
Control of Reactivity and Regioselectivity for On-Surface
Dehydrogenative Aryl−Aryl Bond Formation
Nemanja Kocic,́*,† Xunshan Liu,‡ Songjie Chen,‡ Silvio Decurtins,‡ Ondrěj Krejcí̌,§,∥ Pavel Jelínek,§
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ABSTRACT: Regioselectivity is of fundamental importance in chemical
synthesis. Although many concepts for site-selective reactions are well
established for solution chemistry, it is not a priori clear whether they can
easily be transferred to reactions taking place on a metal surface. A metal
will fix the chemical potential of the electrons and perturb the electronic
states of the reactants because of hybridization. Additionally, techniques
to characterize chemical reactions in solution are generally not applicable
to on-surface reactions. Only recent developments in resolving chemical
structures by atomic force microscopy (AFM) and scanning tunneling
microscopy (STM) paved the way for identifying individual reaction
products on surfaces. Here we exploit a combined STM/AFM technique
to demonstrate the on-surface formation of complex molecular architectures built up from a heteroaromatic precursor, the
tetracyclic pyrazino[2,3-f ][4,7]phenanthroline (pap) molecule. Selective intermolecular aryl−aryl coupling via dehydrogenative
C−H activation occurs on Au(111) upon thermal annealing under ultrahigh vacuum (UHV) conditions. A full atomistic
description of the different reaction products based on an unambiguous discrimination between pyrazine and pyridine moieties is
presented. Our work not only elucidates that ortho-hydrogen atoms of the pyrazine rings are preferentially activated over their
pyridine equivalents, but also sheds new light onto the participation of substrate atoms in metal−organic coordination bonding
during covalent C−C bond formation.

■ INTRODUCTION

There are many synthetic protocols for the aryl−aryl bond
formation, among which palladium-catalyzed cross-coupling
chemistry is certainly most prominent in organic chemistry.1

Nevertheless, the dehydrogenation, for instance between
contiguous phenyls in phenylbenzenes, plays a similarly
important role.2 Notably the Scholl reaction,3 the dehydrogen-
ative coupling under the influence of a Lewis acid, has often
been used for polyphenylene compounds, which are further
converted to the corresponding polycyclic aromatic hydro-
carbons (PAHs). These solution-based protocols paved the way
for the preparation of a wide variety of π-extended PAHs by
employing tailor-made oligophenylene precursors.4 In a similar
vein, noteworthy studies assessed whether the corresponding
reaction mechanisms are based on the generation of a radical
cation or an arenium cation. For example, Butenschön et al.
initiated a discussion on the comparison of oxidative aromatic
coupling and the Scholl reaction aiming to encourage further
mechanistic studies.5 Much less is known about a systematic
examination on heterocyclic systems. Representative examples
were exemplified by preparation of on N-doped nanographenes

and graphene nanoribbons via cyclodehydrogenation of a
dipyrimidyl-substituted precursors.6

In contrast to the solution-based method, a complementary
on-surface synthesis under UHV conditions enables the
realization of unprecedented structures of PAHs that are
otherwise unattainable.7 A specific underlying growth mecha-
nism has been described by Cai et al.8 It demonstrates the
occurrence of an Au(111) surface-assisted dehalogenation
reaction of dibromo-bianthryl (C−C bond formation by
Ullmann coupling) leading to linear polyphenylene chains at
200 °C which undergo a cyclodehydrogenation process upon
annealing to 400 °C, yielding structurally perfect and fully π-
conjugated carbon nanoribbons. Depending on the precursor
molecules, on-surface preparation of this type provides access
to graphene nanoribbons with different widths and edge
structures,9 including heteroatom-doped ones.10 An intriguing
question is, however, how a specific atomic configuration
between reactant and metal catalyst controls the reaction
process. In response, a recent study focused on the
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dehalogenation and C−C coupling mechanisms of a polycyclic
hydrocarbon compound on a metal substrate covered with a
monolayer of hexagonal boron-nitride.11 To summarize, a key
insight from on-surface reactions is, that there are no inherent
limitations for this strategy to be extended to more complex
systems, as far as the necessary precursor monomers can be
synthesized. In practical terms, however, finding new routes to
fabricate complex heterostructures with for instance atomically
precise N/C locations, still remains a challenge.12

A further important point is that the work, hitherto reported,
does not yet adequately account for the possibility to steer
catalytic regioselectivity,13 means to favor bond formation at a
particular atom over other possible atoms, into the class of
surface-assisted reactions. The on-surface C−H bond scission is
generally not regiospecific when the molecules contain several
C−H bonds.14 Very recently, one approach is given with an
experimental and theoretical study on cyclodehydrogenation
reactions of tetraphenylporphyrin (2H-TPP) molecules on
Ag(111). It has been found that the 2-fold symmetry of the 2H-
TPP’s core, which is defined by the position of the H atoms,
determines the selective reaction outcome.13a An alternative
path for the regioselective formation of sophisticated structures
is to apply a step-by-step connection of molecules which allows
to connect them in a hierarchical manner by a selective and
sequential activation of different sites on their perimeter.15 To
achieve selectivity, these reactive sites must be incorporated in
the initial molecular building block. In conjunction with the
catalytic selectivity issue, the work of Hanke et al. draws our
attention to cooperative effects. Cyclodehydrogenation corre-
sponds to positive cooperativity; hence, the probability of any
given coupling is drastically increased if a neighboring coupling
already exists.16

An important consensus is that significant progress in the
field of on-surface synthesis has mainly been facilitated by
single-molecule characterization techniques such as atomic
force microscopy (AFM) and scanning tunneling microscopy
(STM). Recently, the chemical structures of individual
molecules have been resolved by AFM which was enabled by
the functionalization of the tip.17 This method has paved the
way of identifying individual molecules on surfaces in various
contexts,18 and was soon after applied to in situ characterize
and visualize on-surface chemical reaction products.19

In continuation of our current research focus on fused
heterocyclic compounds20 such as tetraazaperylene,21 we set
out to probe an even smaller tetraazapolycyclic precursor
molecule, pyrazino[2,3-f ][4,7]phenanthroline (pap),22 for
selective on-surface dehydrogenation and subsequent inter-
molecular C−C bond formation. This planar bis-N^N chelating
molecule (Scheme 1) has so far exclusively been studied in the
field of coordination chemistry acting as a bridging ligand to
transition metal ions.23 However, this heterocyclic molecule did
draw our attention, first because its eight C−H bonds could be
potentially differentiated in the dehydrogenative reaction
pathways. Since two hydrogen atoms on the pyrazine ring
may preferentially be activated over their pyridine equivalents,
selective reaction sites are inherently incorporated. Second,
subsequent intermolecular C−C bond formation can lead to
larger heterocyclic compounds revealing atomically precise N/
C locations. Here we present a combined STM/AFM
investigation of an on-surface chemical reaction of the pap
molecule under UHV conditions. This work demonstrates a
clear discrimination between pyrazine and pyridine rings of the
reaction products, thus giving convincing support for pyrazines’

inherent reactivity playing a key role in the regioselective aryl−
aryl dehydrogenative coupling.

■ MATERIALS AND METHODS
Chemicals. Pyrazino[2,3-f ][4,7]phenanthroline (pap) was synthe-

sized as described previously.22 The high yield is in the range of 80−
90%.

STM/AFM Measurements. The experiments were carried out
with a home-built combined STM/AFM operated in ultrahigh vacuum
at a sample temperature of 6 K. The AFM is based on a qPlus tuning
fork design (resonance frequency f 0 = 28.67 kHz, spring constant k0 ≈
1.8 × 103 N/m, quality-factor Q ≈ 104, oscillation amplitude Aosc = 50
pm,24 and was operated in frequency-modulation mode. For FM-AFM
measurements, the apex of the tip was functionalized with a CO
molecule and the images were recorded at sample bias V = 0 V by
measuring the frequency shift while scanning in constant-height mode.
After preparing a clean Au(111) surface from cyclic sputtering and
annealing to 550 °C, pap molecules were deposited at a sample
temperature below 10 K.

Simulations. The calculations of the free-standing molecules have
been performed within the density functional theory (DFT) as
implemented in the SIESTA code.25 The calculations are based on
both the local-density approximation (LDA) and the generalized
gradient approximation (GGA). Core electrons are replaced by
nonlocal norm-conserving pseudopotentials and valence electrons are
described by linear combinations of numerical pseudoatomic orbitals.
An energy cutoff of 400 Ry is employed and a double-ζ plus
polarization basis set is used for the basis orbitals.

In addition, we performed total-energy DFT calculations using the
FHI-aims code26 to determine the adsorption geometry of pap
molecules on a Au(111) surface. We carried out slab calculations: for
the pap dimers optimization we employed a 8 × 8 supercell made of
four Au layers to describe the Au(111) surface. From these, the three
lower-most Au layers were kept fixed. A relaxation procedure was
performed until the remaining atomic forces and changes of the total-
energy were below 10−2 eV/Å and 10−5 eV, respectively. Only the
Gamma point was used for the integration in the Brillouin zone. All
the calculations were carried out at the GGA-PBE level including the
Tkatchenko−Scheffler27 treatment of the Van-der-Waals interactions.

To simulate the high-resolution AFM images, we used a mechanical
probe-particle AFM model28 including the electrostatic interaction.29

The frequency shift was computed from the simulated F(z)-curves
using Giessibl’s formula30 using the experimental values of Aosc = 50
pm, k0 ≈ 1.8 × 103 N/m and a lateral stiffness of the CO molecule of
0.5 N/m with an effective charge on the probe particle of −0.05
elementary charges (which is in agreement with our previously
published results).

■ RESULTS AND DISCUSSION
The pap molecule was structurally characterized by single
crystal X-ray measurement from its hydrated solid.23c It is
virtually planar; the maximum atomic deviation from the least-

Scheme 1. Molecular Structure of Pyrazino[2,3-
f ][4,7]phenanthroline (pap) with Atom Numberinga

aHighlighting examples of potential sites for selective intermolecular
C−C couplings via on-surface dehydrogenation.
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squares plane is 0.098 Å and the mean deviation is 0.05 Å. First,
the self-assembly behavior of pap on the Au(111) surface was
investigated. The molecules were deposited at a substrate
temperature below 10 K and the sample surface was imaged
after an annealing step to room temperature. As illustrated in
Figure 1, STM images of the surface show an average coverage
of approximately one molecule per 3 nm2. As is immediately
apparent, the molecules form different types of self-assembled
structures, including small clusters but also longer chains of
molecules. While the self-assembled structure formation is not
the focus of this work, this observation proves that even at
room-temperature the molecules have enough mobility to
aggregate in self-assembled structures. All structures can be
rationalized in terms of C−H···N hydrogen bonds formed
between neighboring molecules.
To initiate the on-surface reaction, we annealed the sample

to (410 ± 25) °C for 1 min. Figure 2a shows a typical STM
image of the surface after the annealing. From this and many
other STM images in total 166 clusters were observed. Six
different types of clusters, namely dimers (Di1, Di2), trimers

(Tr1, Tr2), and tetramers (Te1, Te2) make up 94% of all
structures, while no remaining monomers could be found on
the surface. The limited size of clusters is in stark contrast to
the self-assembled structures studied before the annealing step
and a first hint toward the regioselectivity of the reaction. If all
of the hydrogen sites would show the same reactivity, there
would be no reason that no larger structures are formed as seen
in the self-assembled structures. However, if one assumes that
dehydrogenation mainly occurs at the pyrazine moiety of the
molecule, clusters of limited size can be expected.
To gain information about the regioselectivity from AFM in

real space, one has to be able to identify the different sites
within the molecule; in the actual context a discrimination of
pyridine from pyrazine is necessary. Whereas for phenazine
adsorbed on a copper surface the nitrogen can readily be
identified inside the molecule,19a this is not directly apparent in
the present case. That the substrate may affect the appearance
of atoms in adsorbed molecules in AFM images goes in line
with simulations of the AFM-imaging process performed for
graphene nanoribbons doped with boron atoms.31 There it was

Figure 1. STM measurements of self-assembled hydrogen-bonded structures of pap molecules. (a−c) Typical self-assembled molecular clusters and
(d) their proposed structure models with the same color code as in Scheme 1. Imaging parameters: V = 0.3 V, I = 2 pA. Scale bar: (a) 5 nm and (b,c)
1 nm.

