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ABSTRACT: According to Hückel theory, an anti-aromatic
molecule possessing (4n)π-electrons becomes unstable.
Although the stabilization has been demonstrated by
radialene-type structuresfusing aromatic rings to antiaromatic ringsin solution, such molecules have never been
studied at a single molecular level. Here, we synthesize a
cyclobutadiene derivative, dibenzo[b,h]biphenylene, by an onsurface intramolecular reaction. With a combination of highresolution atomic force microscopy and density functional
theory calculations, we found that a radialene structure
signiﬁcantly reduces the anti-aromaticity of the cyclobutadiene core, extracting π-electrons, while the small fourmembered cyclic structure keeps a high density of the total charge.
KEYWORDS: on-surface chemical reaction, anti-aromaticity, radialene, chemical structure, atomic force microscopy,
density functional theory calculation
C−C−C angles to 90° from the preferred 120° (Figure 1a).1−3
Therefore, the synthesis and direct structural analysis of simple
and small cyclobutadiene molecules has been rather challenging, requiring kinetic stabilization by bulky substituents (Figure
1b)4−6 or by conﬁnement into crystals.7 An alternate, but
eﬃcient, method to stabilize cyclobutadiene derivatives is by
fusing aromatic rings to a four-membered backbone.
Biphenylene, in which two benzene rings are fused to the

T

he Hückel rule dictates that cyclic molecules with (4n +
2)π electrons (where n is an integer), called aromatic
compounds, are stabilized by eﬃcient delocalization of
π-electrons. The best-known example of such a molecule is
benzene with n = 1. In the case of molecules with (4n)π
electrons, on the other hand, the cyclic delocalization of π
electrons is destabilizing, making the molecule more unstable
than aromatic and nonaromatic congeners; this characteristic is
classiﬁed as anti-aromaticity. Cyclobutadiene, with 4π electrons
(n = 1), is known to be highly unstable not only due to its antiaromaticity but also because of the ring strain imposed by a
four-membered cyclic structure. This forces departure of the
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Figure 1. (a) Cyclobutadiene, (b) tetrasubstituted cyclobutadiene,
and (c) biphenylene.

cyclobutadiene core, is quite stable both chemically and
thermally (Figure 1c).8 This may be partly due to stabilization
imparted by a radialene structure, which is a cyclic structure
containing cross-conjugated exocyclic double bonds, rather
than the corresponding cyclobutadiene structure. Although the
structures of biphenylene and related compounds have been
conﬁrmed by X-ray diﬀraction9−12 and electron diﬀraction13
analyses, such reciprocal space measurements are potentially
inﬂuenced by a dynamic and static disorder of molecules in
crystals.3,14,15 Therefore, it is of importance to investigate the
radialene structure of cyclobutadiene derivatives at a single
molecular level.
State-of-the-art atomic force microscopy (AFM) has become
an important technique in a ﬁeld of on-surface chemistry, since
the functionalized tip with a small carbon monoxide (CO)
molecule allows us to observe the inner structures of single
molecules on surfaces.16 This direct observation has been used
to investigate new molecules,17 including asphaltenes,18 as well
as on-surface chemical reactions.19,20 Even the bond order can
be investigated by measuring the apparent bond length.21
Furthermore, together with local probe-induced dehydrogenation or dehalogenation, high-resolution AFM has been used
for identifying the structures of arynes22 and triangulene,23 as
well as for tracking the reversible Bergman cyclization.24
Therefore, AFM is a logical tool to address a radialene structure
in single biphenylene derivatives via direct observation.
Here, using the AFM technique with the CO functionalized
tip we study the structure and anti-aromaticity of a single
dibenzo[b,h]biphenylene,25−31 which was synthesized in situ by
on-surface intramolecular reactions. The measured bond
lengths in the naphthalene moieties connected to the
cyclobutadiene core provide insight into competing annulene
and radialene structures in a single compound. We found that
anti-aromaticity is signiﬁcantly reduced, yet the total charge
density in the small cyclobutadiene core is strengthened by the
large stress of the carbon−carbon bond, inducing stronger
short-range repulsion. However, at a large tip−sample
separation, the reduced total charge of the radialene structure
leads to a weaker tip−sample attractive interaction. Our density
functional theory (DFT) calculations show an important role in
the dissociated bromine atoms for the condensation of
molecules. Furthermore, the order of the calculated bond
order and the behavior of the total charge support the
experimental results.

