On-surface synthesis of variable bandgap nanoporous graphene
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Tuning the bandgap of nanoporous graphene is desirable for applications such as the charge
transport layer in organic-hybrid devices. The holy grail in the field is the ability to synthesize
2D nanoporous graphene with variable pore sizes, and hence tuneable band gaps. Herein, we
demonstrate the on-surface synthesis of nanoporous graphene with variable bandgaps. Two
types of nanoporous graphene were synthesized via hierarchical C-C coupling, and verified by
low-temperature scanning tunneling microscopy and non-contact atomic force microscopy
with CO-terminated tip. Nanoporous graphene-1 is non-planar, and nanoporous graphene-2 is
a single-atom thick planar sheet. Scanning tunneling spectroscopy measurements reveal that
nanoporous graphene-2 has a bandgap of 3.8 eV, while nanoporous graphene-1 has a larger
bandgap of 5.0 eV. Corroborated by first-principles calculations, we propose that the large
bandgap opening is governed by the confinement of n-electrons induced by pore generation or

the non-planar structure, and can be explained by Clar sextet theory. Our finding shows that



by introducing nanopores, semimetallic graphene is converted into semiconducting

nanoporous graphene-2 or insulating wide-bandgap nanoporous graphene-1.

1. Introduction

Graphene, a single-atom-thick carbon sheet, has gained widespread attention due to its unique
structural and physical properties.['! Graphene shows extremely high mobility of electrons and
holes, high mechanical strength, high thermal conductivity, high impermeability to any gases,
good mechanical stability, and the large specific surface area. All these superlative merits
make graphene promising for numerous applications. However, to date graphene has not
found widespread applications in the electronic industry, even though the challenge of large-
size fabrication of high-quality graphene has been largely overcome.?! The main issue for
electronic applications is the lack of an intrinsic quasiparticle bandgap in graphene, which
results in a very low on/off switching ratio in graphene field-effect transistors and other

electronic devices.!

Many research strategies have addressed opening a bandgap in graphene, such as by
physical/chemical doping, electric field application, 1D confinement, defect or strain
engineering.?! For example, the bandgap opening in graphene can be realized by applying a
large external strain to break its sub-lattice symmetry.¥! 1D electron confinement is also
another way to open a bandgap in graphene by cutting the 2D carbon sheet into 1D graphene
nanoribbons.l*] However, the bandgap opened is usually small unless the nanoribbons are very
narrow, and room-temperature electrical applications typically require materials with
bandgaps of larger than 0.4 eV to achieve a satisfactory operating on/off ratio.l
Alternatively, introducing regularly-spaced pores (known as antidot lattices) in graphene can
open a reasonable energy bandgap of the order of 1 eV or more. First-principles calculations

have predicted that semimetallic graphene can be tailored into a semiconductor by introducing



an antidot lattice into the graphene sheet.l”l In addition, the energy gap of graphene can be
modulated by changing the geometry, size and edges of the pores. Experimentally, the
formation of nanoporous graphene (or graphene nanomesh) was first realized by top-down
lithography.[®! However, the top-down large scale fabrication of graphene sheets with uniform

nano-size pores is challenging.

The bottom-up strategy has shown many advantages for synthesizing atomically precise
carbon nanostructures.[® ] This strategy is based on covalently crosslinking of highly reactive
molecular building blocks into carbon nanostructures on a metallic surface, typically via
Ullman reactions.'Y)  Through rational molecular design, on-surface synthesis has
demonstrated the formation of well-ordered low-dimensional carbon nanostructures ranging

-1 graphene nanoribbons,!'*!'”1 to nanoporous graphene.['829) In

from nanographene,!
particular, the on-surface synthesis of nanoporous graphene (porous graphene network) has
attracted much research interest due to their controllable porous structures and electronic
properties with suitable bandgaps.[?!-23] To date, the large-scale on-surface synthesis of long-
range ordered nanoporous graphene remains a major challenge.?*! Detailed studies of the
reaction mechanisms and electronic properties of nanoporous graphene are needed to realize
the ultimate goal of commercial applications of the bottom-up nanoporous graphene. Moreno
et al. has demonstrated the bottom-up synthesis of nanoporous graphene via the careful
control of three thermally-induced reaction steps, namely the Ullmann reaction to polymerize
the precursor molecule, cyclodehydrogenation to create 1D graphene nanoribbons, followed
by the cross-coupling of graphene nanoribbons into 2D nanoporous graphene with 1 nm pores.

