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ABSTRACT

As a fundamental phenomenon in nature, chirality has been extensively studied in molecular structures; however, it remains
underexplored at the electronic level. Understanding how structural chirality transfers into electronic states is crucial for
uncovering the essence of many chiral effects. In this study, we report the engineering and direct visualization of chiral electronic
states within an otherwise planar, achiral hexa-peri-hexabenzocoronene (HBC) framework. By employing atomically precise
asymmetric nitrogen doping of HBC through on-surface synthesis, we fabricate a C;-symmetric triaza-HBC on Au(111). Utilizing
high-resolution scanning tunneling microscopy and non-contact atomic force microscopy, we resolve the chiral molecular
structure of triaza-HBC confined to the surface, as well as the chiral texture of the resulting interfacial electronic states and its
evolution at different energies. Density functional theory calculations reveal that these electronic chiral features arise from the
molecule’s intrinsic chiral orbitals, which hybridize strongly with the metal substrate while still retaining their chiral character.
This study not only demonstrates a clear transfer of chirality from molecular structure to the electronic landscape but also provides

a versatile platform for the rational design of chiral electronic molecules and materials.

1 | Introduction

Chirality, a fundamental form of asymmetry, governs critical
phenomena across biology, chemistry, physics, and material
science [1-4]. Extensive research has focused on the expression
and control of structural chirality that manifests in the asymmet-
ric spatial arrangement of atoms and molecules [5]. However,
chirality can also emerge in electronic structures, specifically
in the form of chiral orbitals for molecules [6]. These chiral

orbitals play a crucial role in enabling molecules to perform
their functions in many enantioselective processes [7-10]. For
example, in chiral catalysis, the asymmetric overlap of orbitals
between the catalyst and reactant dictates both the reaction
energy barrier and the enantioselectivity [8]. Therefore, studying
chiral molecular orbitals is of significance for advancing our
mechanistic understanding from a geometric to an electronic
perspective, as well as for facilitating the rational design of chiral
functional molecules and materials.
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a Engineering chiral electronic orbitals in planar nanographene via asymmetric N doping
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FIGURE 1 | Engineering chiral electronic orbitals in planar nanographene. (a) Design principle: Inducing chirality into planar HBC through

asymmetric nitrogen doping. The handedness of the molecules is defined by the rotation orientation of the nitrogen atoms relative to the line connecting
the pyridine ring and the central benzene ring (indicated by red dashed lines). Clockwise and anticlockwise rotations correspond to the A- and A-
enantiomer, respectively. DFT calculations indicate triaza-HBC possesses a quartet ground state, where the unpaired electrons delocalize within the 7

system. Here, we just give one of the resonance structures of triaza-HBC. (b) On-surface synthesis of triaza-HBC from TPPB and typical STM images.

In principle, structurally chiral molecules inherently possess
chiral molecular orbitals [11]. The interactions of these chiral
molecular orbitals with external entities like reactants, detection
probes, or photons are crucial in determining functions across
various applications, including chiral catalysis [12], sensing [13-
15], and photonics [16-18]. However, the direct characterization
of these chiral molecular orbitals is experimental challenging.
Scanning tunneling microscopy (STM) offers a powerful tool in
this regard. It allows for atomic-resolution imaging of molecular
structures [19]. Moreover, by using scanning tunneling spec-
troscopy (STS), it is possible to map the local density of electronic
states [20], thereby enabling real-space visualization of the shape
and spatial distribution of chiral molecular orbitals [21, 22].
Recent STM/STS studies have revealed chiral features in the
frontier molecular orbitals of structurally chiral molecules [23-
25]. Chiral molecular orbitals induced by asymmetric charge
transfer have also been imaged in achiral porphyrins adsorbed on
surfaces or on molecular assemblies [26, 27]. Additionally, chiral
charge-density waves have been observed in 2D materials [28].
These advances shed light on the emergence of chiral electronic
structures, yet fundamental questions remain regarding the
precise correlation between chiral molecular structures and their
orbital characteristics, the energy-dependent evolution of these
orbitals, and their interactions with external entities.

