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Nanographenes (NGs) can be embedded with predesigned dopants or nonhexagonal rings to tailor the electronic
properties and provide ideal platforms to study the unique physical and chemical properties. Here, we report the on-
surface synthesis of NBN-doped NG embedded with five- and seven-membered rings (NBN-575-NG) on Au(111) from a
oligophenylene precursor preinstalled with a NBN unit and a heptagonal ring. Scanning tunneling microscopy and non-
contact atomic force microscopy images elucidate the intramolecular cyclodehydrogenation and the existence of the five-
and seven-membered rings. Scanning tunneling spectroscopy spectra reveal that the NBN-575-NG is a semiconductor,
which agrees with the density functional theory calculation results on a freestanding NBN-575-NG with the same structure.
This work provides a feasible approach for the on-surface synthesis of novel NGs containing non-hexagonal rings.

Keywords: on-surface synthesis, nanographene, nonhexagonal rings, scanning tunneling microscopy, density

functional theory
PACS: 73.22.Pr, 68.37.Ps, 68.37.Ef, 31.15.E—

1. Introduction

Two-dimensional materials, such as graphene and tran-
sition metal dichalcogenides, have been investigated ex-
tensively due to their exotic properties and promising po-

[1-13] Nanographenes (NGs), which are

tential applications.
predesigned polycyclic aromatic hydrocarbons (PAHs) with
atomically precise structures, can serve as model carbon
nanostructures to study their unique physical and chemical
properties, as well as novel nanoscale semiconductors on their
own.[141%1 For graphene-based nanoscale materials, the sub-
tle adjustments of structures could contribute to significant
changes of their physical properties./?*2? Flexible tailoring
band gap of NGs can be realized by modulating the size,

[23-27] Particularly, it is worth to

dopants, and edge structures.
note that the incorporation of non-hexagonal rings into hon-
eycomb lattice enables one to tailor the electronic structures
and magnetic properties of graphene nanostructures. [>1-28-301
Nonetheless, non-hexagonal ring-containing graphene nanos-

tructures remain rare experimentally due to the lack of

DOI: 10.1088/1674-1056/abeede

feasible synthetic approaches.[*°! On-surface synthesis ap-
proach based on surface-assisted catalytic reaction on no-
ble metallic substrates has been utilized to achieve a vari-
ety of atomically well-defined graphene nanostructures in the
past decade.?*31:321 Armchair- and zigzag-edged graphene
nanoribbons and NGs with various shapes (such as tri-
angulenes, antiaromatic NG, and nonplanar porous NG)
have been achieved on surfaces using rationally designed

(2031-38] which suggest that NGs fused with non-

precursors,
hexagonal rings have high chance to be realized through on-
surface approach.

Herein, we present the synthesis of a NBN-doped
nanographene embedded with five- and seven-membered rings
(NBN-575-NG) on Au(l11) and its electronic properties.
The targeted NG was realized from an NBN-hepa precursor
preinstalled with a heptagonal ring and NBN unit (4b,15b-
diaza-4b! -borabenzo[fg]dibenzo[4,5:6,7]cyclohepta[1,2,3-
opltetracene).*"! Scanning tunneling microscopy (STM) mea-
surements verified the planar NG structures after surface-
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assisted cyclodehydrogenation, while non-contact atomic
force microscopy (nc-AFM) images confirmed the existence
of five- and seven-membered rings. Scanning tunneling spec-
troscopy (STS) spectra revealed that the lowest unoccupied
molecular orbital (LUMO) state of the NBN-575-NG locates
at 2.6 'V, which is supported by the density functional theory
(DFT) calculations on a freestanding NBN-575-NG, showing
a bandgap of 2.38 eV.

2. Methods
2.1. Sample preparation, STM/STS measurement

The experiments were performed using a CreaTec ultra-
high vacuum (UHV) low-temperature STM/nc-AFM system
with a base pressure of 2 x 107! mbar. The Au(111) surface
was cleaned by repeated cycles of Ar™ ion sputtering and sub-
sequent annealing at 700 K for 20 min. The NBN-hepa pre-
cursors were sublimated at 430 K onto the Au(111) substrate,
which was held at room temperature during molecular deposi-
tion. When the sample was annealed at 640 K and 700 K for
40 min, the surface-assisted cyclodehydrogenation occurred,
resulting in formation of intermediate dimers and NBN-575-
NGs, respectively. All STM and nc-AFM measurements were
performed at 5 K with a qPlus sensor. STM topography im-
ages were acquired in constant current mode and the voltages
represented the bias on the sample with respect to the tip. Nc-
AFM images were obtained in the frequency modulation mode
using a CO-functionalized tip.[*>*!1 The dI/dV spectra were
carried out using the lock-in technique (Vipms =20 mV).