Figure 2. STM/AFM measurements of covalently bonded structures. (a) STM image showing several different dimer (Di1, Di2), trimer (Tr1, Tr2),
and tetramer (Te1, Te2) structures. (b) STM image of one of a Di2-dimer structure. (c and d) AFM images of the same Di2-dimer as shown in (b).
The same AFM-image is displayed twice with (c) and without (d) being high-pass filtered to highlight the molecular structure. The two pap
molecules constituting the dimer can be readily identified. The distances between each two marked (arrow heads) atoms in every edge of the
molecules appear quite differently in the images. From this, the carbon (long apparent distance, C8−C9, white) and nitrogen (short apparent
distance, N4−N5 and N1−N12, blue) can be identified. On the basis of this identification the position of the edges including the nitrogen atoms can
be identified from STM images as the ones exhibiting a smoother contrast transition. In (d) the resulting molecular structure is overlaid with black
and blue circles as carbons and nitrogens, respectively. Imaging parameters: (a) V = 0.3 V, I = 1 pA. (b) V = 0.05 V, I = 1 pA. (c,d) Δz = 1.33 Å, Δz
corresponds to a distance decrease with respect to a STM set point of I = 1 pA, V = 0.05 V above the clean Au surface. Scale bar: (a) 5 nm and (b,d)
1 nm.
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claimed that the difference in AFM contrast on boron atoms is
only due to their different adsorption height as compared to
carbon atoms. On the less reactive surface of Au(111) used
here, it is therefore not surprising that no clear difference is
observed. Nevertheless, the nitrogen sites can also be identified
in the present case by two observations as follows.
Within the triphenylene backbone of the pap molecule at

four of six distinct atomic positions the nitrogen atoms are
incorporated. The C8−C9 distance is slightly larger than the
N4−N5 and N1−N12. On top, image distortions in AFM
imaging with CO functionalized tips may influence the
apparent atomic distances.32 Important in the current context
is the prediction that electrostatic interactions contribute
considerably to these distortions.28 As the C−N bonds inside
the molecule are expected to be slightly polar, AFM image
distortions should slightly differ at the nitrogen and carbon
positions in molecules. The distances between each two of
these atomic positions in every edge of the molecules (see
Figure 2c) appear quite differently in the images. The distance
in one edge is particularly longer (3.5−4.0 Å) than those in the
two other edges (2.3−2.9 Å). From this observation, the carbon
(long apparent distance between C8−C9, white arrowheads)
and nitrogen (short apparent distance between N4−N5 and
N1−N12, blue arrowheads) can be identified. This assignment
is supported by DFT calculations and AFM image simulations
as will be discussed further below.
In STM images, each molecule appears as a triangular

protrusion. When directly relating the STM and AFM images
of the same individual structures, one realizes that the nitrogen-
substituted edges - as determined from the AFM distortions -
appear smoother than the ones without nitrogen. Whereas at
one of its three edges the contrast falls off relatively abruptly, at

the two other sides this transition is smoother. This correlation
between STM contrast and AFM-image distortions further
supports the assignment of nitrogen positions inside the
molecules.
Being able to identify the positions of nitrogens as discussed

above, we now turn to the discussion of bond formation in
different structures. From atomically resolved AFM images we
extracted structural information, namely, which intermolecular
chemical bonds were formed. Figure 3a−e show the analysis of
dimer structures. Irrespective of the AFM contrast indicating a
covalent bond, the distances between adjacent heterocycles can
be used as an indication of whether or not a bond is formed.
The corresponding distance (red dots in Figure 3a,d) of (0.42
± 0.03) nm is in excellent agreement to the distance expected
for such a covalent bond. DFT calculations of the covalently
bonded dimer structure without substrate yield the same
distance of 0.42 nm. Both dimer structures indicate that only
one covalent bond per dimer has been formed. In Di1 a bond
has formed between two pyrazine moieties, namely a C2-to-C2-
bond, according to the numbering introduced in Scheme 1.
Di2, in contrast, involves a bond between a pyrazine and a
pyridine moiety, a C2-to-C6-bond. We counted 101 dimers of
type Di1 and 20 dimers of Di2 in our study, indicating the
preference for pyrazine-bonded structures. Another character-
istic difference between the two dimer structures is the
alignment of the two pap constituents as indicated in Figure
3. Whereas the alignment in Di2 is consistent with just a
covalent bond formation, the alignment observed in Di1
suggests that the different angle is due to a stabilization of the
dimer via metal coordination bonding, as shown in Figure 3c.
To corroborate this interpretation, we also performed DFT
calculations of these structures, again excluding the substrate.

Figure 3. Detailed analysis of some of the observed molecular structures. (a and d) AFM images of a Di1- and a Di2-dimer, respectively. The
distances between adjacent heterocycles (red and green dots) indicates that only one covalent bond was formed between each two pap constituents.
The corresponding distance (red dots) of about 0.42 nm is in very good agreement to the distance expected for such a covalent bond. The main
difference between the two dimer structures lies in the bond that has formed upon annealing (C2-to-C2 vs C2-to-C6). Another characteristic
difference between the two dimer structures is the angle of alignment of the two pap constituents as indicated by the dashed lines in the images.
Whereas the alignment in Di2 is consistent with just a covalent bond formation, the alignment observed in Di1 can only be rationalized if a
stabilization of the dimer via metal coordination bonds is assumed, as shown in (c). Hence, the slightly shorter distance between adjacent
heterocycles (green dots) of about 0.50 nm compared to the one of about 0.72 nm (yellow dots) we interpret as being indicative of a metal
coordination bond being present. The appearance of the molecular structure allows one to identify the nitrogen atoms (see above) as shown in the
corresponding models (b, c, and e). (f−j) STM (f), AFM (g), high-pass filtered AFM (h) image and structural models (i, j) of the Te1 tetramer.
Based on the dimer analysis one readily observes distinctly different distances between adjacent heterocycles in Te1, indicating that Te1 consists of
two dimer structures that are interconnected by metal coordination bonds to form the tetramer as illustrated in (j). Other possible structures as the
one in (i) do not reproduce the distances and alignment angles of Te1. Imaging parameters: (a,d) Δz = 1.33 Å from V = 0.05 V, I = 1 pA. (g) Δz =
1.9 Å from V = 0.2 V, I = 1 pA. (f) STM image V = 0.2 V, I = 1 pA. Scale bars: 1 nm.
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The DFT calculations reproduce the observed alignment angles
(see Figure 3a,d) only if one includes or excludes a
coordinating gold atom for Di1 and Di2, respectively. In
particular, the slightly larger distance between the adjacent
heterocycles that are not covalently bonded to each other
(green dots in Di1) of (0.50 ± 0.03) nm is in qualitative
agreement with the corresponding simulated structure (see
Figure 3c). In contrast, if there is no metal coordination
involved, the corresponding distance measures (0.72 ± 0.04)
nm (yellow dots). We hence interpret this distance variation as
being indicative of a metal coordination bond being present.33

At first glance it is surprising that the gold atom is not directly
visible in the AFM imagesa circumstance that will be
elucidated further below, after the analysis of tetramer Te1,
shown in Figure 3f−j. On the surface it has C2v symmetry (D2h
in the gas-phase) indicating that the bonds between the
constituents are not all of the same nature. Following the
reasoning from the dimer structure as outlined above, one
immediately recognizes that Te1 consists of two dimers
connected to each other via metal coordination bonds. This
hypothesis is supported by DFT calculations carried out for the
tetramer Te1 without substrate. Alternate models, e.g.,
assuming four covalent bonds, do not reproduce the
experimentally observed structure.
We performed total-energy DFT calculations of four selected

dimer structures including the substrate. Next we calculated
AFM images of the corresponding optimized structures (see
upper panel of Figure 4). Note that the image simulations take
into account the bending of the CO molecule at the tip
apex,28,34 while the parameters required to simulate a CO tip
were selected upon previous image simulations and their direct
comparison to experimental data in other works.35 To
understand the possible participation of gold adatoms in
metal−organic coordination bonding in our structures, we
calculated not only Di1 and Di2, but two more dimers: The
counterpart of Di1, but without a gold atom, henceforth labeled
Di3, and the counterpart of Di2, but with an additional gold
adatom, henceforth labeled Di4. Hence, these structures are
pyrazine−pyrazine (C2-to-C2-bond, Di1 and Di3) and
pyrazine−pyridine-bonded (C2-to-C6-bond, Di4 and Di2)
dimers, each with and without a gold adatom coordinated to
nitrogens. The relaxed geometries are shown in Figure 4,
alongside with simulated AFM images. First we turn to the

discussion of C8−C9 versus N4−N5 and N1−N12 distances,
relevant for the assignment of nitrogen positions in each
molecule. The DFT calculation yields C8−C9-distances of
2.98−3.00 Å being distinctly larger than the N4−N5 and N1−
N12 distances that measure only 2.69−2.78 Å. In the AFM
imaging with a CO-terminated tip, this difference seems to be
even exaggerated by distortions, such that in the simulated
images it can be clearly discerned (see white and blue
arrowheads) in agreement with the experiment. This puts the
assignment of nitrogen positions inside the molecules from
AFM images onto solid grounds.
The simulated images also confirm that it is possible to have

a coordinating gold atom present in the structure without
directly resolving it with the AFM as a repulsive feature. The
reason for the absence of a repulsive feature from the gold
adatom is related to (i) presence of charge transfer between the
gold adatom and the molecule giving rise to an additional
attractive interaction with CO-tip and to (ii) the vertical
position of the gold adatom and the surrounding nitrogen
atoms being considerably closer to the surface than the one of
the organic framework, diminishing the onset of Pauli
repulsion. Consequently, the gold atom leads to a dark circular
halo of long-range attractive interaction. Indeed such a dark
halo can also be seen in the experimental AFM image of Di1,
for which we expect a gold adatom to be present, lending
further support for the presence of a gold adatom.
What more, both dimer structures without gold adatom show

a straight 180° alignment angle consistent with our
interpretation of Di2. However, the angle of Di1 is about
170°, but not as small as the experimentally observed one. We
also note that the experimental image of Di1 has a bright
protrusion at the bond that formed upon annealing, which is
not reproduced by the calculated AFM image, leaving some
room for the interpretation of the atomistic details in Di1, in
particular as it regards the exact position and bonding of an
additional gold atom. We therefore conclude that the exact
bonding geometry in Di1 is not fully captured by our DFT
calculation. This can be ascribed to a deficiency in the
description of metal−organic complexes by the DFT method.
In addition, we enforced alignment angles smaller than 180°

for both, Di1 and Di3. We observed a considerable increase of
the total-energy for both structures of few eV for angles smaller
than 150°. We therefore exclude that the relatively weak