Scanning tunneling spectroscopy reveals that this as-synthesized nanoporous graphene is a

semiconductor with a band gap of ~1 eV.[?3]

In this work, we demonstrate the on-surface synthesis of atomically-thin nanoporous

graphene via a simple two-step polymerization using a bromine-terminated polycyclic
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aromatic hydrocarbon molecule precursor (Hexakis(4-bromophenyl)benzene). Two different
types of nanoporous graphene (labeled as nanoporous graphene-1 and nanoporous graphene-
2) were synthesized via the hierarchical dehalogenation coupling and subsequent
dehydrogenation reaction, respectively. The reaction processes and atomic structures of
nanoporous graphene were probed in-situ by low-temperature scanning tunneling microscopy
(LT-STM) and non-contact atomic force microscopy (nc-AFM) with CO-terminated tip.
Scanning tunneling spectroscopy (STS) technique was employed to probe their respective
electronic bandgaps. Uniform nanopores about 0.6 nm in diameter were found in nanoporous
graphene-2. The quasiparticle bandgaps of as-synthesized nanoporous graphene-1 and
nanoporous graphene-2 were measured to be 5.0 £ 0.1 eV and 3.8 = 0.1 eV, respectively. This
demonstrates the effectiveness of this simple thermal method for converting the zero-gap
pristine graphene into a moderate-gap semiconductor (nanoporous graphene-2), or into a
wide-gap insulator (nanoporous graphene-1). Density-functional theory (DFT) calculations
verify the STS measurements, and attribute the bandgap opening in nanoporous graphene-2 to
the local confinement of m-electrons induced by pore generation. The wide bandgap in
nanoporous graphene-1 is ascribed to the non-planar structure hindering the m-electron

delocalization in the nanostructures.

2. Results and Discussion

2.1. Halogen bond induced formation of the supramolecular structure
Hexakis(4-bromophenyl)benzene (HBPB, a 3D molecular structure is shown in Figure S1)

was synthesized as the molecular precursor for nanoporous graphene. The detailed

information for the synthesis of HBPB precursors is provided in Scheme S1 in the Methods

section and Supplementary Materials. The HBPB precursors were thermally evaporated on

Au(111) substrate held at room temperature. Figure 1a shows a large-scale STM image of a

single layer of the HBPB on Au(111). The HBPB molecules form a well-ordered high-