Figure 2. (a) Schematic drawing of 3,3′-dibromo-2,2′-binaphthalene. (b) Scanning tunneling microscopy (STM) topography of the
compound synthesized on Ag(111) at 406 K. Measurement
parameters: Bias voltage Vtip = −200 mV and tunneling current I
= 0.8 pA.

are connected to each other with a single bond. By connecting
position 3 and 3′, dibenzo[b,h]biphenylene can be synthesized.
The precursor was deposited on Ag(111) at 366 K while the
temperature of the substrate was kept at room temperature.
Subsequently, the sample was annealed at 406 K to induce the
on-surface chemical reaction, which is assisted by the catalytic
properties of the surface.35 Figure 2b shows an overview of the
STM topography taken with a CO functionalized tip. We found
three diﬀerent kinds of compounds on the surface, labeled as I,
II, and III. Similar to previous studies,36,37 the synthesized
compounds were condensed via the halogen atoms dissociated
from the precursors. The important role of the dissociated
halogen atoms in the stabilization of the molecular ﬁlm can be
seen by the noisy lines in the left-hand side in Figure 2b, where
isolated molecules were accidentally moved by the scanning
probe even with a large tip−sample separation (0.8 pA and
−200 mV). A detailed condensation mechanism will be
discussed in the section of theoretical calculations. Note that
we also see evidence of co-condensation of molecular types. On
the right-hand side in Figure 2b, the co-condensation of
molecule I and III is seen, while molecule I and II are shown in
Figure S1. In all cases, the structures including the halogen
atoms were highly ordered.
Figure 3a−c show closeup views of STM topographies of
molecule I, II, and III, in which butterﬂy-, ’S’-, and linear-shaped
molecules can be seen, respectively. From the observed
molecular size, we can immediately conclude that molecule I
is composed of two precursors. The bright spot at the center of
molecule I corresponds to a Ag atom, as indicated by a red
arrow in the inset of Figure 3a, which is consistent with the
previous works on organometallic compounds.38,39 Smaller
bright spots indicated by yellow arrows likely correspond to the
dissociated Br atoms. Two other compounds are composed of

RESULTS AND DISCUSSION
On-Surface Ullman-Type Intermolecular Reaction.
Ullmann-type chemical reactions have recently been employed
to synthesize conjugated polymers from hydrocarbons on metal
surfaces.32−34 In such precursors, two halogen (Br and I) atoms
are substituted at the both sides and hence the intermolecular
reaction takes place by annealing. We took a similar strategy to
form the intramolecular bond by employing 3,3′-dibromo-2,2′binaphthalene (Figure 2a), in which two naphthalene moieties
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Figure 3. (a−c) STM topographies of the compounds synthesized on Ag(111) at 440 K. Insets show closeup views. (d−f) Corresponding
atomic force microscopy (AFM) images, obtained with a CO functionalized tip. (g−i) Chemical structures of the organometallic compound,
2,2′-binaphthalene, and dibenzo[b,h]biphenylene. Measurement parameters: Vtip = −200 mV and I = 0.8 pA for STM measurements in (a−c).
Vtip = 0 mV and oscillation amplitude A = 60 pm for AFM measurements in (d−f).

