. The corresponding dI/
dV maps show three different orbitals, confirming that there are
indeed two close-lying peaks at positive bias in the dI/dV

Figure 1. Complex formation and analysis of bond structure. (a) Prior
to the complex formation, two phenazine molecules are adsorbed close
to a gold anion. To initiate bond formation, the tip was positioned at
the location indicated by the cross, and the bias voltage was ramped
down to −2.5 V. (b) In a single step, a symmetric phenazine−gold−
phenazine complex has formed (for (a) and (b), I = 1.0 pA, V = 0.05
V). (c) Sphere model of the phenazine−gold−phenazine complex in
the geometry as deduced from AFM imaging. Carbon, nitrogen,
hydrogen, and gold atoms are represented as indicated in the model.
(d) Constant-height Δf image of a phenazine−gold−phenazine
complex. The only bonds that formed are between the gold atom
and the adjacent aromatic nitrogen atoms (A = 0.35 Å, V = 0 V, Δz =
+0.1 Å).26 (e) Constant-height Δf image of two nonbonded phenazine
molecules, for comparison (A = 0.5 Å, V = 0 V, Δz = +0.3 Å).26 All
scale bars refer to 10 Å.

Figure 2. Differential conductance spectroscopy and dI/dV maps of an
individual phenazine molecule and a phenazine−gold−phenazine
complex. (a) STM constant-current image of the LUMO of an
individual phenazine molecule (I = 2.5 pA, V = 1.65 V). (b) Contour
of the DFT-calculated phenazine LUMO at high and low orbital
density. The shape of the latter agrees well with the STM image in (a).
Low- and high-density contours show different signs of the orbital
structure at the center. The sign change can also be seen in the
corresponding orbital density cross section (along dashed lines)
through the center of the molecule. White crosses indicate the
positions of the nitrogen atoms. The density scale is logarithmic. (c)
Differential conductance (dI/dV) spectra of a phenazine monomer
(dashed red curve) and a phenazine−gold−phenazine complex (solid
black curve). Spectra were acquired at the center of monomer and
complex as indicated by black circles in Figure 1b. In the
experimentally accessible region, the phenazine monomer exhibits
only one resonance centered at 1.7 V. In contrast, the complex shows
one peak at negative bias and two close-lying peaks at positive bias
voltage. Gray and light gray filled areas indicate two Gaussians that
result in a good fit of the spectrum at positive bias (the dotted gray line
shows the sum of the two Gaussians). Data points are averaged over
28 mV. (d−f) Constant-height dI/dV maps of a complex acquired at
the indicated bias voltages. The complex is oriented as depicted in
Figure 1c.
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spectrum belonging to different molecular orbitals. The fact
that the differential conductance spectra of the complex and
individual phenazine molecules are qualitatively different
directly establishes that chemical bonding has occurred,15 in
agreement with the AFM images.
At this point it needs to be emphasized that the dI/dV map

of the highest occupied molecular orbital (HOMO) of the
complex at negative bias shows a depression at the position of
the gold atom (see Figure 2d). As the HOMO is usually
assumed to be a bonding orbital, this observation at first glance
suggests that no bonding takes place at the gold atom. This
highlights the importance of the complementary character-
ization by means of atomically resolved AFM. This apparent
contradiction will be resolved further below.
The charge state of individual phenazine molecules was

identified by their effect on the interface state scattering.31−33

Individual phenazine molecules do not scatter the surface state
electrons; hence, they are neutral. Note that gold atoms are
known to have two stable charge states on this surface.31 The
complex is found to scatter the interface state electrons,
indicating that it is negatively charged. A negatively charged
complex has an even number of electrons, which is in line with
the observation of different orbital structures at positive and
negative bias voltage polarity.13 It is also consistent with the
lower apparent height of the phenazine part of the complex as
compared to individual phenazine molecules in low bias STM
images (see Figure 1a,b).33

Next, we turn to the discussion of the orbital structure of the
complex. When comparing the nodal plane structure of the dI/
dV maps of the individual phenazine molecules with that of the
complex, one realizes that all three orbitals of the complex
(Figure 2d−f) show nodal planes at the positions where two
close-lying nonbonded phenazine molecules would also have
nodal planes. The only differences lie in the nodal plane
structure along the symmetry plane separating the two
phenazine constituents (cf. dotted line in Figure 1c). Hence,
all orbitals appear to be composed of the LUMOs of the
individual phenazine molecules but with varying phases. As
discussed above, only one state (LUMO) is observed in the
differential conductance spectrum of an individual phenazine
molecule. DFT calculations showed that the LUMO is not
degenerate and separated by 4 and 1.8 eV from the HOMO
and the LUMO+1, respectively.25 For the gold atoms, also only
one state is expected to be close to the Fermi level, namely the
6s state.31