2.2. First-principles calculations

Density functional theory (DFT) calculations were per-
formed by using the generalized gradient approximation
(GGA) in the form of Perdew—Burke—Ernzerhof (PBE) gen-
eralized gradient approximation.*?! The Vienna ab initio sim-
ulation package was used to do the structural relaxations and

electronic-structure calculations. 4344

I The energy cutoff of
the plane-wave basis sets was 500 eV. The K-point sampling
was done only at the I" point. The structures were relaxed until

the residual forces were smaller than 0.01 eV/A.

3. Results and discussion

Figure 1(a) illustrates the synthetic process of the NBN-
575-NG on Au(111) from an NBN-kepa molecule which has a
heptagonal ring and preinstalled NBN unit (4b,15b-diaza-4b'-
borabenzo[fg]dibenzo[4,5:6,7]cyclohepta[1,2,3-op]tetracene).
The detailed synthesis method for the precursor could refer
to our recent work.!*?! The existence of the heptagonal ring
leads to a saddle-shaped geometry of the precursor due to the
strong steric hindrance between two groups of hydrogen pairs
on adjacent benzene rings, as illustrated by the green shades
in Fig. 1(a). After annealing the precursors on Au(111) at

640 K, only one pair of adjacent benzene rings (green shades)
undergoes cyclodehydrogenation in most precursors, resulting
in the formation of an intermediate compound with one five-
membered ring. Further annealing at 700 K leads to the full
cyclodehydrogenation of the other pair of benzene rings and
enables the achievement of planar NBN-575-NGs.

Figure 1(b) shows the large-area STM image of precur-
sors deposited on the Au(111) surface, which exhibits many
small clusters (as indicated by the red circle in Fig. 1(b)) that
occupy the fcc and elbow areas on Au(111) reconstruction sur-
face at low coverage. The representative topography of the
clusters is shown in the zoomed-in STM image in Fig. 1(c).
Bright protrusions are observed, which result from the non-
planar saddle-shaped geometry of the precursors. The appar-
ent height and the lateral size of the cluster are 330 pm and
3.1 nm respectively as indicated by the line profile in Fig. 1(d).
Considering the lateral size of a single precursor (1.05 nm) and
the dispersed electronic states of the molecules, we infer that
one cluster contains four self-assembled precursors.

After annealing the sample at 640 K for 40 min, two
new structures are obtained as revealed in Fig. 1(e). The
zoomed-in STM image in Fig. 1(f) displays the formation of
full-cyclodehydrogenated flower-shaped NGs (as indicated by
blue circles) and dimers with two bright protrusions (as indi-
cated by rectangles) on the surface, suggesting that the yield
is not good at this temperature. The lateral size of the dimers
is 3.3 nm, while the height for the protrusions of the dimers
is 260 pm, and for the planar regions is 160 pm, as shown in
the profile in Fig. 1(g). The topography of the dimers sug-
gests that they are intermediate products, in which cyclode-
hydrogenation only occurred at one side of a molecule, and
the protrusions should be attributed to the tilted uncyclized
benzene rings on each molecule. At this stage, chiral in-
termediate dimers are also observed (highlighted by red and
yellow rectangles), which are constructed by two prochiral
intermediate monomers with the same chirality. Both left-
handed and right-handed intermediates can be found on the
surface, indicating that the cyclodehydrogenation at 640 K
could react on either side of the precursor. Notably, there
are already full-cyclodehydrogenated NGs at this annealing
temperature, but more than 70% of the precursors are half-
cyclodehydrogenated dimers at this step.

Further annealing the sample at 700 K for 40 min re-
sulted in completely full-cyclodehydrogenated planar flower-
shaped NGs on the surface (Fig. 1(h)). The disappearance of
the dimers suggests that the molecules prefer to being mono-
dispersed when they are fully cyclodehydrogenated. Fig-
ure 1(i) shows the topography of the NGs, which have a typ-
ical lateral size of 2.4 nm (Fig. 1(j)). The height of the NGs
is 160 pm, similar to the height of the planar regions of the
intermediate dimers. The whole surface is covered by perfect
flower-shaped NGs with a yield of about 95%.
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Fig. 1. Chemical structures and STM images of the precursors, the intermediate products and NBN-575-NGs on Au(111). (a) Synthetic strategy of the NBN-
575-NG. (b) STM image of the precursors adsorbed on Au(111) substrate (V = —200 mV, I = 10 pA). The representative cluster is indicated by a red circle.
(c) Zoomed-in STM image of the precursors (V = —40 mV, I = 10 pA). (d) Line profile along the red dashed line in (c). The apparent height and the lateral
size of a representative cluster are 330 pm and 3.1 nm, respectively. (¢) STM image of the intermediate products after annealing the sample at 640 K for
40 min (V = —1 V, I = 10 pA). (f) Zoomed-in STM image of the intermediate products (V = —200 mV, I = 20 pA). (g) Line profile along the purple dashed
line in (f). The apparent height and the lateral size of an intermediate dimer are 260 pm and 3.3 nm, respectively. (h) STM image of the NBN-575-NGs after
annealing the sample at 700 K for 40 min. (V = —200 mV, I = 10 pA). (i) Zoomed-in STM image of the NBN-575-NGs (V = —200 mV, I = 20 pA). (j)
Line profile along the green dashed line in (i). The apparent height and the lateral size of an NBN-575-NG are 160 pm and 2.4 nm, respectively.