compound can be changed by the annealing temperature.
Annealing at a lower temperature of 356 K mainly induced the
formation of molecule I (see Supporting Information Figure
S2). Furthermore, by annealing at 406 K, a signature of
transformation to molecule II from the organometallic
compound was seen (Figure S1). Therefore, the organometallic
compound (Figure 3d) is the intermediate. Depositing the
precursor on the substrate kept at 440 K selectively produced
only molecule III (see Supporting Information Figure S3). It
may relate to the fact that the ratio of hydrogenation of the
radical and self-conjugation drops at a higher temperature, or
molecule II desorbs from the surface due to a lower binding
energy, compared with molecule III.
Structural Analysis of Dibenzo[b,h]biphenylene. Here,
we focus on the structure of dibenzo[b,h]biphenylene (Figure
4a). The molecule is planar and symmetric, having two
naphthalene moieties, connected with the cyclobutadiene core.
The four centers of both naphthalene moieties are observed
equivalently. In contrast, the cyclobutadiene core appears
brighter (more positive frequency shift) than the naphthalene
moieties with a certain tip−sample separation. It can be related
to either the anti-aromaticity, the size of cyclic carbon, or the
strong distortion of C−C−C bond. The observed cyclobutadiene core looks like the rectangular D2h structure.
According to the pioneering work on bond order analysis
with AFM,21 a higher (lower) bond order appears shorter

single precursors (Figure 3b and c), yet the shapes are diﬀerent,
as seen in the insets. In order to investigate the molecular
structures, we switched to AFM and observed the products with
a CO functionalized tip at a constant height. Figure 3d−f show
the corresponding high-resolution AFM images and chemical
structures (Figure 3g−i). The organometallic compound
(molecule I) appears with a dark contrast at the center, and
the four termini are brighter. Molecule II is 2,2′-binaphthalene,
so two bromines in the precursor molecule were replaced by
two hydrogen atoms.
Interestingly, two radicals were formed by cleaving two sets
of the C−Br σ bonds in each molecule via annealing and were
immediately hydrogenated before the precursors conjugated to
each other or themselves. In this reaction, no hydrogen atoms
were released from the precursor, so that hydrogen atoms were
deﬁnitely supplied from the UHV environment or the Ag
substrate. Note that hydrogen atoms from the tungsten
ﬁlament located at the backside of the sample plate for heating
may also be the candidate, yet the pressure during annealing at
406 K never exceeded 1 × 10−9 mbar. Nevertheless, stray
hydrogen atoms were abundant and generally play an important
role in any Ullmann-type on-surface reaction in vacuum. The
hydrogenation of the radicals was not perfect, so that some of
the precursors were self-terminated as initially designed.
Molecule III is the target compound, which is dibenzo[b,h]biphenylene (Figure 3f and i).40 Note that the yield of each
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Figure 4. (a−d) Schematic drawing of dibenzo[b,h]biphenylene. (e) High-resolution AFM image, obtained with a CO functionalized tip. (f)
Corresponding Laplace ﬁltered image for a better view of the bonds. The numbers indicated the measured bond lengths. (g) Mean values of
the bond lengths taken over equivalent bonds.

Figure 5. (a−g) A series of AFM images, taken at diﬀerent tip−sample distances. The distance step between images is 20 pm, with (a) the
furthest from the sample. (h) High-resolution AFM image. (i) Two-dimensional frequency shift map taken along the dashed line in h. White
dots indicate the Z position of the most negative frequency shift in each Z−Δf curve. (j) Extracted force map. (k) Force curves at the centers
of the cyclic carbons. The positions were indicated in (j). Measurement parameters: Vtip = 0 mV and A = 60 pm.