coverage self-assembled structure. The high-resolution atomic structure of the HBPB
molecules is presented in Figure 1b. The herringbone reconstruction of Au(111) remains
visible after molecular deposition, indicating the physisorption nature of HBPB on Au(111).
Each HBPB molecule can be clearly identified, suggesting that the crosslink reaction does not
occur upon room-temperature deposition. The six-fold symmetric spokes (labeled by blue
dashed circles) are assigned to the peripheral phenyl groups of HBPB, and the fainter
peripheral dots (red dashed circles) are assigned to Br atoms bonded to the phenyl groups.
The central dark region is assigned to the central phenyl group (black dashed circle). Figure
1c exhibits the corresponding cross-section profile of a single HBPB molecule (along blue
line in Figure 1b). The STM cross-sectional line profile (XY) suggests that the apparent
height of the peripheral phenyl groups is estimated to be 35 pm higher than that of the central
phenyl group. Although the STM image provides electronic topography, the brighter
surrounding features suggest an out-of-plane property of the peripheral phenyl groups. This is
in good agreement with the computed energy minimized structure that shows a twist angle of
66 degrees due to steric hindrance (Figure 1d and Figure S1). The STM line profile in
Figure 1c shows the two peripheral phenyl groups, and the two lower protrusions correspond
to the two Br atoms at each side of the molecule. Figure 1d shows the molecular packing
structure of the supramolecular monolayer after geometric relaxation. The theoretical Br-Br
distance is ~4.0 A (Figure S2a), which is comparable to the measured value of 3.8 + 0.3 A.
We therefore propose the stabilization of the self-assembled HBPB superstructure via triple
Br-Br halogen bonds labeled by the triangular dashed lines. The Br atoms at the outmost part
of HBPB molecules are negatively-charged, and the anisotropic distribution of their electron
density promotes the coexistence of electron-depleted d-holes at the pole of the C—Br bond,
and encircling electron-rich equatorial belt perpendicular to the C-Br bond (Figure S2b).[2%]

The mutual interaction between the d-hole and the electron-rich belt facilitates the formation

of triple Br-Br halogen bonds (see Figure S2). Our finding is consistent with the previous
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report on the formation of triple I-I halogen bonds in the molecular tessellation stabilized by
the synergistic effect of halogen-Au coordination and halogen bond.[*” We did not observe
the coexistence of halogen-Au coordination and halogen bond in HBPB/Au(111). This may
be due to the relatively stronger chemical bonding of Br-C bond compared to the I-C bond
that hinders the formation of Br-Au coordination. As a result, the triple Br-Br halogen bond
promotes HBPB self-assembly into a uniform supramolecular monolayer with a unit cell of
1.48 nm x 1.48 nm (Figure 1b).
2.2. On-surface synthesis of nanoporous graphene

Figure 2 displays the on-surface synthesis of nanoporous graphene-1 and nanoporous
graphene-2. Figure 2a outlines the reactive pathway of nanoporous graphene-1 and
nanoporous graphene-2 via Ullman coupling and dehydrogenation, respectively. The HBPB
building blocks are cross-linked to each other via C-C coupling to form nanoporous graphene-
1. Figure 2b shows a STM image of the nanoporous graphene-1 on Au(111), obtained after
the HBPB supramolecular monolayer was heated to 250 °C. Due to desorption of some
precursor molecules, low coverage nanoporous graphene-1 formed. The molecular structure
of nanoporous graphene-1 is superimposed in a zoom-in STM image in Figure 2c. In this
arrangement, a building block consists of six symmetric protrusions and a central dark region.
The former can be assigned to six peripheral phenyl groups and the latter to the central phenyl
group. The distinctive contrast between the central and peripheral phenyl groups originate
from the twisted phenyl groups, as previously discussed. The cross-section profile in Figure
S3 suggests that the thickness of nanoporous graphene-1 is about 2.6 A, similar to that of the
HBPB precursor monolayer (2.6 A in Figure S4). STM gives an electronic image, and this
STM height is smaller than the calculated 4.1 A. The intermediates of the unreacted activated
precursor are observed after annealing at 160 °C in Figure S6, and the dissociated Br atoms
can be observed (indicated by blue arrows). The resulting new supramolecular network is