Figure 4. DFT-calculated structures and simulated AFM images. Pyrazine−pyrazine (C2-to-C2-bond, D1 and Di3) and pyrazine−pyridine (C2-to-
C6-bond, Di2 and Di4) dimers, each with (Di1, Di4) and without (Di2, Di3) a gold adatom coordinated to nitrogens are shown in the calculated
geometries. The corresponding simulated AFM images are shown above. The difference in the C8−C9 versus N4−N5 or N1−N12 distances (white
and blue arrowheads, respectively) confirm the experimental assignment.
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interaction with a flat Au(111) surface without adatoms being
present can enforce such a geometry. Our DFT calculations of
molecules without a gold adatom revealed only weak, mostly
van-der-Waals interaction with the Au(111) substrate under-
neath. Consequently, the molecules Di2 and Di3 adopt an
almost planar configuration with the plane of the molecule
located approximately 3.3 Å above the Au(111). The absence of
a strong chemical bond between the molecule and the substrate
exclude strong conformational changes of the molecules caused
by the substrate.
Taking all the above observations into consideration, it is

clear that the structural information from AFM images is
decisive for the identification of all bonding configurations.
However, after establishing the direct relationship between the
geometric structure deduced from AFM and the appearances in
STM images, one can identify the different type of structures
also from the STM images alone. We note that this relationship
between structure and appearance in STM images was
established and confirmed on the basis of atomically resolved
AFM images of in total 26 clusters. We therefore included also
all highly resolved STM images in the statistical analysis
discussed in the remainder of this work.
A covalent bond either between the two pyrazine moieties

(Di1) or between a pyrazine and a pyridine moiety (Di2) of
each two neighboring molecules was identified. Another
difference between Di1 and Di2 lies in the metal coordination.
However, irrespective of a possible metal coordination many
more possibilities for a bond formation could be expected, even
if regioselectivity is taking place. In this spirit, it is interesting to
analyze, which dimer structures could possibly form and to
compare that with the actual observations. Before doing so, we
note that we never observed any structures involving covalent
bonds between two pyridine moieties. We therefore largely
exclude this possibility from the following discussion.
Figure 5 shows a set of dimer structures that could be

envisioned. A covalent bond between pyridine and pyrazine

yields a dimer of lower symmetry than in the other case, which
therefore may occur in two different enantiomers on the
surface. Indeed we observe each two enantiomers in equal
amounts within statistical significance. We disregard stereo-
chemistry in the remainder of this work. Moreover, the covalent
bond formation could result in either a cis-N^N or a trans- N^N
configuration of the two pap constituents as exemplified in
Figure 5. Considering the possible stabilization of the trans-
configuration by intramolecular hydrogen bonds it is most
surprising that we never observed any structures in trans-
configuration of the molecules. This finding can be accounted
for the fact that a trans-configuration could not be stabilized by
a metal coordination bond. The same holds true for structures
in which meta- and para-carbon atoms of a pyridine moiety are
involved in the dimer formation: these would not facilitate
metal coordination and we did not observe them. These two
findings point toward an important role of metal coordination
in the covalent bond formation. Figure 6 summarizes the
possible dimer structures and their occurrences in the
experiment. Although Di3 and Di4 were not observed at all
as single entities in our study, reconsidering the tetramer Te1,
one realizes that Te1 consists of two such Di3 dimers, which
are linked via metal coordination bonds. Similarly, Di3 and Di4
dimers were observed as building blocks of larger clusters Tr2
and Te2, respectively (Figure 7). Interestingly, the highly
symmetric Tr1 was formed based on a strict regioselectivity of
the pyrazine groups of three neighboring pap molecules for
dehydrogenation leading to the formation of a hexaazatriphenyl
core. It constitutes due to its 3-fold symmetry and its N^N
chelating property an established building block for a variety of
applications.20 Alternatively, Tr1 can be described as a three-
star version of dipyrido[2,3-a:3′,2′-c]phenazine, a bridging
ligand applied in coordination chemistry.36

Figure 7 shows an overview of the most probable structures
that were observed and also are the basis for the statistical
analysis for regioselectivity. In total we observed 203 bonds that

Figure 5. Possible structures of dimer formation. A covalent bond is formed either between ortho-carbon atoms of two pyrazine moieties (top row)
or between a pyridine and a pyrazine moiety (center row) of the neighboring pap molecules. For the pyridine moiety also meta- and para-carbon
atoms exist, which could react to form additional dimer structures exemplified for the meta-carbon (bottom row). For the pyridine-bonded
structures, there are two enantiomers in each case. The bond configuration can be divided into cis-N^N and trans-N^N structures. Only the purely
ortho-carbon bonded cis-N^N-structures facilitate metal coordination (Di1 and Di4).
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have been formed. Among them, 160 bonds occurred between
two pyrazine moieties of each two neighboring molecules, 43
between a pyrazine and a pyridine group, and none between
two pyridine groups,37 demonstrating a very strong but not a
extremely strict regioselectivity. Note that the latter statistics of
the observation of different bond types is made irrespective of
whether Au adatoms are involved or not. As each pap molecule
consists of two pyridine but only one pyrazine moiety, in
absence of any regioselectivity one would expect a ratio of
occurrences of 1:4:4 of bond-types pyrazine−pyrazine:pyr-
azine−pyridine:pyridine−pyridine, which is quite opposite to
what is observed. When being interpreted in terms of
thermodynamic equilibrium at 200 °C and the Boltzmann
statistics, the observed occurrences would yield an energy
difference of ΔE ≃ 2.6 kcal/mol of pyrazine−pyrazine versus
pyrazine−pyridine bonding geometry.
We would like to mention, that some of the images show

apparent bonds between neighboring nitrogen atoms. However,
such features have been observed before and were identified as
imaging artifacts.34,38 In this context it is important to note that

the structural information deduced from the AFM images
allows to unambiguously identify which moieties can be
involved in the bonds from the molecules’ orientations and
the distances between heterocycles as presented above
irrespective of where exactly real or apparent bonds are
observed.
Although a thorough analysis of the mechanism behind our

observations goes beyond the scope of this work, we now turn
to a brief discussion of a possible mechanism behind one aspect
of selective bond formation. As mentioned in the context of
Figures 5 and 6, only cis-N^N-structures bonded in ortho−ortho
geometry enable the incorporation of a gold atom, whereas
meta-ortho-bonded cis-N^N-structures as well as all trans-N^N-
structures do not. Hence, apparently exactly those structures
are experimentally observed, which could potentially be
stabilized by a coordinating gold atom. Such a gold atom
may modify the reactivity of its direct neighborhood, facilitating
dehydrogenation. More likely it appears to us, however, that it
is rather the geometry that is important: a gold adatom between
two monomers, will stabilize two hydrogens each belonging to
a different monomer in close proximity, in which a concerted
dehydrogenation and immediate bond formation may be
facilitated. At the elevated temperature, the entire surface will
be subject to constant change and rearrangement, but the
presence of coordinating gold adatoms may favor certain
geometries over others. When considering such a scenario, the
importance of the molecular degrees of freedom being reduced
to two dimensions in on-surface chemistry becomes apparent.
Note that the regioselectivety concerning the preference for
pyrazine-bonded structures observed for the ratio of occurences
of different dimers cannot be accounted for by the above
considerations alone. Hence, this is a separate aspect of our
observations and must stem from a different reactivity of
different sites. Thorough theoretical studies on the mechanism
and the exact role of Au in these aryl−aryl couplings are
ongoing in our laboratory.

Figure 6. Hierarchy of dimer structures. Dimer structures can be
classified according to the bonding moiety (top row), to their bonding
positions (second row), relative orientation (third row), and additional
metal coordination (bottom row). Structures observed in the
experiments are checked, all others crossed, highlighting the strong
selectivity of on-surface bond formation. The possibility of metal
coordination seems to directly coincide with the respective structure
being observed.

Figure 7. Analysis of main structures observed after covalent bond formation. STM images (top row), AFM images (middle row), and structures
(bottom row) for products of dehydrogenation. The structural assignment follows the considerations discussed above.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b13461
J. Am. Chem. Soc. 2016, 138, 5585−5593

5591

http://dx.doi.org/10.1021/jacs.5b13461


■ CONCLUSION
We have demonstrated that pyrazino[2,3- f ][4,7]-
phenanthroline (pap) can bond-selectively be transformed
through aryl−aryl coupling on an Au(111) surface in UHV
conditions into a variety of heterocyclic compounds. The
observed regioselectivity of the reactions originates from the
fact that ortho-hydrogen atoms of the pyrazine rings are
preferentially activated for a dehydrogenative C−C bond
formation over their pyridine equivalents. Most importantly,
the combined STM/AFM study allows a full atomistic analysis
of the different reaction products while unambiguously
discriminating pyrazine from pyridine moieties. This synthetic
strategy to utilize tailored polycyclic precursor molecules
comprising pyrazine units will open an avenue for the
construction of novel heterocyclic molecules. Depending on
the number of pyrazine units incorporated into the starting
molecule, the realization of more extended heteroaromatic
structures with atomically precise nitrogen locations can be
expected.
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R. Nature 2010, 466, 470.
(9) (a) Blankenburg, S.; Cai, J.; Ruffieux, P.; Jaafar, R.; Passerone, D.;
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From helical to planar chirality by on-surface
chemistry
Oleksandr Stetsovych1, Martin Švec1, Jaroslav Vacek2, Jana Vacek Chocholoušová2, Andrej Jančařík2,
Jiří Rybáček2, Krzysztof Kosmider1, Irena G. Stará2, Pavel Jelínek1* and Ivo Starý2*

The chirality of molecular structures is paramount in many phenomena, including enantioselective reactions, molecular self-
assembly, biological processes and light or electron-spin polarization. Flat prochiral molecules, which are achiral in the gas
phase or solution, can exhibit adsorption-induced chirality when deposited on surfaces. The whole array of such molecular
adsorbates is naturally racemic as spontaneous global mirror-symmetry breaking is disfavoured. Here we demonstrate a
chemical method of obtaining flat prochiral molecules adsorbed on the solid achiral surface in such a way that a specific
adsorbate handedness globally dominates. An optically pure helical precursor is flattened in a cascade of on-surface
reactions, which enables chirality transfer. The individual reaction products are identified by high-resolution scanning-probe
microscopy. The ultimate formation of globally non-racemic assemblies of flat molecules through stereocontrolled
on-surface synthesis allows for chirality to be expressed in as yet unexplored types of organic–inorganic chiral interfaces.

Chirality (a geometric property of any object that is not super-
imposable on its mirror image) is inherent in nature, as man-
ifested by the existence of homochiral proteins, nucleic acids

and polysaccharides that express stereospecific interactions in
various molecular events1. An efficient control over the relative or
absolute stereochemistry in organic reactions is one of the greatest
achievements of in-solution chemistry within the past half-century2.

A new opportunity to tackle the problem of induction and
transformation of single-molecule chirality in on-surface reactions
monitored at the nanoscale has emerged with the recent progress
in scanning-probe microscopy (SPM) techniques, and has made
possible the acquisition of high-resolution images of molecules
on surfaces with submolecular resolution3–6. This achievement
indicates a potential to pursue not only the structural analysis and
property investigation of individual organic molecules, but also
chemical synthesis at the nanoscopic scale7–9. Indeed, complex
chemical transformations of single molecules are currently traced
by high-resolution scanning tunnelling microscopy (STM) along
with non-contact atomic force microscopy (nc-AFM)10,11. Evidently,
these methods have matured enough to focus on intriguing aspects
of single-molecule chirality.