(longer). The tiny diﬀerence of the bond length is signiﬁcantly
ampliﬁed by the tilt eﬀect of the CO tip. Therefore, at ﬁrst
glance, one might readily conclude that anti-aromaticity is the
leading candidate to explain the image contrast. However, such
bond length extension can also be seen in the naphthalene
moieties, which are supposed to be mostly aromatic. Thus, the

tilt eﬀect of the CO tip is responsible for the apparent extension
of the cyclic carbons. While the CO tip ensures imaging of
inner structures of molecules, the low lateral stiﬀness is strongly
aﬀected by the asymmetric force ﬁeld.41 Especially, when a
molecule is rectangular, the lateral force gradient along the
short molecular axis is steeper than that along the longitudinal
8125
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Figure 6. Calculated structure of condensed dibenzo[b,h]biphenylene molecular structure on the [111] silver surface from (a) top and (b)
side. Atoms are colored as follows: C (Cyan); H (white); Br (mauve); Ag (silver). The inset in (a) shows an example constant current
simulated STM image of the system. (c) Plot of charge of adsorbed system, where red is negative and blue is positive (plotted range
−0.45:0.30). (d) Zoom into one molecule to show bond lengths in the calculated structure. (e) Simulated AFM images of an isolated molecule
with decreasing tip−surface distance from top to bottom. (f) Simulated force map taken along the center-line of the molecule. Here white is
zero interaction, blue is attraction, and red is repulsion.

axis. In this way, the molecule appears to be extended in the
direction of the short axis as seen in Figure 3f. This feature was
observed even in the ﬁrst observation with pentacene16 (for a
better comparison, see Supporting Information Figure S4).
Therefore, the direct analysis of the bond order only at the
small cyclobutadiene core is not trivial.
Since the aromaticity and anti-aromaticity at the core aﬀects
those of connected naphthalene moieties, these can indirectly
be investigated via bond length analysis of the naphthalene
moiety. In the case of molecule III, the lateral force ﬁeld along
the same axis would be almost constant, leading to the same
magnitude of tip deﬂection. Note that bonds at both edges
usually appear longer than those at the centers due to a steeper
lateral force gradient toward the center of the molecule. In
contrast to the small cyclobutadiene core, analyses of the bond
length at the naphthalene moiety thus become valid. Several
contributing structures are drawn in Figure 4a−d, in which
carbon atoms are labeled as C1−C20. Figure 4e shows a highresolution AFM image, while, in Figure 4f, to enhance the bond
features, a Laplace ﬁlter was applied.21 To cancel the eﬀect of
the anisotropic tilt of the CO molecule, we took mean values
over the equivalent bonds in molecule III (Figure 4g). We then
investigated the bond order along the longitudinal axis. If the
anti-aromaticity remains at the cyclobutadiene core, C3−C4
and C4−C5 should be double and single bonds, respectively