[28-29

likely stabilized by underlying Au substrate atoms. I The six peripheral protrusions that
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correspond to Br atoms in Figure 1b disappear after annealing to 250 °C, indicating the
dissociation of Br atoms from the peripheral phenyl group. A head-to-head linkage forms
between two adjacent peripheral phenyls, indicating the formation of crosslinked C-C bonds
via the Ullman reaction after the dissociation of Br atoms. A crosslinked site and the two
central phenyls are labeled by the red arrow and black arrow, respectively (Figure 2b). In
summary, the generation of nanoporous graphene-1 is facilitated through an Ullman reaction
pathway of thermally-induced halogen atom dissociation and subsequent C-C coupling. The
proposed reaction pathway of nanoporous graphene-1 synthesis is outlined in Scheme S2.
Nanoporous  graphene-2 was synthesized from nanoporous graphene-1 via
dehydrogenation reaction, as outlined in Figure 2a. Figure S5a presents a large-scale STM
image of the nanoporous graphene-2 obtained via annealing the nanoporous graphene-1 at
380 °C on Au(111). Figure 2d shows a high-resolution STM image of low-coverage
nanoporous graphene-2. The STM image shows that nanoporous graphene-2 has a smoother
structure, and the six symmetric protrusions (as observed in Figure 2b) disappear, suggesting
the elimination of the twist structure after dehydrogenation reaction. The nominal thickness of
nanoporous graphene-2 is ~0.18 nm (see cross-section profile in Figure S5b). This is
comparable to the typical thickness (0.15-0.20 nm) of single-atom thin graphene or graphene
nanoribbons on Au substrates,> 3% suggesting a single-atom thickness of the as-synthesized
nanoporous graphene-2. In contrast, due to the non-planar structure of precursor and
nanoporous graphene-1, their corresponding thickness (0.26 nm in Figure S3 and S4) is
higher than that of nanoporous graphene-2. We noted a similar planar structure of single-atom
thick graphene nanoribbons was also observed after the elimination of the out-of-plane
structure in precursors at 348 °C U3l Thus, a higher temperature treatment here (380 °C) can
also trigger a dehydrogenation reaction following by C-C coupling, leading to the formation
of the planar nanoporous graphene-2. The proposed top-view and side-view atomic structures

are therefore presented in Figure 2a.



To confirm the proposed atomic structure, we carried out non-contact atomic force
microscopy (nc-AFM) measurements with a CO-functionalized tip at 4.5 K. Figure 2e and
Figure 2f display a representative constant-current STM image of nanoporous graphene-2 and
its corresponding frequency shift nc-AFM image, respectively. The nc-AFM image (Figure
2f) shows that three C-C linkages (labeled by a blue arrow) form between the three building
blocks after dehalogenation. As a result, a pore with a size of ~0.6 nm was formed. We note
that this pore size is over-estimated since nc-AFM is not sensitive to hydrogen atom.!! The
enlarged nc-AFM image in Figure 2g highlights a single building block (molecular structure
is inserted), and clearly shows a hexa-peri-hexabenzocoronene (HBC) structure with 13
hexagons, verifying the formation of six internal C-C bonds after thermally-induced
dehydrogenation. The nc-AFM measurements thus support the proposed path for the synthesis
of nanoporous graphene-2 via hierarchical dehalogenation and dehydrogenation, respectively.
We were unable to obtain nc-AFM images of nanoporous graphene-1 due to its non-

planarity.['!]

2.3. Electronic bandgap opening in nanopore graphene

The successful on-surface synthesis and well-defined structural characterization of
nanoporous graphenes enable us to further investigate their structure-correlated electronic
properties. Scanning tunneling spectroscopy (STS) was employed to probe the electronic band
structure of nanoporous graphenes to resolve the respective valence band (VB) and
conduction band (CB) features. Figure 3 displays the characteristic dI/dV spectra of both
nanoporous graphene-1 and nanoporous graphene-2. The dI/dV spectra of the nanoporous
graphene-1 were recorded as indicated at the nanopore edges (typically labeled by red dot in
the STM image inset) in Figure 3a. More than 50 STS measurements were carried out, and
Figure 3a shows the average spectra. The valence band (VB) is a shoulder peak at -1.70 +

0.05 eV. The conduction band (CB) is a prominent peak at 3.30 + 0.05 eV. The dI/dV spectra
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of the bare Au substrate (recorded at the blue dot in the STM inset) were presented for tip
calibration. Thus, the quasiparticle bandgap of the nanoporous graphene-1 is 5.0 + 0.1 eV. We
postulate that the large bandgap is due to the twist feature of the phenyl groups (Figure 2b),
which prevents orbital hybridization and delocalization of n-electrons (as supported by DFT
calculations in Figure 4). To verify this, we compare the dI/dV spectra on a single HBPB
molecule. Figure S7 shows that the electronic HOMO-LUMO gap of self-assembled HBPB
monolayer is 5.02 + 0.10 eV, suggesting that the energy gap did not differ significantly in

nanoporous graphene-1 compared to the HBPB monolayer.