The first successful steps that described stereoinduction in che-
misorbed chiral modifier–prochiral substrate complexes important
for enantioselective heterogeneous hydrogenation have recently
been made using submolecular-resolution STM12. To date,
however, in the context of molecular chirality monitored at the
nanoscale13, significant attention has been paid only to the
adsorption and organization of intrinsically chiral or prochiral mol-
ecules on achiral or chiral surfaces14,15. In the case of racemic or
achiral molecules that form chiral adsorbates, local mirror-
symmetry breaking in their assemblies may occur. It happens
locally if two-dimensional (2D) conglomerates16,17, homochiral
clusters18,19 or mirror domain structures20 are spontaneously
formed. However, globally there is no observable imbalance
between the populations of enantiomeric entities. However, such a
stochastic behaviour may be overwhelmed by a chiral bias applied
through, for example, the nonlinear amplification of enantiomeric

imbalance21,22, co-adsorption of a homochiral auxiliary23 or the
influence of a homochiral solvent24.

On the other hand, flat molecules endowed only with mirror
symmetry with respect to the plane of their backbone are achiral.
On adsorption on a solid surface, however, they form chiral adsor-
bates as they are also prochiral. This relates to the phenomenon of
planar chirality that exists at non-symmetrically substituted tran-
sition-metal arene π complexes25, ferrocenes26 or cyclophanes27.
Importantly, spontaneous global mirror-symmetry breaking in the
2D assemblies of the flat prochiral molecules is very unlikely
(Fig. 1, path B) as both their faces interact equally with the achiral
surface to form a globally racemic system (Fig. 1, path C).

Here we show the possibility to reach indirectly the enantiofacial
adsorption of flat prochiral molecules on an achiral metal surface
to afford highly enantioenriched adsorbates. Such a global mirror-
symmetry breaking in the system of prochiral molecules is possible
owing to the chirality transfer from the homochiral helical precursor
to the enantiofacially adsorbed prochiral molecules through a
cascade of on-surface transformations (Fig. 1, path A, and on-
surface reaction at T1).

Results and discussion
To demonstrate the envisioned on-surface chirality transfer, we
focused on the helically chiral benzo[2,1-g:3,4-g′]dichrysene
(dibenzo[i,o]heptahelicene (DBH))28 (inset in Fig. 2a) that exists
in the two enantiomeric M and P forms. There were two main
reasons to choose this model compound specifically: (1) it has a
reasonably high barrier to thermal racemization of 40.9 kcal mol–1

(1.77 eV, measured at 503 K in hexadecane28) that allows it to be
handled at elevated temperatures without the risk of losing enantio-
purity significantly (the half-life of enantiopure DBH (t1/2) in hexa-
decane was calculated to be 5.5 hours at 503 K) and (2) on-surface
transformation of the 3D DBH is expected to be driven to planar-
ization to release the internal torsional strain. We have already
described the planarization of a 3D helicene molecule on annealing
on various metals, but the question of the chirality transfer was
not addressed29,30.
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To start with, we deposited, by high-vacuum sublimation, the
enantiopure (P)-DBH onto an Ag(111) surface with a molecular
concentration of ∼11.4 ± 0.4 molecules per 10 × 10 nm2. STM
imaging revealed the formation of homochiral trimers that appeared
as equilateral triangles (95% of the molecules (Fig. 2a);
Supplementary Fig. 1 gives the detailed statistics). Most of them
had the same azimuthal orientation (94%), but some were rotated
by 90° (6%). In contrast, the racemic rac-DBH preferred apparently
heterochiral dimers (98% at a molecular concentration of ∼11.1 ± 0.4
molecules per 10 × 10 nm2) randomly rotated by 60° with respect
to each other (Supplementary Fig. 2). Although certain similarities
in the growth behaviour of the parent racemic and enantiopure
heptahelicene on metal surfaces have recently been reported21,31,
congeneric rac-dibenzo[ f,j]picene was described to crystallize as a
2D conglomerate32.

A completely different STM morphology of molecular adsorbates
was obtained on annealing the enantiopure (P)-DBH on Ag(111) at
elevated temperatures (neglecting the chirality aspects at this
moment, the importance of which will be discussed later, rac-DBH
behaved identically on annealing). The first transition was relatively
sharp once the threshold of 520 K was reached. Keeping the adsorbed
(P)-DBH at this temperature for about five minutes, the helicenemol-
ecules completely disappeared giving rise to new adsorbates of strik-
ingly different structures (Fig. 2b). At a concentration of ∼8.6 ± 0.4
molecules per 10 × 10 nm2, dimers (hourglass shaped, 55% of all mol-
ecules) and tetramers (four-arm stars, 23%) dominated in the STM
images. Trimers were also observed but at a considerably lower con-
centration (2%). In addition, separate non-symmetrical (13%) and
symmetrical (5%) monomers were found as single bright protrusions
of the characteristic shape. Supplementary Fig. 3 gives the detailed
statistics. All these objects were randomly rotated by 60° with
respect to each other. At a higher molecular concentration (∼14.5
± 0.5 molecules per 10 × 10 nm2), interestingly, the ratio between
the dimers (31% of all the molecules) and tetramers (four-arm
stars, 50%) significantly changed in favour of the tetramers
(Supplementary Fig. 4 gives the detailed statistics).

Further annealing brought the system to the gradual second tran-
sition that was well pronounced at temperatures above 620 K, as
imaged by STM. Hence, the follow-up heating of the molecular
adsorbates, which originated from (P)-DBH at the molecular concen-
tration of ∼8.6 ± 0.4 molecules per 10 × 10 nm2, on Ag(111) at 670 K
for five minutes, the four-arm star tetramers completely disappeared
and the number of dimers dramatically decreased (only ∼7.5% of all
molecules were incorporated in them (Fig. 2c)). Instead, the separate
non-symmetrical monomers observed as single bright protrusions of
the characteristic shape dominated (∼84%). The separate symmetrical
monomers (∼7.5%) were also observed, but their number was
comparable to that found after annealing at 520 K. Only a few
molecules (∼1%) were encountered that were difficult to identify
(Supplementary Fig. 5 gives the detailed statistics).

To explain the thermally induced stepwise changes in the mor-
phology of the molecular adsorbates, we attempted a structural identi-
fication of the reaction products. STM-tip manipulation with the
components of the tetramers (Supplementary Fig. 6) demonstrated
that they are, in fact, linked by non-covalent bonds. The simultaneous
STM and nc-AFM imaging further revealed that the triangular parts of
the dimers (Fig. 3d,h) or tetramers (Fig. 3e,i) are flat. However, the two
small bulges (bright lobes) in the middle of the dimers or the four
bulges located in the centre of the tetramers protrude from the
surface as indicated by the corresponding repulsion in the nc-AFM
channel. The protruding parts of these clusters ultimately hindered a
further decrease in the tip–sample distance necessary to obtain
intramolecular resolution. Thus, based on a theoretical and
reaction-mechanism analysis (see below) we assigned the structure of
6-phenyldibenzo[a,g]coronene (P1) (Fig. 3a) to the monomeric com-
ponents of the dominant dimers (hourglass shaped), rare trimers
and minor tetramers (four-arm stars). We used a density functional
theory (DFT) method to optimize the structure of the dimer as well
as the tetramer composed from the corresponding number of mol-
ecules P1 enantiofacially adsorbed on Ag(111) (Fig. 3l,m). The calcu-
lation outputs confirmed that the stability of the proposed molecular
clusters benefitted from multiple intermolecular CH–π interactions
between the out-of-the-plane twisted phenyl ring and a proximal
hydrogen atom of the adjacent molecule. The corresponding calculated
nc-AFM images of the optimized molecular structures are in good
agreement with the experimental ones (Supplementary Fig. 7). In con-
trast, the flat structure of the monomer products allowed the acqui-
sition of high-resolution nc-AFM imaging with intramolecular
details (Fig. 3j,k). Accordingly, the symmetrical and non-symmetrical
monomers were identified unambiguously as dibenzo[a,m]indeno
[1,2,3-e,f ]coronene (P2) (Fig. 3b) and dibenzo[a,g]coronene (P3)
(Fig. 3c), respectively. Furthermore, the measured high-resolution
contrasts for the P1, P2 and P3 products are in excellent agreement
with the AFM simulator (Supplementary Fig. 7).

To outline the reaction mechanism of the thermally induced on-
surface transformation of the initial (P)-DBH to P1, P2 and P3, we
propose that the cascade of intramolecular reactions is initiated at
520 K by Diels–Alder [4+2] cycloaddition that converts (P)-DBH to
intermediate A (Fig. 3p). The subsequent dehydrogenation step
results in intermediate B, which represents a bifurcation point of the
mechanism: Either benzyne can be extruded (by a retro Diels–Alder
cycloaddition) to furnish the symmetrical coronene derivative P3 as
a side product or, predominantly, a C–C bond rupture in the
bridged tricyclic subunit takes place (at the quaternary sp3 carbon
atom) coupled with a hydrogen shift. This yields the non-symmetrical
phenyl-substituted coronene derivative P1 as the main product. Then,
at a higher temperature (670 K), cyclodehydrogenation of P1 is com-
pleted to yield the final flat non-symmetric coronene derivative P2.
There are circumstantial pieces of evidence in favour of an initial
Diels–Alder cycloaddition: (1) an aryne cycloaddition within the heli-
cene skeleton has been described already33, (2) on electron-impact ion-
ization (EI) in mass spectrometry (MS), (hetero)helicenes tend to

Homochiral
molecules

Prochiral
molecules

Homochiral
adsorbates

Racemic
adsorbates

Homochiral
adsorbates

A B C

Figure 1 | Proposed concept of global mirror-symmetry breaking in the
system of prochiral molecules on an achiral substrate. In path A, the
vacuum deposition of homochiral molecules (represented here by helices of
the same handedness) onto an achiral substrate provides homochiral
adsorbates. For path B, the vacuum deposition of prochiral molecules
(represented here by L-shaped objects) onto an achiral substrate does not
lead to homochiral (or enantioenriched) adsorbates as spontaneous global
mirror-symmetry breaking is disfavoured. In path C, vacuum deposition of
prochiral molecules onto an achiral substrate delivers racemic adsorbates.
At temperature T1 an on-surface transformation of homochiral molecules
into enantiofacially adsorbed prochiral molecules occurs to form homochiral
(or enantioenriched) adsorbates (adsorption-induced chirality is controlled
by the chirality transfer and results in global mirror-symmetry breaking).
At temperature T2 (>T1) on-surface racemization (scrambling of enantiofacial
adsorption) of the originally homochiral (or enantioenriched) adsorbates
takes place and the transferred chirality is lost.
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fragment into coronene ions via Diels–Alder cycloadducts34 (corre-
spondingly, DBH in EI MS shows a fragment of m/z = 400 associated
with P3) and, most importantly, (3) it has been demonstrated that the
parent heptahelicene undergoes in-solution skeletal rearrangements
mediated by AlCl3 (ref. 35) or AuCl/Ag[Al(OC(CF3)3)4] (ref. 36)
and initiated by intramolecular Diels–Alder cycloaddition to provide
an oxidized coronene derivative or coronene-derived carbocation,
respectively (analogous intermediates to A and B were proposed in
these rearrangements). Apparently, the reaction cascade may consist
of unimolecular reactions as stable non-covalently bound molecular

clusters observed at 1.2 K are not expected to exist at the temperatures
of the aforementioned reactions. However, we cannot exclude the influ-
ence of neighbouring molecules on the reaction mechanism or minor
chirality scrambling, which is now under investigation.

