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Graphyne, a remarkable two-dimensional carbon

allotrope, has attracted significant attention in the

field of materials science due to its unique properties

and potential applications. Because of the special

arrangement of their sp- and sp2-hybridized carbon

atoms, these structures display a wide range of geo-

metrical and electronic characteristics as well as

homogeneous pores of varying sizes, making them

suitable for a variety of practical applications. In

recent years, the synthesis of the thin film products

of graphyne and its derivatives has typically been

documented. To date, however, it remains challeng-

ing to synthesize atomically precise single-layered

graphyne and its derivatives. Herein, we report a

facile strategy to synthesize single-layered hydro-

gen-substituted γ-graphdiyne on the Au(111) surface

through dehalogenation and intermolecular coupling

polymerization. Its geometric atomic structure was

investigated by scanning probe microscopy. Com-

bined with theoretical results, we reveal its semicon-

ducting property.
Keywords: scanning probe microscopy, on-surface

synthesis, γ-graphdiyne, hydrogen-substituted

γ-graphdiyne, electronic structures

Introduction
Carbon-rich molecules and materials have been exten-

sively studied for decades, fueled by the successive

generations of novel carbon allotropes such as dia-

monds, fullerenes,1 carbon nanotubes,2 and graphene.3

These carbon allotropes can yield surprising results both

in terms of their mechanical strength and their possible
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applications, such as in the next generation of electron-

ics. The theoretical discovery of graphyne-family struc-

tures has opened up new avenues for the exploration and

development of two-dimensional carbon materials.4

Graphyne-family structures are a range of hybrid carbon

allotropes composed of sp- and sp2-hybridized carbon

atoms, possessing intriguing properties distinct from

other carbon-basedmaterials.5–7 However, direct produc-

tion of these kinds of materials is never easy. One mem-

ber of the family, γ-graphdiyne (GDY) (Figure 1a),

exhibits a honeycomb-like lattice structure, featuring

interconnected benzene rings and acetylene units, result-

ing in a unique arrangement of carbon atoms. Since Li’s

pioneering work8–10 on experimental preparation of a

uniform GDY film via the Glaser coupling reaction in

solution, several synthetic approaches have been devel-

oped to obtain high-quality GDY films. These methods

include bottom-up synthesis,11,12 top-down lithography

techniques,13 and chemical vapor deposition processes.14

Each method offers advantages and challenges, and

researchers continue to refine and optimize the synthesis

techniques to achieve large-scale production of GDY.

The research on graphdiyne has gained momentum in

recent years, with numerous studies investigating its

properties and exploring its applications.15–17 However,

the synthesis of single-layered GDY and its derivatives,

such as hydrogen-substituted γ-graphdiyne (HsGDY)

(Figure 1b), on a large scale, presents several challenges

due to the complex and intricate nature of their structure

and reactivity. Thus, developing efficient synthesis meth-

ods that can produce such single-layered structures with

consistent quality is an ongoing research area.

On-surface synthesis is an emerging strategy for creat-

ing unique low-dimensional carbon nanostructures,18

which has successfully added sp-hybridized carbon atoms

to nanostructures in recent years. The acetylenic and

cumulenic motifs have now been successfully created

using dehalogenative homocoupling reactions.19–23 One of

these motifs, diacetylene (C≡C−C≡C), which is a typical

motif in GDY and HsGDY, has already been produced by

dehalogenative homocoupling of terminal alkynyl bro-

mides on the Au(111) surface.24 This has made on-surface

synthesis of GDY and its derivatives an active research

area and offers great potential for tailoring the properties

of these structures on the atomic scale. We should point

out that, in such an on-surface reaction process, the

formation of organometallic intermediates (C≡C−M−C≡C)
is usually inevitable,24–26 and demetallization is a challeng-

ing process that normally hampers further formation of

large-area and high-quality metal-free two-dimensional

structures. Thus, the development of an on-surface syn-

thesis strategy devoid of organometallic intermediates or,

on the other hand, to efficiently promote the demetalliza-

tion at moderate conditions is urgently needed.

Recently, chlorine atoms were found to be crucial in

assisting the breakage of metal-alkynyl bonds.27 Inspired

by this work, we introduced a new functional group,

tribromoethenyl, which is anticipated to undergo

β-elimination and dehalogenative organometallic homo-

coupling reactions. More importantly, more bromine

atoms were also introduced onto the surface, which

was expected to facilitate the demetallization from the

organometallic intermediates. Experimentally, we

designed and synthesized two precursors with one and

three tribromoethenyl groups to generate metal-free

dimer and network (i.e., HsGDY) products. As expected,

they were successfully produced under moderate con-

ditions. The structure of the synthesized HsGDY network

was unambiguously characterized by means of scanning

tunneling microscopy (STM) and noncontact atomic

Figure 1 | Structures of (a) GDY and (b) HsGDY networks.
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force microscopy (AFM). The electronic structure and

properties of the HsGDY network were investigated by

density functional theory (DFT) calculations.