In contrast, nanoporous graphene-2 exhibits semiconducting properties as shown in Figure
3b. The STS acquisition points were taken at the red dot in the inserted STM image. The
valence band (VB) can be determined as the shoulder at -1.54 + 0.05 eV. The conduction
band (CB) is the prominent peak at 2.31 + 0.04 eV. As a result, a quasiparticle bandgap of
3.85 = 0.05 eV was extracted, suggesting the semiconducting nature of the as-synthesized

nanoporous graphene-2.

To compare and verify the as-synthesized pore graphene with other semimetallic and
insulating 2D materials, we also carried out STS measurements of highly oriented pyrolytic
graphite (HOPG) and few-layered h-BN. Figure S8 shows the STM images and STS
spectrum of HOPG. The STM image with a lattice constant of 0.24 nm shows that the HOPG
consists of A-B stacking graphene due to the trigonal symmetry of the bright dots.[*”] The STS
spectra show a sharp “V” shape near the Fermi level, suggesting semi-metallic zero bandgap
behavior in graphite, as expected. Nanoporous graphene-2 refers to a graphene with nanopore.
However, compared with zero-gapped graphene, nanoporous graphene-2 has a wide bandgap

of 3.85 eV. Thus, the nanopore structure turns semimetallic graphene into a semiconductor.

Figure S9 shows STM images and STS spectra of few-layered h-BN. The STM images

show that h-BN has a lattice constant of 0.24 nm, similar to that of graphene. However, the
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STS spectra of few-layered h-BN display a wide “U” shape with a bandgap of 5.70 eV,
suggesting an insulating property. This result is in good agreement with previous experiment
and calculation reports.[*3] We note that as-synthesized nanoporous graphene-1 has a large
bandgap comparable to that of insulating h-BN. Nevertheless, the large bandgap opening in
nanoporous graphene-1 results from the structural twist of the internal phenyl groups, as

discussed later in Figure 4.

2.4. Calculated structure-correlated electronic properties

First-principles calculations were performed to complement the previous discussions on the
electronic properties of nanoporous graphene. Figure 4a-4¢ show the top-view and the side-
view of atomic structures of a single HBPB monomer, nanoporous graphene-1, and
nanoporous graphene-2, respectively. Upon geometric optimization, a twist angle of 66
degrees between internal phenyl groups was observed in both HBPB monomer and
nanoporous graphene-1, suggesting non-planar structures in both cases. The calculated layer
height for nanoporous graphene-1 is ~0.41 nm. In contrast, planar nanoporous graphene-2 is
energetically favorable. These calculated geometric structures are consistent with our STM

and nc-AFM observations.

Figure 4d-4f show the calculated projected density of states (PDOSs) of a single HBPB
monomer, nanoporous graphene-1, and nanoporous graphene-2, respectively. The PBE gaps
are estimated to be 3.11 eV, 2.93 eV, and 1.97 eV for HBPB molecule, nanoporous graphene-
1, and nanoporous graphene-2, respectively. We note that the calculated band gaps are smaller
than those measured by STS due to the band gap underestimation via PBE exchange-
correlation functionals.[®* The calculation results are consistent with STS measurements in
terms of the decreasing trend of the energy gaps. The energy gaps show an insignificant
change between single HBPB monomer and nanoporous graphene-1, both of which exhibit a

