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Abstract: Replacement of sp2-hybridized carbon in
polycyclic aromatic hydrocarbons (PAHs) by boron
affords electron-deficient π-scaffolds due to the vacant
pz-orbital of three-coordinate boron with the potential
for pronounced electronic interactions with electron-rich
metal surfaces. Using a diboraperylene diborinic acid
derivative as precursor and a controlled on-surface non-
covalent synthesis approach, we report on a self-
assembled chiral supramolecular kagome network on an
Ag(111) surface stabilized by intermolecular hydrogen-
bonding interactions at low temperature. Scanning
tunneling microscopy (STM) and spectroscopy (STS)
reveal a flat band at ca. 0.33 eV above the Fermi level
which is localized at the molecule center, in good
agreement with tight-binding model calculations of flat
bands characteristic for kagome lattices.

Introduction

During the last two decades, research on two-dimensional π-
conjugated materials, being either connected by covalent
bonds or by non-covalent interactions, enjoyed great
popularity.[1,2] Whilst initially focused on purely carbon-
based structures, more recent development also explored
the influence of heteroatoms to tune the properties of the
two-dimensional material and its coupling to substrate
surfaces.[3] Substitutional doping with elements possessing

more valence electrons than carbon, such as sulfur,
phosphorus, selenium, oxygen, silicon, and nitrogen, affords
electron-rich π-scaffolds that can be easily oxidized, thereby
enabling p-type charge carrier transport.[4] Among them,
nitrogen is the prevailing dopant, as it has a similar atomic
radius to carbon.
The counterpart is boron, which only possesses three

valence electrons, resulting in n-type organic semiconduc-
tors. Reports on boron-doped graphenes are, however, more
scarce compared to those on nitrogen-doped graphenes.[5]

To effectively tune the properties of boron-doped graphe-
nes, the pattern and level of doping are crucial but
unfortunately harder to control via the standard procedures
(through chemical vapor deposition, solid-state and liquid-
phase synthesis).[6] Therefore, cut-outs of boron-doped
graphene, which are denoted as boron-containing graphene
nanoribbons (GNRs), nanographenes, or polycyclic aro-
matic hydrocarbons (PAHs) depending on their size,[7–9]

have attracted widespread interest as they can be accessed
via bottom-up synthesis, allowing atom-precise
structures.[7,10,11]

Starting with small precursors and making use of Au-
(111)-catalyzed coupling between brominated boron-con-
taining PAH precursors, Kawai et al.[12] as well as Crommie
and Fischer and co-workers[13] elegantly demonstrated in
2015 the synthesis of one-dimensional boron-doped gra-
phene nanoribbons with defined structures. In this approach,
strongly twisted precursor molecules are planarized on the
substrate by covalent bond formation in a chemical reaction.
An alternative approach to obtain boron-doped PAH layers
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on metallic surfaces would rely on the self-assembly of
suitable π-conjugated molecules.[2,14] Here, however, the
common need for the stabilization of the reactive tri-
coordinate boron centers by sterically demanding substitu-
ents, such as mesityl, prohibits the formation of defined two-
dimensional adlayers. Accordingly, despite of a large variety
of boron-doped PAHs made available by the groups of
Marder,[15] Yamaguchi,[16] Wagner,[17] Ingleson[18] and
others,[19] such substituents protruding out of the π-plane
interfere with the goal of self-assembly of such molecules in
two-dimensional adlayers on planar surfaces. This problem
also holds true for previously reported boron-containing
PAHs from our group that typically are either helically
twisted[20] or contain aromatic substituents that are twisted
out of the boron-containing PAH plane.[21]

Here, following a previously introduced consecutive
hydroboration/electrophilic borylation/dehydrogenation
protocol,[22] we accomplished the first fully planar 3,9-
diboraperylene diborinic acid derivative B2� Per and demon-
strate its suitability for the formation of well-organized self-
assembled adlayers by vacuum-deposition on metallic
surfaces. Using a low-temperature scanning tunneling micro-
scope (LT-STM) and high-resolution bond-resolving imag-
ing with carbon monoxide (CO) functionalized tips,[23] we
reveal that B2� Per on Ag(111) self-assembles by hydrogen
bonds between the BOH subunits in a kagome lattice.
Density functional theory (DFT) calculations indicate that
this order relies on intermolecular bonds without any
substrate atoms between the molecules. Tunneling spectro-
scopy reveals an empty state peak at an energy eU �

330 meV above the Fermi level which is located at the
molecule center, in good agreement with tight-binding
model calculations of flat bands characteristic for kagome
lattices.[24]

Results and Discussion

3,9-Diboraperylene diborinic acid B2� Per could be synthe-
sized by the procedure shown in Scheme 1 that starts with
the in situ generated borenium salt via a hydroboration/
C� H borylation/dehydrogenation cascade followed by hy-
drolytic workup. For the details on the synthesis and com-
pound characterization we refer to the experimental proce-
dures section in Supporting Information.

The optical properties of this molecule are indeed
strikingly similar to those of perylene bisimides[25] (Figure 1);
absorption and fluorescence maxima are almost at the same
wavelengths for B2� Per and perylene being functionalized
with two imide substituents. Also, the vibronic patterns are
very similar, which suggests a similar involvement of
aromatic stretching vibrations and bond length variation
upon excitation into the S1 state for these two molecules.
However, with a value of 69% the fluorescence quantum
yield (Φf) of B2� Per in dichloromethane does not reach the
same level as observed for many perylene bisimides (Φf

close to 100%). The redox potentials of � 1.38 V and –
1.80 V versus the ferrocenium/ferrocene redox couple deter-
mined for B2� Per by cyclic voltammetry are also close to
those observed for perylene bisimides (� � 1.0 V and
� 1.2 V),[25,26] demonstrating the electron-accepting character
induced by the two vacant pz orbitals of the boron centers.
Prior to evaporation, B2� Per was degassed for several

hours under UHV conditions, and was afterwards subli-
mated from a resistively heated crucible onto a clean
Ag(111) substrate kept at room temperature. The temper-
ature of the crucible during evaporation is ~460 K. Clean
Ag(111) surfaces were prepared by repeated cycles of Ar+

ion sputtering for ~30 min at an ion energy of 1 keV and
subsequent annealing up to 700 K for ~20 min.
After evaporation of the molecules, samples were

immediately transferred into a home-built low-temperature
scanning tunneling microscope (LT-STM) operated at T �
4.5 K. Topographic imaging was performed in the constant-
current mode with the bias voltage applied to the sample.
For scanning tunneling spectroscopy (STS) measurements, a
bias voltage modulation URMS (frequency 1333.1 Hz) was
applied such that tunneling differential conductance dI/dU
spectra can be acquired by detecting the first harmonic
signal with an external lock-in amplifier.
We first deposited B2� Per on clean Ag(111) surfaces.

The sample was annealed at 443 K for 20 min and then
cooled down to 4.5 K in the STM. As shown in Figure 2a,

Scheme 1. One-pot synthesis of planar 3,9-diboraperylene diborinic
acid B2� Per from 9,10-divinylanthracene.

Figure 1. UV/Vis absorption and fluorescence spectra of B2� Per in
comparison to a perylene bisimide (R=n-hexyl) in dichloromethane at
298 K.
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this preparation procedure led to extended islands of
B2� Per. A supramolecular network forms around hexago-
nally arranged holes. The edges of these islands are
predominantly oriented along the three nearest-neighbor
hole directions, indicated by green lines. Comparison with
the atomic lattice of Ag(111) reveals that these directions
are rotated by 14° with respect to the crystallographic
h10�1i directions of the substrate, indicated by white arrows
in the upper right of Figure 2a.
Figure 2b shows a zoom-in STM image scanned at a bias

voltage U ¼ � 1 V on an island similar to the one presented
in Figure 2a. It becomes apparent that the symmetry of the
molecular lattice exhibits a kagome lattice, as indicated by
the colored p6 m-symmetric trihexagonal tiling pattern in
the lower right of Figure 2b. Yet, similar to the structure of
woven Japanese bamboo baskets which donated their name
to the kagome lattice, mirror symmetry is broken at the
vertices of the lattice, resulting in a chiral structure indicated
by a pinwheel of green lines in the upper left of Figure 2b.
While this transition from a p6 m- to a p6-symmetric