Bond-resolved nc-AFM measurements were carried out
with a CO-functionalized tip to reveal more details of the
NGs.[*9411 Figures 2(a) and 2(b) show the STM image
and the corresponding nc-AFM image of an intermediate
dimer. In Fig. 2(b), only two bright protrusions can be ob-
served, which arise from the tilted benzene rings of the half-
cyclodehydrogenated intermediates as marked by the red cy-
cles in Figs. 2(a) and 2(b). There is subtle difference on the po-
sitions of the bright protrusions in Figs. 2(a) and 2(b), which
results from different working conditions between STM and
nc-AFM imaging. For the fully-cyclodegydrogenated planar
NG (Fig. 2(c)), nc-AFM image in Fig. 2(d) clearly resolves

the five- and seven-membered rings and the bond configura-
tions that are consistent with the expect structure. These re-
sults confirm the successful synthesis of NBN-575-NGs.

We carried out STS measurements to investigate the elec-
tronic structures of the NBN-575-NGs.
the characteristic differential conductance (df/dV) spectrum
(red) acquired at the center of an NBN-575-NG as marked by
ared spot in the inset STM image of Fig. 3(a). Compared with
the black dI/dV curve on Au(111) substrate with the same
tip, the d//dV spectrum on NBN-575-NG has a distinct peak
at 2.6 eV, which corresponds to the LUMO state. The spec-
tra do not exhibit any evident signals for the highest occupied

Figure 3(a) shows
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molecular orbital (HOMO) state, which may be attributed to
the overlap between HOMO state of NGs and the surface state
of the Au(111) substrate. DFT calculated density of states
(DOS) of a freestanding NBN-575-NG reveal that the LUMO
and HOMO states locate at 2.14 eV and —0.24 eV, respec-
tively, corresponding to an energy gap of 2.38 eV (the top inset
in Fig. 3(a)). The calculated HOMO and the LUMO orbitals of
a freestanding NBN-575-NG are displayed in Fig. 3(b). The
HOMO orbital shows small contribution from B and the ad-
jacent C atoms, while strong contributions on LUMO orbital
from both B and N atoms are presented. These results demon-
strate that NG keeps excellent unlocalized electronic states
contributed by m-electrons after the introduction of nonhexag-
onal rings and NBN dopants.

1.3

() a
N
T
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— —7.0
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<

0.5 nm 0.5 nm
—4.2

Fig. 2. STM and nc-AFM images of an intermediate dimer and NG on
Au(111). (a) STM image of the intermediate dimer with superposed molecu-
lar structures (V = —200 mV, I = 10 pA). (b) Constant-height nc-AFM image
of (a). The red circles in (a) and (b) highlight the out-of-plane benzene rings.
(c) STM image of the NBN-575-NG with superposed molecular structures
(V. =—=200 mV, I = 10 pA). (d) Constant-height nc-AFM image of (c).
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Fig. 3. Electronic structures of the NBN-575-NG. (a) Differential conduc-
tance (d//dV) spectra taken on the center of the NBN-575-NG (red) and
on bare Au(111) (black). The LUMO state of the NBN-575-NG locates at
2.6eV.(V=—1V,I=10pA; modulation voltage Vs = 20 mV). The top
inset shows the DFT calculated bandgap of 2.38 eV on a freestanding NBN-
575-NG. (b) Calculated molecular orbitals of the NBN-575-NG at HOMO
and LUMO energies. The isosurface is set to be 0.001 e/Bohr>.

4. Conclusions

We have demonstrated the synthesis of a novel NBN-575-
NG on Au(111) from an NBN-hepa precursor. Stepwise an-
nealing the precursors on Au(111) results in the formation of
intermediate products and targeted NGs. STM images demon-
strate the uniform structures and high yield (95%) of the NBN-
575-NGs. Nc-AFM image confirms the existence of five- and
seven-membered rings. STS spectra reveal the LUMO state lo-
cates at 2.6 eV. DFT calculations show the freestanding NBN-
575-NG possesses an energy gap of 2.38 eV. This bottom-
up synthesis of the NBN-575-NGs with semiconductor elec-
tronic structure can promote future applications of carbon-
based nanostructures in nanoelectronics.
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