(Figure 4a and b). However, the observed bond length of C3−
C4 (146 pm) is much longer than C4−C5 (89 pm), so the
bond order of C3−C4 is lower than C4−C5. Therefore, the
anti-aromaticity of cyclobutadiene core, in the so-called
radialene structure (Figures 4e and f), is drastically reduced
by the fused naphthalene moieties. Nevertheless, the unusual
short length of the C4−C5 bond may also relate to a local
geometrical compensation caused by the CO tip deﬂection
since the C5−C6 bond appears signiﬁcantly longer. Next, we
investigated the weight of two aromatic resonance structures via
comparing the bond lengths among C1−C2, C2−C3, and C3−
C4. The longest bond is C3−C4 (146 pm), followed in order
by C2−C3 (132 pm) and C1−C2 (118 pm). If the naphthalene
moiety keeps its aromaticity, this condition cannot be satisﬁed
with only two radialene structures, since the C1−C2 bond
should be the same as C2−C3. Note that the apparent C1−C2
bond length is elongated by the edge eﬀect. To satisfy this
condition, a low, but ﬁnite weight of annulene structures should
exist, while the majority weight comes from the two radialene
structures. Hence, the radialene structure is not completely
dominant and can be considered a so-called partial radialene.
Note that the bond length analysis requires clear bond features
in the image,21 which can be obtained only in a small range of
the Z distance. We see no signiﬁcant systematic change of the
measured bond lengths as a function of Z.
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Quantitative Force Measurement of the π System.
Figure 5a−g shows a series of AFM images, taken at diﬀerent
tip−sample Z distances. The step of the Z distance was 20 pm.
A strong contrast transition of the AFM images at the
cyclobutadiene core is seen. At large tip−sample separations,
the contrast at the cyclobutadiene is blurred, as if the two
naphthalene moieties are disconnected (Figure 5c). In order to
investigate the tip−sample interaction quantitatively, a series of
Z distance dependent measurements was taken along the
longitudinal molecular axis (Figure 5h). Figure 5i shows the
two-dimensional frequency shift map. Note that although
nonsite dependent long-range contributions were subtracted,
the attractive van der Waals interaction between tip and
molecule modulates the force ﬁeld, such that a dark halo
appears around the molecule (Figure 5h). Consequently, the
center of molecule has the greatest attractive force background.
The center core looks slightly protruded due to the strongly
increased frequency shift at close distances. To investigate the
corrugation across a single molecule, we took the most negative
frequency shift points, which can indicate a variation of the
local adsorption height.42 The center of the cyclobutadiene core
is shifted farther from the surface than those of the naphthalene
moieties by about 6 pm. In order to get a better physical
quantity, the interaction force was extracted via the frequency
shift map with a numerical algorithm (Figure 5j).43 We found
that the magnitude of the attractive force at the cyclobutadiene
core is lower than that at the centers of the benzenes (Figure
5k), while the repulsive force rapidly grows in a similar fashion.
Density Functional Calculations. In order to gain more
insight into the nature of the dibenzo[b,h]biphenylene
molecular structure on the Ag (111) surface, we performed a
series of density functional theory (DFT) calculations. Initially
we considered the adsorption of isolated molecules on the
surface and found that they adsorb with an energy gain of 1.88
eV, and an adsorption height at the cyclobutadiene core of 310
pm (with the edges at about 295 pm). There is minimal charge
transfer with the surface, and the bond lengths are almost
identical to the molecule in vacuumthere is a clear upward
shift of the molecule center of about 15 pm, which is larger than
the value extracted via the experimental data (see Figure 5i).
Although small, CO-AFM imaging is highly sensitive to these
diﬀerences34 and the associated simulated images diﬀer
signiﬁcantly from the experimental images (see Supporting
Information Figure S5b).
The calculations were then repeated in the presence of
cleaved bromines in the initial geometry suggested by STM
(see Figure 3c). Electron transfer from the surface to the
bromines (see Supporting Information Figure S6) results in a
clear charge on them (estimated at −0.5e) and a smaller
positive charge on the neighboring Ag atoms (see Figure 6c).
This leads to a small, but non-negligible, electrostatic
interaction between the negative Br ions and positive molecular
hydrogens, as well as increased polarization eﬀects, overall
providing a gain of 0.34 eV compared to the isolated molecules
on Ag (based on a formation energy comparison of equivalent
components). The interaction also ﬂattens the molecule, with a
vertical variation of less than 3 pm (see Figure 6b), and
simulated AFM images are now much closer to that seen
experimentally (see Figure 6e); in particular, the clear variation
in contrast across the molecule in Figure S5 at smaller tip−
surface distances is not present in Figure 6e. The molecule−
substrate separation becomes larger on average (to about 312
pm), but the molecule remains eﬀectively identical to the