lattice in the case of bamboo baskets is a direct consequence

of the weaving process, it is less straightforward to under-
stand why the assembly of coplanar B2� Per molecules on
Ag(111) should result in a chiral surface structure. The
origin of this chiral structure can be understood by a close
inspection of high-resolution data obtained with a molecule-
functionalized tip,[23,27] which is achieved by the accidental
transfer of a B2� Per molecule or clusters from the surface
onto the tip apex. The data of Figure 2c were obtained on
an island of B2� Per similar to the one shown in Figure 2a
and Figure 2b. The rhombus-shaped unit cell of the B2� Per
kagome lattice with the cell parameter ~a ¼ ð2:64� 0:08Þ nm
and an included angle a ¼ ð61� 1Þ� is clearly visible. We
can also distinguish individual molecules. As expected for a
kagome lattice, each molecule has four nearest neighbors, in
contrast to the honeycomb, where each lattice site has three
nearest neighbors.[24] Furthermore, the functionalized tip is
able to reveal details of the molecule’s orbital structure. The
left inset of Figure 2c presents a zoom-in of a single B2� Per.
In the center one recognizes three, largely parallelly
oriented features which exhibit an inverted s-shape. Two
slightly elongated features can be found at the diagonally
opposing molecule ends, i.e., in the upper right and the
lower left of the left inset.
STM topographic images like the one presented in the

left inset of Figure 2c, in simple terms, represent the local
density of states (DOS) of the molecule over the range of
biases from the electronic Fermi level to the set bias voltage.
Therefore, it is meaningful to compare the experimental
data to ab initio density functional theory (DFT) calcula-
tions. The right panel of the inset of Figure 2c shows the
lowest unoccupied molecular orbital (LUMO) of a B2� Per
molecule (see details in Figure S8 in Supporting Informa-
tion). The B2� Per is prochiral, i.e., depending on the
molecule’s orientation upon landing on the substrate sur-
face, either of the two molecular faces may point away from
the substrate. We found that the experimental results of the
inset of Figure 2c can only be reproduced for a left (L)-
handed molecule, i.e., when the boron atoms are located at
the upper left and lower right end of the molecule, resulting
in enhanced charge density of the LUMO at the upper right
and lower left end. Indeed, we recognize an excellent
agreement between the experimental data and the DFT
calculated LUMO.
The inspection of larger surface areas confirms that both

islands with supramolecular networks consisting of L- and
R-handed B2� Per exist with the same probability. Exem-
plary STM images obtained at U= � 1 V are presented in
Figure 2b and d. In both panels, a pinwheel-like structure of
lines can be recognized around the central depression.
However, as indicated by green lines, the rotational sense of
these pinwheel-like structures is opposite. While a counter-
clockwise (CCW) rotating pinwheel is found in Figure 2b, it
is clockwise (CW) in Figure 2d. Note that the different
handedness of these supramolecular networks also results in
a rotation of the hexagonally arranged holes. While their
nearest-neighbor direction is rotated by +14° in Figure 2b,
like the island imaged in Figure 2a, the opposite rotation of
� 14° is observed for Figure 2d.

Figure 2. (a) STM topography of B2� Per deposited on an Ag(111)
surface and post-annealing at 443 K. The skeleton structure of the
precursor (B2� Per) is superimposed in the top right corner. (b,d) STM
topographies of two typical kagome supramolecular structure areas
under bias U= � 1 V found on the same sample of (a), showing two
opposite chiral rotations, i.e., counterclockwise (CCW) in (b) formed by
L-chiral molecules and clockwise (CW) in (d) formed by R-chiral
molecules. (c) Zoom-in image of (a) with a molecular functionalized
tip shows the frontier molecular orbital of the kagome supramolecular
network. Unit cell lengths and its included angle are marked as a, b
and α. Molecular skeletons are superimposed for clarity. The inset
shows the comparison of the STM topography and the DFT calculated
lowest unoccupied molecular orbital (LUMO). Scanning parameters:
(a) U=1 V, I=100 pA; (b) U= � 1 V, I=500 pA; (c) U= � 100 mV,
I=300 pA; (d) U= � 1 V, I=800 pA.
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The data of Figure 2 lead to three major conclusions. (i)
First, the good agreement between experimental data and
DFT calculations confirms that the STM image represents
the density of states of the B2� Per LUMO. In the gas phase,
this LUMO is found at an energy of 3.17 eV below the
vacuum level, and 3.77 eV below the vacuum level if taken
into account the intermolecular interactions (see details in
section 3.1 in Supporting Information), which, given a
Ag(111) work function of 4.53 eV,[28] would result in an
energetical position far above the Fermi level. We speculate
that the charge transfer between the substrate and the
molecule results in a partial occupation of the LUMO. (ii)
Second, it confirms the intactness of the molecule upon
evaporation at ~460 K. (iii) Finally, it shows that islands of
B2� Per rotated by �14° are formed by L- and R-chiral
molecules, respectively. This can easily be understood by the
prochirality of B2� Per when adsorbed on two-dimensional
surfaces.
To elucidate the interactions between B2� Per molecules