The trajectory of the initial Diels–Alder cycloaddition of (P)-DBH
on Ag(111) was calculated from first principles using the periodic DFT
and NEB (nudged elastic band) algorithm to localize the transition
state (Supplementary Fig. 8). The synchronous reaction features a
barrier of 24.3 kcal mol−1 (1.05 eV) that is somewhat underestimated
as (P)-DBH requires heating over 520 K on a timescale of minutes
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Figure 3 | Transformation products P1, P2 and P3 of the annealing of (P )-DBH on Ag(111) at 520–670 K, and elucidation of their structures, calculated
models and proposed reaction mechanism. a–o, The chemical structure of the transformation products P1 (a), P2 (b) and P3 (c). Constant-height STM images
taken at 1.2 K, U = 3 mV (d,e), 1 mV (f) or 0.5 mV (g). Simultaneously recorded nc-AFM images taken with the Xe-functionalized tip (h–k), and optimized
structures of molecular adsorbates obtained from the DFT calculations (l–o). STM and corresponding AFM images of the dimer of P1, size 3 × 3 nm2 (d,h).
STM and corresponding AFM images of the four-arm star tetramer of P1, size 4.4 × 4.4 nm2 (e,i). STM and corresponding AFM images of the monomeric
P2, size 2 × 2 nm2 (f,j). STM and corresponding AFM images of the monomeric P3, size 2 × 2 nm2 (g,k). p, Proposed mechanism of the cascade
transformations of (P)-DBH to the coronene derivatives P1, P2 and P3 on annealing on Ag(111) at 520 and 670 K. The multiple bonds in (P)-DBH marked
in green represent the diene and dienophile systems involved in the following Diels–Alder cycloaddition; the single bond in the intermediate B (marked in
green) breaks on the way to product P1.
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Figure 2 | The enantiopure benzo[2,1-g:3,4-g′]dichrysene (P )-DBH on Ag(111) and changes in morphology of adsorbates on annealing at 520 and 670 K.
STM overview images at 1.2 K, It = 20 pA and U = 500 mV, with a molecular concentration of ∼11.4 ± 0.4 molecules per 10 × 10 nm2 and of size 30 × 30 nm2.
a, (P)-DBH before annealing. b, (P)-DBH after annealing at 520 K for 5 min. c, (P)-DBH after annealing at 670 K for 5 min. The inset in a shows a model of
the (P)-DBH enantiomer (C38H22).
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to undergo the cycloaddition and trigger the subsequent cascade
transformation. Also, (P)-DBH does not undergo the Diels–Alder
cycloaddition in hexadecane under heating at 503 K over one hour
(vide supra) as only partial racemization takes place.

Next, we discuss the possibility of the on-surface transformation of
homochiral molecules into enantiofacially adsorbed prochiral mol-
ecules. In particular, the transformation of the enantiopure reactant
(P)-DBH into the chiral intermediates A and B, and into the pro-
chiral coronene derivatives P1 and P2, which exist as chiral molecular
adsorbates (the molecule P3 is not prochiral), raises the question of
the conservation or scrambling of handedness along the reaction
coordinate. Actually, such a challenging problem of the chirality pres-
ervation and/or transformation in on-surface reactions of single-mol-
ecule adsorbates monitored at the nanoscale, to our knowledge, has
not yet been addressed. Owing to the high-resolution STM images
and characteristic morphology of the chiral molecular adsorbates
P1 and P2, we could enumerate the ratio of their populations of a
given handedness (Fig. 4). For this purpose, we analysed manually
large scans (80 × 80 nm2, each of them encompassing over 500 mol-
ecules; Supplementary Fig. 9 gives the assignment of the handedness
to the adsorbates P1 in clusters or to the individual adsorbates P2).

The statistics over both the occurrence of the chiral molecular
adsorbates P1 and P2 (P3 is not chiral) and their handedness
after annealing (P)-DBH on Ag(111) at various temperatures
(520–670 K) revealed unprecedented chirality transfer from the

enantiopure reactant (P)-DBH to the enantiofacially adsorbed pro-
chiral molecules P1 and P2 (Fig. 5 and Table 1; Supplementary
Tables 1–5 give the details). By annealing the sample at 520 K for
five minutes, the chiral adsorbates P1 and P2 as the main products
were significantly enantioenriched. Their e.r. values (handedness
1/handedness 2) were assessed to be 92:8 and 91:9, respectively
(Table 1, entry 1). Surprisingly, these e.r. values remained practically
unchanged up to 590 K. This indicates a configurational stability of
the enantiofacially adsorbed P1 and P2 (Table 1, entries 2 and 3).
Above this temperature limit, however, noticeable racemization of
the chiral adsorbates P1 and P2 took place, which resulted finally
in the formation of a racemic adlayer at 670 K (Table 1, entries 4
and 5). Hence, an incomplete chirality transfer from the enantio-
pure (P)-DBH to the enantiofacially adsorbed P1 and P2 at 520 K
is not the result of a partial racemization of them at this temperature
(see note under Supplementary Fig. 9). In a control experiment, we
annealed the enantioenriched (M)-DBH (M:P = 93:7) on Ag(111)
at 520 K for five minutes and analysed the handedness distribution
in the chiral adsorbates P1 (major) and P2 (minor, Supplementary
Table 6). Their e.r. values (handedness 1/handedness 2) were found
to be 18:82 and 13:87, respectively, to reflect the opposite helicity of
the precursors (M)-DBH versus (P)-DBH (Supplementary
Table 1). The formally diminished chirality transfer in the trans-
formation of (M)-DBH can be explained by its lower optical
purity. Thus, the thermal behaviours of the two enantiomers

Handedness 1 Handedness 2

Tetramer of P1

Trimer of P1

Dimer of P1

P2 P2

Dimer of P1

Trimer of P1

Tetramer of P1

P3

Figure 4 | Distribution of the handednesses of the adsorbed products P1 and P2 after annealing the enantiopure (P )-DBH on Ag(111) at 520 K for
5 min. The coloured STM overview image (centre) was taken at 1.2 K, It = 20 pA and U = −500 mV, with a molecular concentration of ∼7.9 ± 0.4
molecules per 10 × 10 nm2, and of size 80 × 80 nm2. Orange and cyan spots represent the molecular adsorbates P1 and P2, respectively, sorted by their
handedness; red spots represent the achiral molecular adsorbates P3. The structures of the molecular entities of different handedness found on the
surface after the annealing are shown on both sides of the STM image (tetramers and trimers of P1 possessing handedness 2 are not present in
this STM image).
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(M)- and (P)-DBH mirror each other as their helicity controls the
handedness of the final chiral adsorbates P1 and P2.

Conclusions
We report here on the enantioenriched assembly of prochiral mol-
ecules on an achiral substrate that occurred under chemical control.
We demonstrated the chirality transfer from a homochiral helical
precursor to the enantiofacially adsorbed prochiral flattened
product through a cascade of on-surface reactions. We have pro-
vided a detailed analysis of the chemical conversions, which
include the identification of individual reaction products by
means of high-resolution nc-AFM and STM images. Notably,
organic–inorganic chiral surfaces were formed that feature a high
e.r. between chiral adsorbates (up to 92:8). An unusually high con-
figurational stability is maintained up to 590 K, which prevents race-
mization below this temperature. We believe that a wider application
of the on-surface asymmetric synthesis will open up other possibi-
lities in expressing and controlling chirality (including a generalized
planar one) in 2D molecular self-assemblies on achiral surfaces.

Methods
The helically chiral racemic benzo[2,1-g:3,4-g′]dichrysene rac-DBH was synthesized
using the procedure we developed earlier28. The enantiopure (P)-DBH (>99% e.e.) was
obtained by resolving its racemate through HPLC on a chiral Chiralpak IA column.
The molecules were evaporated under ultrahigh vacuum (UHV, 3 × 10−10 mbar) from

a tantalum crucible at ∼570 K onto an atomically clean Ag(111) single-crystal surface
at ∼350 K. The enantiopurity of (P)-DBH in the crucible was preserved even after
several evaporation cycles under the aforementioned conditions (determined by
HPLC on the Chiralpak IA column). The imaging of the individual molecules and
their assemblies was performed by high-resolution nc-AFM and STM under UHV at a
low temperature (1.2 K) using a commercial microscope (SPECS Surface Nano
Analysis) with simultaneous force/current detection capabilities. The submolecular
resolution of flat molecules was achieved in the nc-AFMmode with a single Xe-atom-
functionalized tip apex37. The thermally induced chemical transformations of the rac-
DBH and enantiopure (P)-DBH as well as the corresponding intermediates deposited
on Ag(111) were achieved by annealing the samples in a preparation chamber of the
microscope by an electron-beam heater at the respective temperatures (calibrated by
an external optical pyrometer). The optimized structures of the molecules in a
vacuum, molecular adsorbates on Ag(111) and transition states were calculated by the
Gaussian09, QuantumWise Atomistix 10.8 and FHI-AIMS program packages based
on ab initioDFT (Supplementary Information gives the details). The theoretical AFM
images were calculated using an AFM simulator6.
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Figure 5 | The occurrence of the molecular adsorbates P1, P2 and P3 and % e.e. of P1 and P2 after annealing the enantiopure (P )-DBH on Ag(111) at
various temperatures. The statistics are based on the analysis of the STM images (Supplementary Tables 1– 5 give the details). The e.r. corresponds to the
ratio between the adsorbates that exhibit handedness 1 or 2 (the arbitral assignment of handednesses 1 and 2 to the molecular adsorbates P1 and P2 is
shown in Fig. 4). a–c, Content (%, red bars) of P1 (composed of various clusters) (a), P2 (b) and P3 (c) as well as the % e.e. (blue lines) of P1 and P2 in
the mixtures of adsorbates after annealing the enantiopure (P)-DBH at different temperatures for 5 min; % e.e. corresponds to the difference in the fractions
that yield the e.r. (Table 1).

Table 1 | Statistics for molecular adsorbates P1, P2 and P3 and for the e.r. of P1 and P2.

Entry Annealing
temperature (K)

Adsorbate P1 Adsorbate P2 Adsorbate P3
(no. of molecules)

Unidentified adsorbates
(no. of molecules)No. of

molecules
e.r.
(%)

No. of
molecules

e.r.
(%)

1 520 885 92:8 140 91:9 49 20
2 555 759 91:9 165 90:10 49 15
3 590 779 89:11 158 92:8 75 7
4 625 492 59:41 477 60:40 69 14
5 670 88 49:51 939 50:50 84 12

Enantiopure (P)-DBH was annealed on Ag(111) at various temperatures.
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Principles and simulations of high-resolution STM imaging with a flexible tip apex
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2Charles University in Prague, Faculty of Mathematics and Physics, Department of Surface and Plasma Science, V Holešovičkách 2,
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We present a robust but still efficient simulation approach for high-resolution scanning tunneling microscopy
(STM) with a flexible tip apex showing sharp submolecular features. The approach takes into account the
electronic structure of the sample and tip as well as relaxation of the tip apex. We validate our model by achieving
good agreement with various experimental images which allows us to explain the origin of several observed
features. Namely, we have found that the high-resolution STM mechanism consists of standard STM imaging,
convolving electronic states of the sample and the tip apex orbital structure, with the contrast heavily distorted
by the relaxation of the flexible apex caused by interaction with the substrate.

DOI: 10.1103/PhysRevB.95.045407

I. INTRODUCTION

Both scanning tunneling microscopy (STM) [1] and atomic
force microscopy (AFM) [2] have demonstrated the capability
to achieve submolecular resolution with a properly function-
alized tip apex [3,4]. The unprecedented spatial resolution
has advanced the characterization of atomic clusters [5],
single molecules [6–8], their assemblies [9,10], and mutual
interactions [11,12], as well as the understanding of on-surface
chemical reactions [13,14] including the identification of
intermediate and final products [15,16].