non-planar structure. In contrast, the energy gap of the planar nanoporous graphene-2 is ~
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0.96 eV smaller than those of the non-planar structures. A more delocalized n-electron in p.-
orbital narrows the energy gap of sp*-hybridized carbon materials. For example, the HOMO-
LUMO gaps decrease in extended acenes or size-expanded nanographene.*>-*71 Both STS and
DFT results exhibited insignificant variation in terms of energy gap of the HBPB precursor
and nanoporous graphene-1, indicating that the two cases have a similar sp?-hybridized state.
We propose that the sp>-hybridized states remain unchanged due to their twisted feature of
internal phenyl groups that eventually limits the m-electron delocalization (sp*-hybridized).
After eliminating the twisted feature via subsequent dehydrogenation reaction, a substantial
bandgap narrowing was observed in planar nanoporous graphene-2. We further confirmed the
effect of twisted phenyl groups on both the sp>-hybridized states and the energy gap by
considering their respective p.-, px-, and py- PDOS profiles as shown in Figure 4d-f. Each p-,
Px-, and py- orbital contributes equally to the HOMO (or valence band) and LUMO (or
conduction band) states in HBPB molecule and nanoporous graphene-1. In contrast, the p;
orbital dominates the valence band and conduction band edges in nanoporous graphene-2. It is
clear that the twisting of the phenyl groups plays an important role on the dehybridization of
the p,, px, and py orbitals. The planar structure enhances the hybridization of p,-orbital, and

thus narrows the energy gap in nanoporous graphene-2.

The visualized partial charge density further confirms that the planar structure of
nanoporous graphene creates a more delocalized charge density distribution. As shown in
Figure 5a-5d, the charge density near valence and conduction band edge is mainly localized
at the phenyl groups in nanoporous graphene-1, while the charge density of the planar
nanoporous graphene-2 is more delocalized and extended through the whole carbon network.
These results are consistent with the STM observations in Figure 2b and Figure 2d.

Therefore, a good agreement between partial charge density distribution and STM images
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suggests that the planar structure in nanoporous graphene-2 (compared with nanoporous

graphene-1) promotes charge density delocalization and results in a reduced bandgap.

The large bandgap opening in nanoporous graphene-2 is consistent with Clar sextet theory.
Clar sextet theory has been proposed to explain the electronic structure in polycyclic aromatic

38-39] Tt has also been

hydrocarbon systems, graphene nanoribbons, and carbon nanotubes.!
used to explain the energy bandgap opening in nanoporous graphene (or graphene antidot
lattices).[*) Clar's aromatic m-sextets can be defined as the formation of localized six 7-
electrons that are localized within a single phenyl ring separated from the adjacent hexagons
by C-C single bonds.[*!l According to Clar sextet theory, a planar nanographene could have a
larger bandgap if it has a higher ratio between the numbers of Clar sextets and the total
number of hexagons in the unit cell.*8 Clar structure analysis was carried out to obtain Clar
sextets distribution in nanoporous graphene-2 (Figure 5¢) and Moreno’s nanoporous
graphene (Figure 5f). The Clar sextet ratio of nanoporous graphene-2 is 7/13 (Figure Se).
This high ratio of Clar sextet opens up a large bandgap of ~3.8 eV in nanoporous graphene-2.
In contrast, the Clar sextet ratio of Moreno’s nanoporous graphene is 6/14 in Figure 5f. In
addition, a structural resonance forms in Moreno’s nanoporous graphene, suggesting the
efficient m-electron delocalization in Moreno’s conjugated carbon structure. The smaller Clar
sextet ratio and the delocalized m-electron of Moreno’s conjugated nanoporous graphene
results in a narrow bandgap of ~1.0 eV.[?*] While the higher ratio of Clar sextets and the non-

resonance aromatic structure suppresses the n-electrons delocalization and thereby promotes a

large bandgap opening in nanoporous graphene-2.

3. Conclusion
Low-dimensional carbon-based materials with semiconducting properties have attracted much
interest since they are promising as a transport component for electronic applications.