In this study, we demonstrate the engineering of chiral
electronic orbitals in an otherwise planar, achiral hexa-peri-
hexabenzocoronene (HBC) molecule through asymmetric
nitrogen doping (Figure 1a). Our design principle is based on
the well delocalized 7-electron system of HBC and the distinct
electronegativity of nitrogen compared to carbon. Replacing
carbon with nitrogen atoms at asymmetric positions is expected
to break both the geometric symmetry and the m-electron
density distribution of HBC. We employ an on-surface synthesis

strategy, which has been successfully utilized to construct
heteroatom-doped carbon nanostrucutres [29-33], to achieve
atomically precise incorporation of nitrogen atoms into the HBC
skeleton. As illustrated, the precursor 1,3,5-tris(3-phenylpyridin-
2-yl)benzene (TPPB) undergoes intramolecular C—C and C—N
coupling upon deposited onto Au(11l) surface held at 330°C
(Figure 1b). Using high-resolution STM and non-contact atomic
force microscopy (nc-AFM), we identify the two enantiomers of
the resulting triaza-HBC (4- and A-). Furthermore, we directly
visualize several windmill-like interfacial electronic states near
the Fermi level, whose chiral features evolve with bias energy.
Density functional theory (DFT) calculations confirm that
these chiral interfacial electronic states arise from hybridization
between the intrinsic chiral molecular orbitals of triaza-HBC
and the Au substrate. This work demonstrates direct transfer
of chirality from molecular structure to molecular orbitals and
interfacial electronic states. It establishes precisely asymmetric
nitrogen doping via on-surface synthesis as an effective routine
to engineer chiral electronic structures in zz-electron systems.

2 | Results and Discussion

Figure 2a displays a hexagonal porous network formed by TPPB
on Au(11l) surface held at room temperature. Each molecule
has three bright protrusions, corresponding to its lateral phenyl
groups that are tilted with respect to the substrate. These dis-
tinctive features enable discrimination of the two enantiomers,
A- and A-TPPB, as indicated in the corresponding STM images
(Figure 2b,c). It is suggested that the hexagonal porous net-
works consist exclusively of either A- or A-TPPB. DFT-optimized
adsorption geometry indicates that TPPB adsorbs with its central
benzene ring positioned atop a gold atom on the Au(111) surface
(Figures 2d and S1). The central benzene and the pyridine rings
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FIGURE 2 | Adsorption of TPPB precursors on Au(111). (a) STM image of hexagonal porous structures formed by TPPB on Au(1ll). Vg = 1.7V,
I, =100 pA. (b and c) High-resolution STM images of individual 4- and A-TPPB. V5 = —1.0 V, I, = 80 pA. (d) DFT-optimized adsorption geometry of
A-TPPB on Au(111). (e and f) Simulated STM images of A- and A-TPPB on Au(111). Scale bars: (a) 20 A, (b,c,e,f) 5 A.

adopt nearly planar orientations relative to the surface, while the
lateral phenyl groups are tilted upward. Simulated STM images
of A-TPPB and A-TPPB (Figure 2e,f) based on the DFT-optimized
geometries show excellent agreement with the experimental
observations.

To pursue the synthesis of triaza-HBC, TPPB molecules were
deposited onto a preheated Au(111) surface. Figure 3a shows
an STM image of the outcomes obtained at 330°C. The TPPB
precursors characterized by bright protrusions are no longer
observed on the surface. Instead, regular hexagram-shaped motifs
identified as triaza-HBC molecules are observed (depicted in
Figure 3a). The triaza-HBC molecules are oriented at —15° or
+15° relative to the [1-10] direction of the Au(111) substrate. The
molecules exhibit C; symmetry, a reduction from the inherent
D), symmetry of the parent HBC due to asymmetric nitrogen
incorporation. We explored a series of substrate temperatures and
found that optimizing the annealing temperature does not favor
the formation of the intact triaza-HBC molecule (Figure S4). The
yield of intact triaza-HBC on the surface remains very low even
at the optimized reaction temperature (Figure S5). The molecule
tends to undergo ring-contraction reactions, forming byproduct
that contains aza-five-membered rings (Figure S6). These byprod-
ucts further undergo intermolecular coupling, leading to covalent
dimers (Figure S7) or short irregular oligomers. This behavior is
likely due to the high reactivity of the molecule, which originates
from its open-shell character, as will be discussed in detail below.