We will now apply a basic quantum chemical model to
rationalize the electronic structure of the complex: the linear
combination of orbitals method.34−37 To apply the model, we
combine the two phenazine LUMOs and the Au 6s state while
making use of the above-mentioned symmetry plane to form
three complex orbitals. All orbitals of the complex must be
either symmetric or antisymmetric with respect to the
corresponding mirror operation. The two LUMOs of the two
phenazine molecules thus form a symmetric and an
antisymmetric combination. The gold 6s state can only
contribute to the symmetric combination of the two LUMOs
because of its s-character. Since the numbers of resulting
orbitals must correspond to the number of linearly combined
orbitals, this leaves us with one antisymmetric orbital without a
contribution from the gold 6s state and two symmetric orbitals,
in which the gold 6s state contributes with opposite sign. The
above reasoning is sketched in Figure 3. Different colors
indicate different signs of the wave function. Note the good

agreement of the nodal plane structure predicted by this basic
quantum chemical model and the experimental dI/dV images.
DFT-calculated orbital images of the complex are shown in the
Supporting Information.25

Key to understanding the shape of the HOMO is the
realization that the phenazine LUMOs have a nodal plane in
the molecule plane. If the gold atom is closer to the surface
than the two phenazine molecules, it couples to the lower part
of the wave function that has opposite sign from its value
probed by the STM tip from above. Hence, for an in-phase
coupling below the molecular plane, the STM senses two nodal
planes from the top giving rise to the depression in the HOMO
image at the position of the gold atom. The appearance of the
LUMO+1 can be rationalized by similar arguments.
Phenazine molecules are found to be oriented along the polar

direction of the NaCl film and their centers are located at Cl
bridge sites. The adsorption site of the phenazine monomer
does not change upon complex formation. The center to center
distance of the phenazine molecules within the complex equals
2 times the spacing of polar rows in NaCl (8 Å). Details of the
adsorption site determination can be found in the Supporting
Information.25

Now we turn to the discussion of the energies of the
resonances. The gold 6s state contributes one electron to the
frontier orbitals of the complex. Because of the overall negative
charge of the complex, there is one additional electron. Since
only unoccupied non-degenerate states of the phenazine
molecules contribute to the orbitals of the complex, one of
the three orbitals of the complex is doubly occupied and the
other two states remain empty. As the HOMO and the LUMO
resonances correspond to the temporary removal and addition
of an electron, respectively, their peak separation in the dI/dV
spectrum is partially due to the Coulomb charging energy.38

However, as the peaks corresponding to LUMO and LUMO+1
both involve the temporary addition of one electron to an
orbital with similar spatial extension, their peak separation can
be interpreted to be the energy difference between the two
electronic states.39 Fitting these peaks in the dI/dV spectrum of
the complex at the positive bias side with two Gaussians of the

Figure 3. Schematic level diagram and basic orbital model. Light blue
and dark red indicate different signs of the wave function; depicted in
top view. The three constituents’ orbitals being combined are the Au−

6s state (left) and two unoccupied phenazine LUMOs (right). Due to
the complex’s symmetry, only the phenazine LUMOs couple to the
complex’s LUMO. The Au 6s contributes to the complex’s HOMO
and LUMO+1.25
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same width yields a peak spacing of 0.30 ± 0.03 eV (Figure 2c).
The good agreement of the experimental LUMO and LUMO
+1 images with symmetric and antisymmetric combinations of
the phenazine’s LUMOs will allow for a quantitative
interpretation of their energy separation in analytical models.
We would like to emphasize that, whereas DFT-calculated
orbital images of the complex also qualitatively agree with the
experimental observations,25 the interpretation in terms of an
electronic coupling is not straightforward from DFT simu-
lations but can be provided by analytical models.

■ CONCLUSION
In summary, we described a model on-surface synthesis
reaction on the single-molecule level. Using combined STM
and AFM, the electronic and geometric structure of reactants
and products were characterized. Both the energetic positions,
as well as the nodal plane structure of the orbitals of the metal−
ligand complex can be explained by the linear combination of
orbitals method. Hence, our study demonstrates that the
combination of STM and AFM enables a direct quantification
of the interplay of geometry and electronic coupling in metal−
organic complexes in real space.
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tional details for our DFT calculations, and calculated
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