which lead to the kagome structure, we performed state-of-
art bond-resolved STM (BR-STM) measurements[29] by
utilizing carbon monoxide (CO) functionalized tips (see
Supporting Information for details). It has been shown that
Pauli repulsive forces caused by the tip-molecule interaction
bend the CO molecule at the tip apex, resulting in sharp
features which indicate intra- and inter-molecular chemical
bonds in constant-height images.[30]

Figure 3a presents constant-height BR-STM data of one
hexagonal B2� Per ring area. To describe the observations, a
scheme showing three molecules is added to the upper left.
These symbols can be directly compared to the raw data
presented in the circle. As symbolized by five hexagons, the
three benzene rings and the two benzenoid rings where
boron atoms are attached are clearly visible in the data,
whereby the latter exhibit a larger charge density (brighter
color). These rings are emphasized in the Fourier-filtered
data shown in Figure 3b. Between the boron-doped benze-
noid rings and the benzene ring of the neighboring B2� Per a
trapezoidal-shaped bridging structure with an enhanced
charge density is observed. Furthermore, within the cavity
formed by the three surrounding B2� Per we frequently
observe a discontinuous signal where the tunneling current
abruptly changes (see black lines in the upper left of
Figure 3a).
A contour map of the tunneling current measured in the

constant-height mode is displayed in Figure 3c. The molec-
ular skeletons of B2� Per with an intramolecular B� C
distance of ~0.72 nm (as calculated by DFT in the gas phase,
see top left inset of Figure 3c, and in excellent agreement
with the value of 0.718 nm observed in the crystal structure
of a related previously reported derivative of Br2� Per)

[22]

are superimposed to the BR-STM image for guidance of the
eyes. This superposition results in a distance of the intra-
molecular benzenoid rings in STM data of (521.8�9.4) pm,
in good agreement with the theoretically expected value of
517.8 pm. This superposition allows us to sketch a potential
binding configuration in the white box which is shown in
detail in the inset in the lower left of Figure 3c. The
measured distance between the boron-doped benzenoid

rings of two adjacent molecules (red crosses) amounts to
(769.6�15.7) pm. As indicated by yellow hatched lines, this
would result in hydrogen bonds with a length of (220.5�6.3)
pm, in reasonable agreement with values reported in
literature.[31]

The formation of kagome lattices via metal-organic
networks has frequently been reported, which host a variety
of correlated electronic phases, such as the Kondo effect[32]

or superconductivity.[33] The question arises if the molecular
network presented in Figures 2 and 3 is also held together
by metal atoms, as reported by Kumar et al.[32] and Li
et al.[34] Even though the B2� Per molecules were deposited
without any additional flux of evaporated metal, it is well-
known that Ag atoms may detach from step edges at
elevated temperatures and diffuse across the surface,[35–37]

thereby providing a source of atoms which could be bound
into the growing molecular network. Yet, on the basis of the
results obtained by our BR-STM measurements (Figure 3)