Mugarza’s group demonstrated the on-surface synthesis of nanopous graphene with a narrow
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bandgap of ~1.0 eV by introducing nanopores into the graphene lattice.[>’] Here, we report a
simple route to synthesize two kinds of nanoporous graphene networks with large bandgaps.
Nanoporous graphene-1 and nanoporous graphene-2 were obtained via hierarchical thermally-
induced dehalogenation coupling and dehydrogenation reaction, respectively. The
quasiparticle bandgaps of the as-synthesized nanoporous graphene-1 and nanoporous
graphene-2 were determined to be ~5.0 eV and ~3.8 eV, respectively. Corroborated by the
DFT calculations, we suggest that the large bandgap opening in nanoporous graphene-1 is
governed by its non-planar structure that inhibits the n-electron hybridization throughout the
structure. The formation of nanoscale pores leads to a bandgap opening in nanoporous
graphene-2, which is consistent with Clar sextet theory. This work demonstrates that zero-
gapped pristine graphene can be converted into both a semiconductor (nanoporous graphene-2)
and a large-gapped insulator (nanoporous graphene-1) through rational structure design (by
the inserted nanopores or a twisted structure). Further work is needed to fabricate uniform
large area nanographenes for scaling-up for future device applications. The uniform
continuous nanographenes could be realized via a rational design of surface reaction with

fewer numbers of C-C coupling and higher precursor surface diffusion coefficients.

Experimental Section

Synthesis of hexakis(4-bromophenyl)benzene (HBPB): Precursor HBPB was synthesized
according to the reaction path in scheme S1. The detailed information for the synthesis of

HBPB precursors is provided in the Supplementary Materials.

On-surface synthesis of nanoporous graphene: The synthesis of nanoporous graphene was
carried out under UHV conditions (below 10 mbar). The Au were cleaned via repeated
cycles of Argon sputtering and subsequent annealing to 800 K. HBPB precursors were
thermally deposited from a Knudsen effusion cell onto metal substrates held at room

temperature. After deposition, the sample was directly transferred to STM chamber for
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imaging, or annealed at a controlled temperature then transferred to LT-STM/nc-AFM

chamber for imaging.

Characterization: LT-STM measurements were carried out in Omicron low-temperature STM
interfaced with a Nanonis controller at National University of Singapore. The STM images
were obtained in constant current mode using chemically-etched tungsten tips. For dI/dV
measurement, the tunneling current was collected by a lock-in amplifier with modulation of
675 Hz and 40 mV, and dI/dV spectra were also recorded at bare Au(111) for calibration. The
STM measurements were performed at 77 K under a base pressure better than 107'° mbar,

while nc-AFM at 4.5 K with a base pressure of 10-!! mbar.

Computational Details: For the calculation details, please refer to section S2.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Self-assembly monolayer of HBPB on Au(111) stabilized by triple Br-Br
halogen bonds. (a) Large-area STM image of a self-assembly monolayer of room-
temperature deposition of HBPB precursor on Au(111), set-point: V =-0.6 V and I = 50 pA,
size: 20 nm x 20 nm. (b) Atomic-resolution STM image of HBPB precursor, set-point: V = -
0.6 V and I = 50 pA, size: 4.5 nm X 4.5 nm, a molecular structure of HBPB were
superimposed onto the STM image, the inserted black parallelogram delineates a 1.48 nm x
1.48 nm unit cell, central phenyl groups: black dashed circle, peripheral phenyl groups: blue
dashed circle, Br atoms: red dashed circle (or red dots). (c) Corresponding cross-section
profile for the blue line in b. (d) A packing configuration of 4 HBPB molecules, side-view of
a HBPB molecule is inserted, and triple Br-Br halogen bonds are labeled by the triangular