High-resolution STM images reveal the chiral characteristics of
triaza-HBC. As shown in Figure 3b,c, each triaza-HBC molecule
consists of a central windmill-like unit and three isolated lobes
positioned between the windmill blades. The windmill-like unit
can rotate in either a clockwise or counterclockwise direction,
clearly demonstrating the chirality of triaza-HBC. The molecular
structures of triaza-HBC were elucidated using nc-AFM with
a CO-functionalized tip. As shown in Figure 3d,e, the C—C

bonds, including the newly formed ones (indicated by red
arrows), are clearly resolved, while the C—N bonds cannot be
identified clearly. This is because the nitrogen atoms embedded
in the carbon framework appear as dark depressions, which is
consistent with previous reports [34, 35]. Based on these features,
the positions of the nitrogen atoms relative to the central benzene-
pyridine axis can be determined, allowing the chirality of the
molecules to be experimentally identified. It is demonstrated that
the molecules oriented at —15° (Figure 3d) or +15° (Figure 3e)
relative to the [1-10] direction of the Au(111) substrate correspond
to A- or A-triaza-HBC, respectively. A comparison of the nc-
AFM images of triaza-HBC with their molecular structures
show good agreement (Figure S2). Furthermore, DFT optimized
geometry of triaza-HBC on Au(111) indicates that the molecule
adopts a planar adsorption configuration with its central phenyl
ring atop an Au atom and its molecular axis offset by —15°
(A-triaza-HBC, Figure 3f) or +15° (A-triaza-HBC, Figure S3)
relative to the [1-10] direction of the Au(111) substrate. These
characteristics are consistent with the experimental observations.
Simulated STM (Figure 3g,h) and nc-AFM images (Figure 3i,j)
of both A- and A-triaza-HBC based on the DFT-optimized
geometries well match the corresponding experimental images.
These findings further confirm the successful synthesis of
triaza-HBC.

Interestingly, the chiral features of triaza-HBC are more
clearly discernible in STM measurements conducted with a
CO-functionalized tip. Figure 4a,c display constant-current
STM images of A- and A-triaza-HBC obtained using a CO-
functionalized tip. A chiral galaxy-like pattern is revealed, within
which a small windmill-like chiral structure is clearly resolved
at the molecular center. Additionally, the chiral pattern of
triaza-HBC evolves with bias voltage (Figures S8 and S9). To
gain deeper insight, we also recorded the constant-height STM
images, as these provide more information about the electronic
structures of a planar molecule. As shown in Figure 4b,d,
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FIGURE 3 | Synthesis of triaza-HBC on Au(111). (a) Over-view STM image of the outcomes. V = 500 mV,, I; = 200 pA. (b and ¢) High-resolution STM
images of A- and A-triaza-HBC. Vg = 500 mV, I; = 200 pA. (d and e) nc-AFM images of A- and A-triaza-HBC. Open feedback parameters: Vg =100 mV,
I, =100 pA, AZ = —0.8 A. (f) DFT-optimized geometry of A-triaza-HBC on Au(111). (g and h) Simulated STM images of A- and A-triaza-HBC on Au(111).
(i and j) Simulated nc-AFM images of A- and A-triaza-HBC on Au(111). Scale bars: (a) 20 A, (b-e), (g-))5 A.

constant-height STM images obtained with a CO-functionalized
tip reveal obvious bias-dependent chiral features as well. These
chiral patterns are well reproduced by PPSTM simulations using
a mixed tip (5% s and 95% p,,) (Figures S10 and S11) [36]. This
evolution of chiral features with bias voltage indicates that the
observed chirality is strongly influenced by electronic structural
properties, rather than being solely determined by geometric
asymmetry [37].