Figure 3. (a) Bond-resolved STM (BR-STM) constant-height image
obtained with a CO-functionalized tip on one hexagonal molecular ring
area. The grey and white hexagons indicate the fully carbon hexatomic
ring and the carbon hexatomic ring with boron, respectively. The black
lines indicate the feature where the tunneling current abruptly changes.
The circle marks another ring area to be compared with that on the top
left. The bias voltage was set to 2 mV during constant-height imaging.
(b) Fourier-filtered images of (a). (c) Zoom-in of (b) with blue contour
map at the top showing gradient apparent heights. Red crosses
indicate the local maxima. Another zoom-in highlights the intermolec-
ular area, where yellow dashed lines indicate the hydrogen bonds. The
inset in the top left corner shows the B� C distance (~0.72 nm) of the
DFT calculated B2� Per molecule in the gas phase, which is used to
scale the molecular skeletons superimposed on the STM image.
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and DFT-based STM simulations (see Figure S9–S12 in
Supporting Information), we conclude that the B2� Per
kagome lattice on Ag(111) does not contain metal atoms.
First, we never found any evidence for the existence of such
atoms, as it was reported, for example, for the formation of
para-hexaphenyl-dicarbonitrile and Cu on graphene.[34] Sec-
ond, our DFT calculations show that the presence of an Ag
atom in the shared triangular area increases the total energy
up to several eV, depending on the specific binding sites
(see Figure S9–S12 in Supporting Information). Therefore,
we conclude that the kagome lattice is exclusively formed by
hydrogen-bonded B2� Per molecules.
After identifying the self-assembled supramolecular net-

work of B2� Per on Ag(111) as a p6-symmetric kagome
lattice, the pertinent question arises if we find any evidence
for flat bands which have been theoretically predicted and
reported to exist.[24,38] Theoretical works have shown that the
quantum-mechanical interference of electronic states in a
kagome lattice with only nearest-neighbor hopping is
completely destructive, resulting in “trapped particles”[39]

with a vanishing energy dispersion, so-called flat bands. To
answer this question, we performed scanning tunneling
spectroscopy (STS) measurements by recording a differ-
ential conductance dI/dU spectrum at every of the 50 × 50
pixels of a 5 nm × 5 nm scan area, i.e., a spatial resolution of
100 pm (see video clip in Supporting Material). The real
space representation reveals an enhanced DOS at the
kagome sites (superimposed kagome lattice indicated in red)
at an energy range of (+0.33�0.05) eV, see Figure 4a. As
shown in one exemplary dI/dU spectrum in Figure 4b,
measured at the position of one kagome site in Figure 4a
(red cross), this coincides with a prominent peak centered
around +0.33 V. The enhanced DOS at the molecule center
(the kagome site) is in agreement with the expected real
space localization of flat bands in kagome systems.[24]

To substantiate this observation, we performed tight-
binding model calculations of the E(k) band dispersion of a
kagome lattice with hopping parameters t1, t2 and t3, which
represents the electronic hopping strength between each two
nearest neighboring molecular sites in three orientations, as
depicted in Figure 4a. Due to the three-fold symmetry
shared by the intermolecular interaction area and the
Ag(111) substrate, we assume equal hybridization strengths
between the different nearest neighbors, i.e., t1= t2= t3= t.
Diagonalizing the Hamiltonian yields three electronic bands:
two dispersive bands featuring van Hove singularities (vHs)
at the M-points while forming Dirac cones (DC) at the K-
points, as well as a dispersionless flat band deriving from a
destructive quantum interference imposed by the kagome
structure. Among lattices with hexagonal point group
symmetry the kagome lattice is special, and further exotic
phenomena such as sublattice interference[40] are rooted in
the kagome real space structure.
Having identified the flat band and attributing the dip in

Figure 4b to the low density of states expected around the
Dirac cone of the kagome model, we evaluate the hybrid-
ization strength to be t � 0.44 as well as the energy offset
from pristine filling to be ΔE � � 0.5466. The dispersion
E(k) is shown in Figure 4c. Deriving the DOS over the

energy scale, we recover the total DOS displayed in
Figure 4d as a black curve, while a broadened DOS is
displayed side-by-side as a grey curve, to be comparable
with experimental DOS (see Supporting Information for
details).
Comparing Figure 4b and Figure 4d, it becomes apparent