The origin of submolecular AFM contrast is well estab-
lished [9,17–19]. In general, the sharp submolecular contrast
results from a lateral bending of a flexible tip apex [in our
approach represented by a probe particle [18] (PP)]. This
bending is caused by a lateral force acting on the tip apex,
which results from an interplay between the repulsive Pauli,
attractive van der Waals’, and electrostatic forces [8]. Sharp
edges representing apparent bonds in AFM images [6,20]
are the consequence of a discontinuity in the lateral bending
of the flexible apex above ridge lines of the potential
energy landscape, which are typically located above atoms
or bonds [9,18,21].

In principle, high-resolution STM (HR-STM) imaging
represents an experimentally less demanding way to achieve
submolecular contrast compared to AFM. Furthermore, it
provides information about the electronic structure, in addition
to the physical structure, of the inspected molecules. Thus,
information provided by STM is, in principle, superior to
AFM. However, a detailed understanding of the HR-STM
imaging mechanism is still missing [18,22,23], impeding its
wider proliferation.

Previously, we demonstrated [18,24] that the relaxation
of the flexible PP attached to the tip can partially explain
the submolecular contrast observed not only in AFM, but
also in STM and inelastic electron tunneling spectroscopy
(IETS) [25] images . However, the original STM model [18]
completely neglects the electronic structure in the description

*Corresponding author: krejcio@fzu.cz

of the tunneling process between tip and sample. The fact
that such a crude tunneling model was able to reproduce to
some extent the sharp features visible in HR-STM experiments
further emphasizes the importance of accounting for the tip
apex relaxation in the close-distance regime. On the other
hand, numerous HR-STM experiments [1,23,26] indicate that
the submolecular contrast depends very much on various
experimental details—such as the bias voltage, the substrate,
or the microscopic structure of the STM tip apex. Thus, it is
evident that the electronic structure has to be included in the
correct description of HR-STM imaging.

Traditional STM simulation methods are based on either a
nonperturbative approach [27–29] or a perturbative approach
(e.g., in Ref. [30]). The latter is only valid when the tip and
sample remain out of physical contact [31]. It frequently uses
the Bardeen approach [32] and subsequent approximations
derived by Chen [33–35] or Tersoff and Hamann [36] (TH).
Importantly, the STM methods were devised for surfaces of
solid-state materials with a rigid tip apex. Thus they do not take
into account any tip apex relaxation, which is fundamental
for the understanding of the submolecular contrast with
functionalized tips.

In this work, we present an efficient STM model, which
takes into account both the PP relaxation as well as electronic
wave functions of tip and sample. We will show that this
model (hereafter referred to as PP-STM) [37] is able to explain
experimentally observed features, which could not be properly
reproduced with either the original simple model [18] or
traditional STM methods.

II. METHODS

A. Description of the PP-STM model

1. General description of the tunneling process

High-resolution AFM/STM images with functionalized
tips are typically acquired at very close distances where
repulsive Pauli forces dominate. Therefore, the influence of tip
proximity can substantially affect the tunneling barrier [31].
Nevertheless, it has been shown [12] that the tunneling barrier
is preserved even in the repulsive regime, due to the presence
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of a low-reactivity functionalized tip apex, such as CO or
Xe. Consequently, the perturbative approach describing the
tunneling processes still remains valid.

Thus, for a description of the tunneling, we make use of
Bardeen tunneling theory [32,34], in which we compose the
overall tunneling of contributions from individual eigenstates
of the tip T and sample S. Here we write the formula in atomic
units (e = me = ! = 1),

I = 4π

∫ V

0

∑

T

∑

S

ρT (EF − V + ν)ρS(EF + ν)|MT S |2dν,

(1)

where EF and V are the Fermi level and applied sample bias
voltage, respectively; ρS and ρT stand for the density of states
(DOS) of sample and tip, respectively, at the corresponding
energy. Finally, MT S represents the tunneling matrix elements
between the states T and S [32,34]. In our method, we consider
both tip DOS ρT and the tunneling matrix elements MT S to be
energetically independent. The conductance G at sample bias
voltage V can be simply expressed from Eq. (1),

G(V ) ≡ dI

dV
(V ) = 4π

∑

T

∑

S

ρT ρS(EF + V )|MT S |2. (2)

The summations in both Eqs. (1) and (2) go across the
eigenstates of tip T and sample S, which are involved in the
tunneling process at the given energy, as shown in Fig. 1. Next,

Vsample

S1

S2

S3

Fermisample

T1

Fermitip

FIG. 1. Schematic illustration of the current calculations: One
state of the tip T1 and three states of sample S1–S3 contribute to the
current only. The state of the tip T1 has constant density, while the
states of the sample have some Lorentzian broadening around their
eigenenergies. The contributions to the tunneling coming from each
state of the sample at different energies are illustrated by the full
bars on the sample side. The state S3 contributes to the tunneling,
even though the state itself is above the tunneling window. However,
its tail gives significant contribution nearby to the upper edge of the
tunneling window. In the calculations, the contributions are multiplied
by the square of the tunneling matrix elements, |MT S |2.

we will discuss separately the DOS of the sample (ρS) and tip
(ρT ), together with tunneling matrix elements MT S .

2. Density of states of tip ρT

In our approach, the flexible tip is approximated by the
last atom of the relaxing tip apex, which is represented by the
PP [18,24]. The positions of the tilting PP are precalculated by
a PP-AFM code [18,24], as discussed in Sec. III.

In principle, the DOS ρT of the tip apex could be obtained
from a density functional theory (DFT) calculation for a given
tip model. The DOS of the apex can depend on the atomic and
chemical structure of both the flexible frontier atom/molecule
and a metallic tip base. But typically the precise structure of
the metallic tip base in experiments is unknown.

Therefore, we opt for a different strategy, where the tip
electronic structure is described by separate s, px , py , and pz

orbitals located on the PP. The DOS corresponding to each
of these orbitals is assumed to be energetically independent.
Each of these PP orbitals provides a separate tunneling channel
between the PP and sample. We attribute to each DOS of the
PP orbital ρT a weight between 0 and 1. This allows us to
easily analyze the impact of each PP orbital on the calculated
STM images and to find the best agreement with experimental
evidence. We should note that in the present version, the
orbitals on the PP do not tilt with the relaxing PP.

In the case of a weakly bound tip apex (e.g., a Xe atom),
additional tunneling can appear—both between the sample and
the PP, as expected, as well as between the PP and tip [18]. Here
we consider only the tunneling between the PP and the sample.
The validity of this approach is supported by good agreement
with experimental evidence, as discussed in Sec. III. However,
we cannot rule out that in some cases, the second tunneling
can further modulate the calculated signal.

3. Density of states of sample ρS

The DOS of the sample ρS for given eigenstate S is
represented by a Lorentzian function,

ρS(V ; η) = 1
2π

η

(εS − V )2 + η2
, (3)

where εS is the eigenenergy of states S, which is obtained from
the total-energy DFT calculations of the sample structure. The
η is a broadening factor typically ∼0.1 eV.

The total-energy DFT calculations of the sample can be car-
ried out with different codes based on the linear combination
of atomic orbitals (LCAO) formalism, for consistency with the
formalism in which the tunneling matrix MT S is represented
(see discussion later). At the moment, three LCAO DFT
codes can be used for creation of input files for the PP-STM
code: FIREBALL [38], GPAW [39,40] in LCAO mode [41], and
FHI-AIMS [42], but other codes could be easily adapted as well.

4. Tunneling matrix elements MT S

The tunneling matrix elements in our approach are ap-
proximated by the Chen rules [33,34]. The matrix elements
MT S derived in the LCAO formalism can be composed of
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contributions from separate atoms a (of the sample),

MT S =
∑

a∈atoms of sample

2π

κ
T Chen

T a , (4)

where the decay constant κ =
√

2W is given by the work
function of the sample W [33,34]. The hopping element T Chen

T a

represents the contribution from a single atom a derived from
the Chen’s rules, depending on the corresponding symmetry
of the PP orbital T [33,34],

T Chen
T a =

∑

α∈atom orbitals

{
Csφα(r⃗a) if T is s

Cp
∂
∂γ

φα(r⃗a) if T is pγ ,
(5)

where γ ∈ {x,y,z} and r⃗a = r⃗
sample
a − R⃗ PP. Vector r⃗

sample
a

stands for positions of atoms of the sample and R⃗ PP is the
position of the PP (tip). The constants Cs and Cp are set
to Cs = 1 and Cp =

√
3

κ
according to a derivation shown in

Appendix A. We reconstruct the pseudoatom orbital’s wave
function φα(r⃗a) from the LCAO coefficients of the DFT
calculations, standard (real number) spherical harmonics, and
a radial part. The radial part is, for simplicity, approximated by
a single exponential, given by the characteristic decay length
constant κ , which is directly related to the work function of the
sample. Here the exponential form ensures the correct decay
of the wave function from surface to vacuum [36] and it is
assumed to be the same for all atoms of the sample:

φα = 2κ3/2Ca exp(−κ|r⃗a|) ×

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1√
4π

cLCAO
S,a,s if α is s

√
3√

4π

ya

|r⃗a |c
LCAO
S,a,py

if α is py
√

3√
4π

za

|r⃗a |c
LCAO
S,a,pz

if α is pz
√

3√
4π

xa

|r⃗a |c
LCAO
S,a,px

if α is px,

(6)

where xa , ya , and za are Cartesian components of the vector
r⃗a . The constants cLCAO

S,a,α represent LCAO coefficients of the
sample’s state S, atom a, and atomic orbital α obtained from
the DFT calculations. Since the PP-STM code is made for
the calculation of current (or conductivity) flowing from/to
adsorbed organic molecules, we consider for simplicity only
the valence s and p sample atom orbitals as orbitals α
in this work. But the extension of the PP-STM methods
including d and f electrons can be done in a straightforward
manner.

Finally, we introduced a constant Ca in Eq. (6) in order
to have the possibility of changing the amplitude of the
atomic tunneling hoppings T Chen

T a . Therefore, we refer to it
as the amplitude constant. We typically assume the same
amplitude constant (Ca = 1) for all atoms of the sample. This
approximation of the hoppings gives us good agreement with
experiments for two systems—the perylenetetracarboxylic
dyanhydride (PTCDA) molecule adsorbed on Au(111) and
Ag(111) (see Sec. III A and III B). However, in the case
of strongly polarized 1,5,9-trioxo-13-azatriangulene (TOAT)
adsorbed on Cu(111), the amplitude of the exponential can
be modified by a variation of a tunneling barrier above
different atoms of the sample. We discuss this in detail in
Sec. III C.

The examples of the fully expanded atomic hoppings T Chen
T a

and the matrix elements MT S are shown in Appendix B.

B. Details of DFT calculations

1. PTCDA/Au(111)

We based a slab representing experimentally observed
herringbone reconstruction of PTCDA molecules on Au(111)
[Fig. 2(a)] on the geometry described by Martı́nez et al. [43].
The Au(111) slab was composed of three layers with Au lattice
constant 4.18 and 30 Å of vacuum above it. The topmost
golden layer together with the molecular layer were optimized
by means of VASP DFT code [44]. For the optimization
of the geometry, a GGA-PW91 functional [45], ultrasoft
pseudopotentials [46], and Grimme description of van der
Waals interactions [47] were applied. The energy cutoff of 396
eV was used for the plane-wave basis set. The force criterion
for the differences of the total energy between the optimization
steps was set to 10−5 eV.