vacuum structure. The introduction of bromine also means that
simulated STM images show very good agreement with
experiment (see Figure 6a), and we also produce a simulated
force map (Figure 6f) that shows all the main features seen in
experiments (Figure 5j). Note that the adsorption energy of a
single bromine atom is about 4 eV, while the dissociation
energy of the dimer is about 2 eV, so it is extremely unfavorable
to desorb bromine. Also, despite the very fast diﬀusion of
bromine on metal surfaces,44 its negative charge prevents the
formation of dimers on the surface.
If we consider the development of AFM contrast shown in
Figure 5a−g and Figure 6e, the gradual appearance of the
cyclobutadiene core is related to the nature of charge and
charge density of the system. At longer ranges, the weakly
charged atoms (charges ±0.05) of the molecule show a weak
contrast, and the background dominates; repulsive interactions
are minimal. As the tip approaches, the total charge density in
the C−C bond is responsible for the strength of the short-range
repulsion and the concentration of charge density at the core
due to the proximity of the four carbon atoms means the shortrange repulsion rapidly grows at a small separation. Moving
even closer, the centers of cyclic carbons at the naphthalene
moieties also started to be ﬁlled by the bright contrast (Figure
5g), again relating to the short-range repulsion.21
The lack of signiﬁcant charge transfer between the molecule
and metal substrate allows us to investigate the competing
annulene and radialene structures. Figure 6d shows the
calculated geometry of the molecule. Small, but signiﬁcant
variations of the bond length can be seen across the molecule.
In Table 1, the measured bond lengths in the experiments and
Table 1. Bond Order Analysis via the Bond Lengths
Bond

AFM measurement
(pm)

DFT calculation
(pm)

Pauling bond
order

C1−C2
C2−C3
C3−C4
C4−C5
C5−C6
C1−C11
C3−C13
C5−C15

118
132
146
89
165
149
198
201

139
142
144
137
149
141
145
145

1.64
1.50
1.42
1.73
1.23
1.55
1.38
1.38

the calculations are listed. Due to the ampliﬁcation of the bond
order diﬀerence by the deﬂection of the CO tip, the absolute
value deviates, yet the order of the lengths along the
longitudinal molecular axis agrees well (see Supporting
Information Figure S7). Nevertheless, to obtain more chemical
quantities, we calculated the bond orders (also shown in Table
1) with the bond lengths obtained in the DFT calculations. The
relationship between the Pauling bond order and the bond
length is described as

⎛ r − rx ⎞
⎟
nx = n0 exp⎜ 0
⎝ c ⎠

(1)

where nx is the bond order, rx the bond length, n0 the bond
order of the reference, and r0 the bond length of the reference.
The constant c = 0.353 was taken from ref 45. Since the
tetragonal core of dibenzo[b,h]biphenylene contains strong
ring strain, the absolute bond orders may have uncertainties,
but the relative values should be valid. The Pauling bond orders
in the naphthalene moiety signiﬁcantly vary around 1.601,
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1 being used for the ﬁnal production runs. This approach converged
the total energy of all the systems to the order of meV. The properties
of the bulk and surface of Ag and the isolated molecular structure were
carefully checked within this methodology, and excellent agreement
was achieved with experiments. For calculations of the isolated
molecule, a surface slab of 6 × 6 × 5 in terms of the Ag unit cell was
used, with a vacuum gap of at least 1.5 nm. This was reduced to 5 × 5
× 5 to match the dimensions of the condensed phase seen in
experiments. All adsorption energies are calculated by subtracting the
individual components of the system, in the same unit cell, from the
total energy of the ﬁnal system. Bader charge analysis was used to
estimate charge transfer in the simulations.57 We also calculated the
isolated molecular structure using hybrid functional B3LYP,58,59 and
the adsorbed molecule−surface structure using vdW functionals D360
and TS.61 We observed no signiﬁcant diﬀerences in the structure
compared to optB86B.
For calculated AFM images we used the model developed by
Hapala et al.62 The best agreement with experiment was found with a
tip lateral spring constant of about 0.5 N/m, similar to values reported
in previous studies.62 The molecular structure was taken from DFT
simulations of the adsorbed molecule, and the electrostatic potential
was extracted from the Hartree potential;63 we also used a quadropole
dz2 tip model,64 with an eﬀective charge of −0.2, which proved critical
in getting excellent agreement with experiment. All other parameters
are the same as intended by Hapala et al., and the simulated AFM scan
is performed at a resolution of 2.5 pm (in all directions), with a force
tolerance criterion of 4 × 10−6 eVÅ−1. The 3D force ﬁeld is
subsequently converted into a frequency shift image using the
experimental parameters.

indicating that all bonds are between single and double bonds.
Particularly, C4−C5 has more double bond character due to
the fused cyclobutadiene core, as shown in Figure 4c and d.
However, since the radialene structure is not perfect, the
corresponding Pauling bond order is much lower than 2. In this
way, the calculated Pauling bond shows evidence that the
aromaticity of the naphthalene moiety is modulated by the
radialene structure.