blue dashed lines.
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Figure 2. On-surface synthesis of nanoporous graphene-1 and nanoporous graphene-2.
(a) An illustration of surface-assisted synthesis of nanoporous graphene-1 and nanoporous
graphene-2 via Ullman coupling and dehydrogenation, respectively; (b) STM image and (c)
zoom-in STM image of nanoporous graphene-1 at 250 °C on Au(111), the red arrow and
black arrows in (b) label the crosslinked site and central benzenes, respectively; set-point: b)
V=10Vand =58 pA,c) V=1.0Vand I =58 pA; (d) STM image and (e) zoom-in STM
image of nanoporous graphene-2 obtained via annealing the nanoporous graphene-1 at 380 °C,
set point: d) V.= 0.5 Vand I =40 pA, e) V=30 mV and I = 21 pA; (f, g) Corresponding
constant-height nc-AFM images of nanoporous graphene-2, obtained with a CO-
functionalized tip at 4.5 K, set point: tip height z = 0 A with respect to the STM set point in
(e), V. = 0 mV and oscillation amplitude A = 60 pm. A structure model of a hexa-peri-
hexabenzocoronene is inserted in (g). A predicted structure model of nanoporous graphene-1

or nanoporous graphene-2 is superimposed in (c, € and f).
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Figure 3. Large bandgaps opens in the as-synthesized nanoporous graphene. (a)
Scanning tunneling spectroscopy of nanoporous graphene-1, set-point: V.= 1.0 V and I = 60
pA, the inserted figure is a STM image of nanoporous graphene-1, STS spectra were recorded
at red dot, its bandgap was identified as 5.0 = 0.1 eV; (b) Scanning tunneling spectroscopy of
nanoporous graphene-2, set-point: V = 1.0 V and I = 40 pA, the inserted figure gives a STM
image of nanoporous graphene-2, STS spectra were recorded at red dot, its bandgap was

extracted as 3.85 + 0.1 eV. The inserted dI/dV spectra of the bare Au substrate were also

recorded at blue dots for tip calibration.
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Figure 4. Theoretical electronic properties of the three structures. Optimized atomic
structure of (a) a single HBPB monomer, (b) nanoporous graphene-1, and (c) nanoporous

graphene-2. Up: Top-view, Bottom: Side-view, in which red, purple and light blue solid balls
19



denote Br, C and H atoms,respectively. The calculated PDOSs of (d) a single HBPB monomer,
(e) nanoporous graphene-1 and (f) nanoporous graphene-2, in which the PBE energy gaps are

extracted as 3.11 eV, 2.93 eV, 1.97 eV, respectively.
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Figure 5. Theoretical partial charge density and Clar structure analysis. The visualized
partial charge density of (a, b) nanoporous graphene-1 and (c, d) nanoporous graphene-2 with
an iso-surface value of 2.0x1.07 e/A3 where (a, ¢) and (b, d) denote partial charge density
distribution states near the conduction band and the valence band edge, respectively. Clar
structure analysis shows Clar sextets distribution in (e) nanoporous graphene-2 and (f)
Moreno’s nanoporous graphene. Clar sextet is a delocalized m-orbital phenyl ring (labeled by
central circular rings). As a result, the ratio between the numbers of Clar sextets (labeled by
red numbers) and the total number of hexagons in a unit cell is 7/13 (This work) and 6/14
(Moreno’s work), respectively. A structural resonance forms in Moreno’s nanoporous

graphene, suggesting the efficient delocalization of m-electron.
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Two types of nanoporous graphene were synthesized via a simple way of hierarchical C-C
coupling. By introducing nanopores or a twisted structure, semimetallic graphene is converted
into semiconducting nanoporous graphene-2 or insulating wide-bandgap nanoporous
graphene-1.

D. Wang, X. Lu, Arramel, M. Yang, J. Wu, A. T. S. Wee

Title: On-surface synthesis of variable bandgap nanoporous graphene
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TOC. Surface-assisted bottom-up synthesis of nanoporous graphene with structure and
bandgap modulation.
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