The calculation of the LCAO coefficients was performed
with FIREBALL [38] code, using the local density approxima-
tion (LDA) functional calculated on a grid with energy cutoff of
300 eV. The Brillouin zone was represented by a + point only.
The valence basis set and radial cuts for the localized orbitals
are shown in Table I of Appendix C. In order to better describe
the states of the substrate with + point, a 2 × 2 supercell was
used for these calculations [shown in Fig. 3(a)]. The DOS
projected on the PTCDA molecules is shown in Fig. 3(b).

2. PTCDA/Ag(111)

The geometry of experimentally observed herringbone
reconstruction of PTCDA/Ag(111) [Figs. 4(a) and 4(b)] was
constructed according to Rohlfing et al. [48]. The Ag(111) slab
was comprised of three nonrelaxed layers of Ag, with lattice
constant 4.09 Å. 30 Å of vacuum above the slab was used
in the three-dimensional (3D) periodic boundary conditions.
The molecular layer located 3 Å above the substrate was not
relaxed.

The LCAO coefficients were also calculated with the
FIREBALL code and the same parameters (2 × 2 supercell with
+ point and basis in Table I in Appendix C) as described
above for the PTCDA/Au(111). The supercell together with
the DOS projected on the molecules are shown in Figs. 3(c)
and 3(d), respectively. The Hartree potential used for the
PP-AFM calculations was also computed by the FIREBALL
code.

3. TOAT/Cu(111)

For DFT calculations of the TOAT molecule on Cu(111),
we make use of a geometry obtained with cluster calcula-
tions in Ref. [49] that describes the most often observed
configuration of the molecule on the surface. The almost
flat molecule sits 3.3 Å above the copper layer with oxy-
gens being placed 0.15 Å closer to the substrate [49].
The original small Cu cluster under the molecule was
expanded to 91 Cu atoms [shown in Fig. 5(a)] to provide
a better description of the substrate. This bigger cluster
was used for the calculations of the LCAO coefficients to
describe a molecule adsorbed far from other molecules. These
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calculations were performed with the GPAW code [39–41]
in order to show that different codes could be adapted for
the PP-STM calculations. The calculations were done with the
LDA functional in the LCAO mode and the default basis set.
The DOS projected only on the molecule from the GPAW is
shown in Fig. 5(b).

The Hartree potential, used for the PP-AFM calculations
and for the study of the element-dependent tunneling barrier
discussed in Sec. III C, was taken from the original DFT
calculations [49]. The shape of the Hartree potential above
different atoms of the adsorbed TOAT molecule is shown in
Fig. 5(c).

C. PP-AFM calculations

The PP-AFM simulations were done with the PP model
described in [18,24]. The calculation of the Lennard-Jones (LJ)
force field were done with default LJ parameters [18] (taken
from the optimized potential for liquid simulations (OPLS)
force field [50]). For these calculations, only the topmost
atoms—atoms of the adsorbed molecules—contributed to the
LJ force field. The Xe atom on the tip apex was represented
by the PP with Xe LJ parameters, while the CO molecule
was represented only by oxygen LJ parameters. If the tip apex
is charged, the charge Q is represented by a Gaussian cloud
with its FWHM of 0.71 Å located on the PP [24]. The PP
is positioned 4 Å below the last metal tip atom. The height
scale used in the following text denotes the height of the PP
above the molecule before relaxation. After the relaxation, the
PP can become up to 0.14 Å higher, especially at very close
distance scans, where the PP relaxes a lot. This height scale
differs from that in Refs. [8,18,24,49].

1. PTCDA/Au(111)

The PP position calculations of PTCDA/Au(111) were
done with the default spring stiffness K of 0.5 N/m. In
these calculations, no electrostatics were used. The PP was
placed 3.2 Å above the molecule for the PTCDA/Au(111)
close-distance scan simulations.

2. PTCDA/Ag(111)

The PP-AFM computations were done with the PP pa-
rameters that were fitted in Ref. [8] for the set obtained
with a positively charged Xe tip: spring stiffness K = 0.2
N/m and charge Q = 0.3 elementary charge (e). The far- and
close-distance scans were calculated with the PP being placed
4.3 and 3.7 Å above the molecule, respectively.

3. TOAT/Cu(111)

The spring stiffness K and the charge Q were set according
to the findings in Ref. [8] in the PP-AFM calculations.
Namely, they were K = 0.24 N/m, Q = +0.3 e for the Xe
tip simulations, and K = 0.24 N/m, Q = 0.0 e for the CO tip
simulations. For the far-distance Xe tip scan, we positioned
the PP 4.9 Å above the molecule, while for the close-distance
scan, we positioned the PP 3.5 Å above the molecule. The
close-distance scan obtained with the CO tip was simulated
with the PP being placed 2.9 Å above the molecule.

III. RESULTS AND DISCUSSION

In what follows, we will examine our approach by
comparison with experimental HR-STM images obtained
above three different systems: PTCDA molecule adsorbed
on Au(111) [43,51] and Ag(111) [8,48] surfaces and TOAT
molecule adsorbed on Cu(111) surfaces [49]. The experimen-
tal measurements were done in a constant-height STM mode
with very low applied bias voltage or in a constant-height
dI/dV mode. Since the experimental images acquired with
very low bias voltage can be seen as dI/dV maps, all simulated
STM images were calculated as constant-height dI/dV maps
at a particular energy.

A. PTCDA/Au(111)

Figure 2(a) shows the experimental dI/dV map of
PTCDA/Au(111) acquired with a CO-terminated tip at the
energy corresponding to the highest occupied molecular
orbital (HOMO) of PTCDA [51]. The molecular skeleton is
rendered by the characteristic sharp edges, with a pronounced
depression of the dI/dV signal located in the central part
of the molecule. To disentangle the effect of the electronic
structure and the PP relaxation, we first calculated a dI/dV
map at the energy of the HOMO without the PP relaxation at
a close tip-sample distance; see Fig. 2(b). The combination of
the HOMO orbital [shown in the inset of Fig. 2(b)] with px

and py orbitals on the fixed PP transforms the original 12 lobes
of the orbital into five stripes at each side of the molecule and
four squares in the middle of it. It is noteworthy that unlike
the TH, our approach takes into account the cancellation of an
STM signal, due to interference effects [35,52,53], that plays
an important role in the formation of the STM signal. For
example, the destructive interference takes place in the middle
of the molecule, where the different phases of the sample
and tip orbitals lead to a cancellation of the calculated signal.
However, the calculated STM image with fixed PP [Fig. 2(b)]
lacks sharp edges and overall agreement with the experimental
counterpart is poor.

In the next step, we perform STM simulations including
the PP relaxation with the same tip-sample distance and
energy; see Fig. 2(c). The impact of the PP relaxation is
substantial and the resulting STM image agrees very well
with the experimental evidence; compare Fig. 2(a) with 2(c).
Namely, the PP relaxations distort the smooth signal giving
rise to the sharp edges above the potential ridges. The effect
of the relaxation is more clearly pronounced on a comparison
of line profiles taken above the center of the molecule; see
Fig. 2(d). When the PP is located above a central hexagon, it
relaxes towards its center to minimize the interaction energy
[positions of the PP are shown in Fig. 2(e)]. Therefore, the
signal taken above the central hexagon is almost constant.
The sharp edges are also visible on the image obtained with
an s orbital on the relaxing PP [Fig. 2(f)]; however, this
simulation does not match well with the experimental image.
Conversely, the very good agreement between the image
simulated with px and py orbitals on the PP [Fig. 2(c)] and
the experimental image obtained with a CO tip in the dI/dV
mode [Fig. 2(a)] indicates that the electronic structure of the
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FIG. 2. Comparison between experimental and theoretical STM
images calculated with rigid and flexible tip apex. (a) Experimental
constant-height HR-STM dI/dV figure of PTCDA/Au(111) obtained
with CO tip at Vbias = −1.6 V with respect to the sample [51].
(b),(c) Constant-height dI/dV simulations of PTCDA/Au(111) at
the energy of HOMO of PTCDA obtained via our PP-STM code
using px and py orbitals on the probe particle (PP) originally placed
3.2 Å above the molecule, with the (b) fixed and (c) relaxed PP,
respectively. (d) Comparison of line profiles, taken above centers
of PTCDA molecules as indicated by (b) the green dashed line
for fixed PP and (c) the red full line for relaxed PP. The arrows
indicate the changes in the dI/dV signal given by the PP relaxations.
(e) Positions of the relaxed PP, indicated by red dots, when (c) and
(f) were simulated. (f) The same scan as (c), but with s orbital on the
PP. PP parameters: K = 0.5 N/m. All dI/dV scans are done above
the area of 25 × 25 Å.

CO tip in this experiment can be well described with px and py

orbitals.
The appearance of sharp edges and the main part of the

STM (dI/dV ) contrast depends on the PP deviations, and
the k stiffness is almost arbitrary—for lower stiffnesses, the
deviations appear at higher z positions of tip, and the other
way around. Since our main purpose was to show the general
mechanism of the HR-STM imaging, we did not try to estimate
the stiffness from the comparison with various PP-STM
simulations proceeded with different lateral stiffnesses.

It is noteworthy that the PP-STM represents a very efficient
method, as the calculated STM images shown in Fig. 2(c),

FIG. 3. Properties of PTCDA on Au(111) and Ag(111) sur-
face. (a) Geometry of PTCDA molecules adsorbed on a Au(111)
surface. (b) Density of states projected on the molecules for
the PTCDA/Au(111) system. (c) Geometry of PTCDA molecules
adsorbed on Ag(111) surface. (d) Density of states projected on
the molecules for the PTCDA/Ag(111) system. The shown 2 × 2
supercells in (a) and (c) were used for calculations of the LCAO
coefficients. The colors of the atoms are shown in the inset between
(a) and (c).

including about 1200 atoms, take only 1 hour on a standard
workstation computer.

B. PTCDA/Ag(111)

Figures 4(a) and 4(b) display experimental images of
PTCDA molecules adsorbed on an Ag(111) surface obtained
with a Xe tip at low sample bias voltage (Vbias = −2 mV [8])
in two different tip-sample distances. Figure 4(a) was acquired
in a far tip-sample distance, when tip apex relaxation is not
expected. The second experimental image [Fig. 4(b)] was
obtained at a smaller tip-sample distance, when the sharp
edges in both AFM and STM channels begin to appear. More
importantly, the Xe tip in this experimental session was found
to be positively charged [8].

Figures 4(c) and 4(d) show calculated STM images obtained
with the positively charged Xe tip model (Q = +0.3 e) [8],
where we considered only an s orbital on the PP. The good
agreement between the experimental STM images [Figs. 4(a)
and 4(b)] and their theoretical counterparts [Figs. 4(c) and 4(d)]
validates our approach for both far and close tip-sample
distances. While in the far-distance regime, the STM contrast
is exclusively driven by the electronic structure of both tip
and sample, in the close-distance regime the distinctive sharp
edges [Figs. 4(b) and 4(d)] coincide with the edges in the HR-
AFM image [8]. The positive charge located on the tip apex
diminishes the apparent size of the anhydride groups at the
edge of the PTCDA molecules in both STM and AFM [8]. This
observation confirms that HR-STM images can potentially also
be used for an analysis of the electrostatic field [8].