CONCLUSION
In summary, we reported competing annulene and radialene
structures in a single cyclobutadiene derivative. High-resolution
atomic force microscopy with a CO functionalized tip allowed
investigation of the deviation of the π electron system via bond
length comparison. While the anisotropic force ﬁeld in the
rectangular shape at the core prevented a direct investigation of
the anti-aromaticity in the cyclobutadiene, the fused naphthalene core gave insights into the radialene structure indirectly.
We found that the radialene structure signiﬁcantly reduces the
anti-aromaticity in the cyclobutadiene core yet is not perfect.
DFT calculations emphasized the role of cleaved bromines in
the resulting structure and demonstrated that charge transfer
from the surface did not play a signiﬁcant role in the electronic
structure of the adsorbed molecules on the surface. This then
justiﬁed the use and interpretation of AFM bond order analysis
and highlighted its potential in future studies of the nature of
the π electron in cyclic carbon compounds.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.7b02973.
Coexisting of compound I and II, self-assembly of the
organometallic compound, deposition on a hot Ag(111)
at 440 K, inﬂuence of the radialene structure, calculation
of a single dibenzo[b,h]biphenylene molecule, induced
diﬀerential charge density, and measured bond length as
a function of Pauling bond order are discussed. (PDF)

AFM Measurements. All measurements were performed with a
commercially available Omicron low temperature scanning tunneling
microscopy (STM)/atomic force microscopy (AFM) system,
operating in ultrahigh vacuum at 4.8 K. We used a tuning fork with
a chemically etched tungsten tip as a force sensor.46 The resonance
frequency and the mechanical quality factor are 23145.6 Hz and 5033,
respectively. The high stiﬀness of 1800 N/m realizes a stable operation
with a small amplitude of 60 pm.47 The frequency shift, caused by the
tip−sample interaction, was detected with a commercially available
digital phase-locked loop (Nanonis: OC-4 and Zurich Instruments:
HF2-LI and HF2-PLL).48 For the STM measurement, the bias voltage
was applied to the tip while the sample was electronically grounded.
The tip apex was ex situ sharpened by milling with a focused ion beam.
The tip radius was less than 10 nm. A clean silver tip was in situ formed
by indenting to the Ag sample surface and applying a pulse bias voltage
between tip and sample several times. For AFM, the tip apex was
terminated with a CO molecule, which was picked up from the
surface.49 Clean Ag(111) surfaces were in situ prepared by repeated
cycles of standard Ar+ sputtering (3 × 10−6 mbar, 1000 eV, and 15
min) and annealing at 740 K. In this experiment, 3,3′-dibromo-2,2′binaphthalene molecules were deposited on the surface from crucibles
of a Knudsen cell, heated at 366 K. The temperature of the substrate
was kept at room temperature. Two-dimensional frequency shift
mapping was performed by a series of Z distance measurements of the
frequency shift. Measured images were analyzed using the WSxM
software.50
Theoretical Calculations. All ﬁrst-principles calculations in this
work were performed using the periodic plane-wave basis VASP
code51,52 implementing the spin-polarized density functional theory
(DFT). To accurately include van der Waals interactions in this system
we used the optB86B+vdW-DF functional,53−55 selected based on
previous work showing that it provides a suﬃciently accurate
description for all subsystems involved in the measurement. Projected
augmented wave (PAW) potentials were used to describe the core
electrons,56 with a kinetic energy cutoﬀ of 550 eV (with PREC =
accurate). Systematic k-point convergence was checked for all systems,
with sampling chosen according to system size and a mesh of 3 × 3 ×
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