In the following, we focus on the electronic structures of triaza-
HBC on Au(l11l), aiming to reveal the origin of the observed
chiral characteristics in topographic STM images. Our dI/dV
spectra acquired over A-triaza-HBC exhibit four distinct peaks
centered at —0.30, 0.21, 0.45, and 1.36 V, labeled as P1, P2, P2,
and P4, respectively (Figure 5a). Figure 5b shows the dI/dV maps
recorded at these energies, which display asymmetric windmill-
like spatial distributions. More importantly, the rotation direction
of the windmill structures flips for different electronic states.
The windmill structures of states P1, P2, and P3 rotate the
same direction, while the structure of state P4 rotates opposite.

These findings further verify that the chiral features observed
in STM topographic images are associated with chiral electronic
structures.

To assign the electronic states corresponding to the peaks in
the STS spectra, we carried out spin-polarized DFT calculations
of freestanding and adsorbed triaza-HBC molecule on Au(111).
Figure 5c shows the spin-polarized density of states (DOS) of
a freestanding A-triaza-HBC molecule, which exhibits an open-
shell character with a total magnetic moment of 3.0 uB. The
three unpaired electrons couple ferromagnetically and give a
quartet ground state, in which the spin density is predomi-
nantly distributed around the nitrogen-containing heterocycles
(Figure S12a). Many-body calculations using the complete active
space self-consistent field (CASSCF) method reveal three nat-
ural orbitals with occupation number close to 1 (Figure S12b),
further confirming its open-shell quartet state. The exchange
coupling strength was estimated to be 21.8 meV (UDFT) and
12.0 meV (CASSCF) using a Heisenberg spin model for three
triangle-arranged spins [38].
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FIGURE 4 | STM images of triaza-HBC obtained with a CO-functionalized tip. (a and c¢) Constant-current STM image of A- and A-triaza-HBC.
Vs =100 mV, I; = 100 pA. (b and d) Constant-height STM images of A- and A-triaza-HBC acquired at different bias voltages. Open feedback parameters:
I; =100 pA; AZ = —0.6 A. Scale bars: 5 A.
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FIGURE 5 | Electronic structures and orbital characteristics of A-triaza-HBC. (a) Experimental dI/dV spectra of A-triaza-HBC on Au(111). Open
feedback parameters: Vi = 800 mV, I; = 300 pA, V,, = 30 mV, f = 843 Hz. (b) Constant-current dI/dV maps obtained at the corresponding energies.
I, =300 pA, Vy, =30mV, f=843 Hz. (c) Spin-polarized DOS of the freestanding molecule. The SOG, SUG, and SUP are highlighted. (d) Schematic diagram
of the frontier molecular orbitals with corresponding visualized wavefunction norms. The isosurface contours are 1x10~* e/Bohr?. (e) Calculated PDOS
of the molecule (top) and the hybridized Au orbitals (bottom), showing four hybridized states (SOG, SUG and SUP with Au). (f) The corresponding
visualized wavefunction norms and LDOS of four states. The isosurface contours are 1x10~* e¢/Bohr?. Scale bars: 5 A.
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The frontier orbitals of a freestanding A-triaza-HBC are illustrated
in Figure 5d, as categorized into three characteristic groups.
A singly occupied group (SOG), containing three orbitals, is
located below the Fermi level; a singly unoccupied group (SUG)
mirrors SOG in energy, residing above the Fermi level. Orbitals
denoted by SOMO and SOMO-1, and by SUMO and SUMO+1
are degenerated with each other, respectively. These additional
orbitals sitting at even higher positive energies are grouped into
the SUMO plus set (SUP). All orbitals in these three groups
exhibit pronounced chiral characteristics. Simulated LDOS of the
freestanding molecule show that the electronic pattern of SUP
exhibits opposite chirality to those of SOG and SUG (Figure S13).
This finding aligns with the experimental observation that the
chirality of state P4 is opposite to that of states P1, P2, and P3.