In this case, we were not able to reproduce the experimental
contrast considering only freestanding molecule states. That
is in contrast to the PTCDA/Au(111) system, where the
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FIG. 4. Comparison of the PP-STM model with experiment—
PTCDA/Ag(111)—for different heights of the tip. (a),(b) Constant-
height HR-STM obtained with Xe tip and Vbias = −2 mV in (a) far
and (b) close tip-sample distances, respectively. (c),(d) Simulated
PP-STM (dI/dV ) images with s orbital on the PP, which is placed
(c) 4.3 Å and (d) 3.7 Å above the molecule. The simulation energy
is +0.1 eV above the Fermi level. PP parameters: Q = +0.3 e and
K = 0.2 N/m. All figures show area 39 × 39 Å.

FIG. 5. Properties of TOAT molecule on Cu(111) surface.
(a) Geometry of a single molecule adsorbed on a Cu(111) surface.
Cluster calculations were used to describe an isolated molecule on
the surface. (b) Density of states projected on the molecule for the
TOAT/Cu(111) system. (c) Hartree potential profiles taken above the
atoms of the molecule. The selected atoms are depicted in the inset, in
the right bottom corner. The Hartree potential was taken from original
calculations in Ref. [49].

molecular HOMO state was intrinsic to the STM signal. Here
the role of the Ag substrate is very important. The simulated
images were obtained at energy −0.1 eV below the Fermi
level, where the interface states originating from hybridization
of the lowest unoccupied molecular orbital (LUMO) with the
metallic substrate are located; see Fig. 3(b).

C. TOAT/Cu(111)

In the last example, we will demonstrate not only that
other molecules can be simulated, but also that the contrast
difference between Xe and CO functionalized tips can be
captured by our simulations. We will examine STM images
of TOAT molecules deposited on Cu(111) surfaces, which has
a large internal charge transfer due to the presence of an N
atom in the center and three O atoms on the periphery of
the molecule [8]. Figures 6(a) and 6(b) show STM images
obtained with a Xe tip in the far- and close-distance regimes,
while Fig. 6(c) was acquired with a CO tip in the close-distance
regime [49]. We see that the STM contrast obtained in the
close-distance regime with Xe and CO tips is quite different.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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FIG. 6. Comparison of the PP-STM model with experiment—
TOAT/Cu(111)—for different tips and heights. (a)–(c) Experimental
constant-height HR-STM images of a single TOAT molecule ad-
sorbed on Cu(111) [49], obtained with Xe tip at Vbias = 200 mV in
(a) large tip-sample distance and (b) tip-sample distance lowered by
1.40 Å. (c) A HR-STM image obtained with a CO tip with small
tip-sample distance at Vbias = 100 mV. (d),(e) PP-STM simulations
at energy +0.2 eV above the Fermi level, with s orbital on the PP
(K = 0.24 N/m; Q = +0.3 e) for PP height (d) 4.9 Å and (e) 3.5 Å
above the molecule. (f) PP-STM simulation at energy +0.2 eV above
the Fermi level, with px and py orbitals on the PP (K = 0.24 N/m;
Q = 0.0 e) at height 2.9 Å above the molecule. (g)–(i) The same
PP-STM simulations as (d) and (f), but with Ca constant for oxygen
on the sample lowered by a factor of two. The area of all shown
figures is 19 × 19 Å.
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The impact of the functionalized tips is twofold. First, an
additive electrostatic interaction between PP and the strong
electric field of the molecule may significantly change the PP
relaxation and, consequently, the apparent position of sharp
edges [8]. In the previous work [8], we estimated, from the
detailed comparison of the experimental and simulated AFM
images, an effective charge for Xe and CO to be +0.3 e
and 0.0 e, respectively. Second, the different electronic wave
functions of the functional group on a probe may change
the STM contrast. In the next analysis, we will describe
the wave function of Xe and CO tips by s and px,py

orbitals on the PP, respectively, as they already provided
the very good matches in the previous cases of PTCDA
molecules.

Figures 6(d) and 6(e) represent calculated STM images for
a positively charged Xe tip, while Fig. 6(f) shows a simulated
STM image using a neutral CO tip, both at energy +0.2
eV above the Fermi level. The effect of different effective
charge can be nicely seen from a different apparent shape of
outer benzene rings in the close-distance images [Figs. 6(b)
and 6(c)]. Different orbital symmetries of the tip wave function
give rise to distinct contrast in the STM images (compare,
e.g., different contrast in the central part and on periphery
of the molecule). However, overall agreement between the
experiment and the simulation is not very good, especially on
the periphery of the molecule.

One possible explanation can be related to the more
complex electronic structure of the probe. In particular,
Gross et al. [52] achieved good agreement between STM
images acquired with CO tips in the far-distance regime by
taking into account the linear combination of s, px , and
py orbitals on the probe. Pavlı́ček et al. [54] claimed that
the p and s contributions can depend on the applied bias
voltage. However, in our case, the combinations of s − p
orbitals do not improve the agreement with the experimental
data.

On the other hand, from analysis of the Hartree potential
above the adsorbed molecule, we found a local increase of
the tunneling barrier above the oxygens due to a negative
partial charge on the oxygen [see Fig. 5(c)]. We tried to
mimic the variation of the tunneling barrier by lowering
the Ca constant for the oxygen atoms by a factor of two.
The HR-STM simulations displayed in Figs. 6(g)–6(i) show
significant improvements in the match with the experimental
figures for both tip functionalizations and for both tip-sample
distance regimes.

More rigorous treatment of the Ca constant, by taking into
consideration the local variation of the potential barrier height,
is left as a subject for further development. Alternatively,
the atomic hoppings TT a from Eq. (5) could be calculated
numerically according to a procedure described in Ref. [29].
We would like to emphasize that many other parameters
(e.g., chemical and atomic structure of the whole tip apex
including metallic base, charges induced due to the applied
bias voltage and/or tip-sample proximity [12], and tunneling
between the PP and the tip [18]), which are not taken into
account in our model, could also play a role in varying the STM
contrast. Despite this fact, we found the PP-STM model pro-
vides satisfactory agreement with the available experimental
data.

IV. CONCLUSION

In conclusion, we have introduced the PP-STM model
for simulations of HR-STM images acquired with a flexible
tip apex. The PP-STM model takes into account both the
relaxation of the probe particle and the tunneling process
between electronic states of the sample and the tip. We have
employed the Bardeen theory to describe the tunneling pro-
cess, while the relaxation of the probe particle is described by
the mechanistic PP-AFM model [18,24]. We have performed
extensive comparison of simulated HR-STM images with
experimental evidence to demonstrate the validity and the
limits of the PP-STM model. The model sheds more light
on the HR-STM mechanism, which consists of the standard
STM imaging heavily distorted by the relaxation of the flexible
tip apex. We believe that the detailed understanding of the
high-resolution mechanism of STM imaging will serve the
further proliferation of application of this technique.
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APPENDIX A: DERIVATION OF THE Cs AND C p

CONSTANTS

The constants Cs and Cp are not the Chen’s constants Clm

that in the original paper describe the tip state composed of
many atomic orbitals [33]. In our approach, the states of the
tip are single atomic orbitals. The constants Cs and Cp are
introduced to the PP-STM model to have mirror symmetry
between the tip and the sample: For the same atom on the
PP and on the sample, it is natural to expect that the tunneling
between the s orbital on the tip and the pz orbital on the sample
would give the same contributions as the contribution obtained
with the switched orbitals. This can be rewritten as

T Chen
sa = T Chen

pza
, (A1)

where, for the left hopping, cLCAO
S,a,s = cLCAO

S,a,py
= cLCAO

S,a,px
= 0

and cLCAO
S,a,pz

= 1, and for the right hopping, cLCAO
S,a,py

= cLCAO
S,a,pz

=
cLCAO
S,a,px

= 0 and cLCAO
S,a,s = 1. Now the left hopping can be

rewritten according to Eq. (B1) without its zero contributions,

T Chen
spz

= 2κ3/2CsCa exp(−κ|r⃗a|)
1√
4π

[√
3

za

|r⃗a|

]
. (A2)

An analogy to Eq. (B2) for the pz orbital on the tip can
be derived from Eqs. (5) and (6). Here we show only the
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part without the zero contribution necessary for the constants
derivation,

T Chen
pzs

= 2κ3/2CpCa exp(−κ|r⃗a|)
1√
4π

1
|r⃗a|

[zaκ]. (A3)

Since we do not require quantitative agreement with experi-
ment and since Cs is arbitrary in the previous consideration, we
set it to one (Cs = 1). Now, the constant Cp can be enumerated
from Eqs. (A2) and (A3),

Cp =
√

3
κ

. (A4)

APPENDIX B: EXPANSION OF TUNNELING MATRIX
ELEMENTS MT S AND ATOMIC CONTRIBUTIONS T Chen

T a

1. Expansion of atomic contributions T Chen
T a

According to Eq. (5), the atomic hoppings T Chen
T a depend

on the symmetry of the tip—more precisely on the orbital
T localized on the PP. Here we show two examples of fully
expanded T Chen

T a hoppings derived from Eqs. (5) and (6) for s
and py orbital on the PP:

T Chen
sa = 2κ3/2CsCa exp(−κ|r⃗a|)

1√
4π

[
cLCAO
S,a,s +

√
3

ya

|r⃗a|
cLCAO
S,a,py

+
√

3
za

|r⃗a|
cLCAO
S,a,pz

+
√

3
xa

|r⃗a|
cLCAO
S,a,px

]
(B1)

and

T Chen
pya

= 2κ3/2CpCa exp(−κ|r⃗a|)
1√
4π

1
|r⃗a|

[
yaκcLCAO

S,a,s

+
√

3
(

y2
a

|r⃗a|2
+ y2

a

|r⃗a|
κ − 1

)
cLCAO
S,a,py

+
√

3
(

yaza

|r⃗a|2
+ yaza

|r⃗a|
κ

)
cLCAO
S,a,pz

+
√

3
(

yaxa

|r⃗a|2
+ yaxa

|r⃗a|
κ

)
cLCAO
S,a,px

]
, (B2)

respectively.

2. Full expansion of MsS for s orbital on PP

MsS =
∑

a

√
4πκCaCs exp(−κ|r⃗a|)

[
cLCAO
S,a,s +

√
3

ya

|r⃗a|
cLCAO
S,a,py

+
√

3
za

|r⃗a|
cLCAO
S,a,pz

+
√

3
xa

|r⃗a|
cLCAO
S,a,px

]
. (B3)

3. Full expansion of Mpy S for py orbital on PP

MpyS =
∑

a

√
4πκCaCp exp(−κ|r⃗a|)

1
|r⃗a|

[
yaκcLCAO

S,a,s

+
√

3
(

y2
a

|r⃗a|2
+ y2

a

|r⃗a|
κ − 1

)
cLCAO
S,a,py

+
√

3
(

yaza

|r⃗a|2
+ yaza

|r⃗a|
κ

)
cLCAO
S,a,pz

+
√

3
(

yaxa

|r⃗a|2
+ yaxa

|r⃗a|
κ

)
cLCAO
S,a,px

]
. (B4)

APPENDIX C: TABLE OF RADIAL CUTS FOR FIREBALL
BASIS SET

The radial cut off radii of numerical basis set used in the
PP-STM simulations are listed in Table I.

TABLE I. The radial cuts for the basis set used in the FIREBALL

calculations. ab stands for the Bohr radius. * marks an excited orbital.

Atom Orbital Radial cut (ab) Atom Orbital Radial cut (ab)

H s 4.0 Ag s 4.5
s* 4.0 p 5.5

s* 4.0
C s 4.5 Au s 4.5

p 4.5 p 5.6
d 5.4 d 4.3

O s 3.3
p 3.8
s* 3.3
p* 3.8
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