that not only the position of the flat band and DC coincide
but also the signature of the van Hove singularities can be
roughly assigned to experimentally observed peak structures
at around � 0.57/� 1.43 eV. Within subsequent studies,
momentum-resolved measurement could unravel the distinct
sublattice occupation at the three inequivalent van Hove
points[40] within the supramolecular network. This would
allow for a better understanding of the smeared upper van
Hove peak while reinforcing the validity of our model. In
conclusion, the agreement between experimentally meas-
ured dI/dU spectrum and the calculated DOS provides
additional evidence that the localization feature in Figure 4a
corresponds to the kagome flat band. Moreover, we propose
an effective minimal model providing estimates for elec-
tronic characteristics of the supramolecular network such as
electronic hopping strength and filling.
The presence of these site-specific electronic states

strongly impacts the appearance of the self-assembled
supramolecular network on Ag(111) in STM images (see
video clip in Supporting Material for a complete data set,
and Figure S14 in Supporting Information). This is evi-

Figure 4. (a) The dI/dU map at +0.36 V shows localization features at
the molecule centers. The superimposed kagome structure is indicated
in red. t1, t2, and t3 correspond to the hopping strength between three
nearest neighbor molecular sites. (b) Differential conductance spec-
trum (dI/dU) measured at the center of the B2� Per molecule (red cross
in (a)). The energy gap between a flat band (+0.33 V) and the Dirac
cone (� 1.0 V) is ca. 1.33 eV. Stabilization parameter: U=500 mV,
I=800 pA. (c) k-space dispersion of the electronic bands, i.e., E(k)
diagram, calculated from a fitted tight-binding model with t1, t2 and t3
set to 0.44 eV. (d) Calculated DOS from the E(k) diagram in (c),
showing peaks at energies of the flat band and the van Hove
singularities, as well as a dip at the Dirac cone.
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denced by three topographic data sets recorded at bias
voltages of U= � 0.13 V, +0.33 V, and +0.8 V in Figure 5a–
c, respectively. In Figure 5a the bonding orbitals located at
the intermolecular bonds dominate. Therefore, the apparent
height is maximal approximately at the location of the three
bonds within the shared triangle area, as can be seen in the
line section plotted in Figure 5d. At U= +0.33 V, we are
close to the strong peak which appears at the shared triangle
area. Correspondingly, the depth of the hole at the
hexagonal sites is strongly reduced (see line section in
Figure 5e). Finally, if the bias voltage is increased well
beyond the peak and shoulder of the kagome site, a roughly
square-shaped feature centered at the B2� Per molecule can
be recognized. We also recognize a contrast reversal of high
and low DOS within the shared triangular area at different
bias voltages in dI/dU maps (see Figure S13 in Supporting
Information), which we attribute to the bonding- and
antibonding-like orbital signatures in the intermolecular
area.

Conclusion

In summary, we have reported the synthesis of a fully planar
3,9-diboraperylene derivative B2� Per and its self-assembled
supramolecular kagome network formed through on-surface
non-covalent synthesis on Ag(111) surface under low
temperature and vacuum conditions. The kagome
supramolecular network of a chiral and 120° head-to-head
assembly formed by the B2� Per is evidenced to be stabilized
by intermolecular interactions, i.e., hydrogen bonds, without
any substrate adatom in between. A dispersionless flat band

at ~0.33 eV above the Fermi level is observed in both
tunneling spectroscopy and dI/dU maps, which is further
proved by the tight-binding model calculations. Our work
has broadened the knowledge of the fabrication of two-
dimensional (2D) complex supramolecular networks on
metal surfaces as well as their electronic properties, offering
yet another template on which nontrivial topology can be
tuned.
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Forschungsartikel
Self-Assembly

W.-C. Pan, C. Mützel, S. Haldar,*
H. Hohmann, S. Heinze, J. M. Farrell,
R. Thomale, M. Bode, F. Würthner,*
J. Qi* e202400313

Diboraperylene Diborinic Acid Self-Assem-
bly on Ag(111)—Kagome Flat Band Local-
ized States Imaged by Scanning Tunneling
Microscopy and Spectroscopy

A planar diboraperylene diborinic acid
B2� Per self-assembles into a chiral
kagome supramolecular network on an
Ag(111) substrate and is stabilized by
hydrogen bonding between BOH sub-
units of adjacent molecules. The ka-
gome supramolecular network exhibits a
dispersionless flat band at ca. 0.33 eV
above the Fermi level, which is observed
by scanning tunneling microscopy/spec-
troscopy and further proved by tight-
binding model calculations.
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