Upon adsorption on an Au(111) substrate, the magnetic moments
of the triaza-HBC molecule are fully quenched, suggesting
a singlet ground state (Figure S14). The frontier molecular
orbitals strongly renormalize with energy shifting and broaden-
ing (Figure 5e), ascribed to their electronic hybridization with Au
states underneath. Moreover, a net electron transfer from triaza-
HBC to the Au substrate is revealed in charge density difference
(Figure S15). Both effects likely contribute to the quenching of the
molecular magnetic moments. By comparison of the theoretical
projected density of states (PDOS) of the adsorbed molecule with
the experimental STS spectra, the relatively broad and less pro-
nounced P1 peak was assigned to hybridized states of Ausand d,.
states with SOG, denoted Au+SOG and centered at approximately
—0.3 eV. Their antibonding states, residing at around +0.2 eV, are
predominately contributed by SOG, denoting SOG+Au, which
corresponds to the experimental P2 peak. Experimental peaks
P3 and P4 are primarily composed of SUG and SUP sets, with
minor contributions from the substrate, denoted as SUG+Au
and SUP+Au, respectively. Figure 5f illustrates the wavefunction-
norm (for the Gamma point only) contours and simulated local
density of states (LDOS) for peaks P1 to P4. The windmill-
like features remain essentially consistent with those of the
freestanding molecule (Figure 5d), suggesting that the adsorption
does not modify the intrinsic chirality of the molecule. The
calculated LDOS are in good agreement with the experimental
dI/dV maps.

The dI/dV spectra and maps of A-triaza-HBC, along with the
corresponding DFT calculation results, are shown in Figure
S16. Similarly, peaks P1, P2, P2, and P4 are observed in the
dI/dV spectra. Their corresponding dI/dV maps exhibit opposite
chirality compared to those of A-triaza-HBC. DFT calculations
performed for the A-triaza-HBC molecule at the same level
yield analogous results. That is, the freestanding A-triaza-HBC
molecule exhibit intrinsic chiral frontier molecular orbitals with
handedness opposite to that of A-triaza-HBC. These chiral molec-
ular orbitals hybridize with the Au substrate, giving birth to
chiral interfacial electronic states with handedness identical to
the molecular orbitals.

To further emphasize the role of molecular orbitals, rather than
interaction with the substrate, in the observed chiral interfacial
structures of triaza-HBC on Au(111), we performed the following
additional calculations. First, we calculated another adsorption
configuration oriented at an angle of +15° for A-triaza-HBC, as

shown in Figure S17. The spin-averaged PDOS reveal that the
presence of strong SOG-Au electronic hybridization is indepen-
dent of detailed adsorption orientation. Although the intensity
varies in some way, the overall chirality of the molecule remains
the same as in the freestanding case, which indicates that the
chirality of molecular states is also independent to the adsorption
orientation. Second, we calculated the electronic structures of
another triaza-HBC molecule with D;,-symmetry, adsorbed on
Au(111) in a similar adsorption site and orientation to those of
A-triaza-HBC/Au(111) (Figure S18). The results indicate that the
molecular orbitals of the D,,-symmetric triaza-HBC molecule
exhibit symmetric rather than chiral shapes. The simulated
constant-height STM images with a CO-tip are also achiral, which
further confirms the dominant role played by the molecule itself
in exhibiting electronic chirality.

3 | Conclusion

In summary, we demonstrated the engineering of chiral elec-
tronic structures in a planar nanographene through a rational
design and precise on-surface synthesis strategy. The incorpo-
ration of nitrogen atoms at asymmetric positions in the HBC
skeleton not only breaks the geometric symmetry but effec-
tively induces a distinct chiral electronic distribution. The direct
real-space visualization of the resulting windmill-like chiral elec-
tronic states and their evolution with bias voltage, achieved via
STM/STS and nc-AFM techniques, provides compelling evidence
that the observed chirality is intrinsic to the electronic structures
of the adsorbed molecules, rather than arising from geometric
distortion. DFT calculations confirm that while hybridization
with the Au(111) substrate leads to band renormalization and
molecule-substrate charge transfer, the fundamental chiral char-
acter of the molecular orbitals is preserved. This work establishes
a route to engineer and characterize chiral electronic states in
low-dimensional materials. The demonstrated ability to tailor
chiral electronic properties in a bottom-up manner opens new
avenues for the development of functional materials and devices,
with potential relevance to enantioselective catalysis, chiral spin
electronics, and emerging quantum optical technologies.
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