Results and Discussion
First, we tried to investigate the molecule with one tri-

bromoethenyl group (4-(1,2,2-tribromoethenyl)-1,1′-

biphenyl, TBEBP) and also compared it with another

previously studied molecule with bromoalkynyl group

(4-(bromoethynyl)-1,1′-biphenyl, BEBP) on the Au(111) sur-

face. We found that both functional groups underwent

dehalogenative organometallic coupling after deposition

of molecules on Au(111) held at 300 K, resulting in the

formation of organometallic intermediates, as shown in

Figure 2a,b. Interestingly, a milder annealing condition

(360 K vs 400 K) was required for the further

Figure 2 | Comparison of on-surface reactions of molecular precursors with bromoalkynyl and tribromoethenyl

groups on the Au(111) surface, respectively. Schematic illustrations showing the formation of the same organometallic

intermediate and the metal-free dimer product originating from (a) BEBP and (b) TBEBP with different temperatures,

respectively. Large-scale STM images of the samples (c) after deposition of TBEBP on Au(111) held at about 300 K and

(d) after annealing at about 360 K. STM images of (e) organometallic intermediate and (f) metal-free dimer product.

The corresponding DFT-calculated STM images are shown in (g) and (h). The calculated models of the organometallic

intermediate are shown in (i) top view and (j) side view. Also, the calculated models of the dimer product are shown in

(k) top view and (l) side view. Scanning parameters: STM images (c), V = −1.05 V, It = 0.79 nA, (d), V = −1.25 V,

It = 0.69 nA, (e), V = −1.25 V, It = 0.71 nA, and (f), V = −1.05 V, It = 0.69 nA.
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demetallization process by using TBEBP molecules. The

lower annealing temperature for the demetallization

was attributed to the fact that there were more bromine

atoms involved in this process.27 The detailed experimen-

tal results are shown in Figure 2c–f, where STM images

reveal the formation of the organometallic coupling

intermediates and the demetallized products. The individ-

ual intermediates and the products are marked by the

white contours, respectively, which are further illustrated

in the close-up images and compared with the theoretical

simulations (Figure 2g, h). The DFT-calculated models in

the top and side views are demonstrated in Figure 2i–l.

Figure 3 | Synthesis and structural characterization of HsGDY on the Au(111) surface. (a) Synthetic strategy from

TTBEB molecular precursor to HsGDY with high efficiency. (b) Large-scale STM image of HsGDY network obtained

after deposition of TTBEB on Au(111) and further annealing the sample at 430 K. (c, d) Close-up STM and AFM images

of HsGDY. (e) Corresponding Laplace-filtered AFM image. (f) AFM image of a hexagonal unit with relaxed structural

model overlaid, and two red arrows indicating the diacetylene moiety. (g) Simulated AFM image based on DFT

calculated gas-phase geometry. Scanning parameters: STM image (b), V = −0.88 V, It = 0.96 nA, (c), V = 0.30 V,

It = 50 pA; all AFM imageswere recordedwith a Br-tip at different tip offsets z, with respect to an STM set point, 0.30 V,

50 pA. (d: −80 pm, f: −70 pm).
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We then synthesized the 1,3,5-tris(1,2,2-tribromoethe-

nyl)benzene (TTBEB) molecule with three tribromoethe-

nyl groups with the aim of producing high-quality HsGDY

networks. The organometallic network was obtained af-

ter deposition of TTBEB molecules on Au(111) held at

about 300 K and slightly annealed at 380 K, as shown

in Supporting Information Figure S1, also as reported

previously.24 After annealing the sample at 430 K, the

metal-free HsGDY networks were subsequently pro-

duced, as illustrated in Figure 3a. Experimentally, we

observed from a large-scale STM image (Figure 3b) that

the HsGDY structures were distributed as islands on the

surface. The close-up STM image allowed us to identify

the metal-free HsGDY network structure as shown in

Figure 3c. More detailed structural information can be

seen in the corresponding AFM images (Figure 3d,e), in

which the diacetylene moiety was imaged as two char-

acteristic bright protrusions28–31 (indicated by two red

arrows in Figure 3e) can be unambiguously distin-

guished. The relaxed model matched well with the AFM

image (Figure 3f), and the corresponding AFM simulation

is also shown in Figure 3g. In comparison with our previ-

ous work employing the bromoalkynyl group,24 the pres-

ent strategy of introducing the tribromoethenyl groups

indeed improved the efficiency of demetallization of

organometallic intermediates with a yield of over 90%.

Additionally, we conducted DFT calculations on HsGDY

in the gas phase and adsorbed on Au(111). Theoretical

freestanding HsGDY networks with 1.65 nm (Supporting

Information Figure S2a) primitive cell dimensions

correspond well with the experimental measurement

(1.65 ± 0.01 nm). The calculated HsGDY network struc-

ture on Au(111) and the corresponding STM simulation are

also shown in Supporting Information Figure S2b,c. We

also tried to deposit TTBEB molecules on Ag(111), and

demetallization from organometallic intermediates was

not achieved. The organometallic network on Ag(111) is

shown in Supporting Information Figure S3.

We then tried to experimentally investigate the elec-

tronic structure of the HsGDY by using scanning

Figure 4 | Theoretical electronic structure characterization of HsGDY. (a, b) Calculated DOS and band structures of the

freestanding GDY and HsGDY from PBE (scatter plots) and HSE06 (line plots). (c, d) The LDOS distributions of the

CBM and the VBM in GDY and HsGDY.
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tunneling spectroscopy. However, this was very chal-

lenging due to the large amount of surrounding bromine

atoms. Therefore, we performed theoretical calculations

to unveil the electronic characteristics of the HsGDY and

compared the results with those of GDY. Scatter plots in

Figure 4a,b show the calculated density of states (DOS)

and band structures of freestanding GDY and HsGDY by

the Perdew–Burke–Ernzerhof (PBE) exchange-correla-

tion functional,32 respectively. The direct bandgap in GDY

was discovered to be 0.47 eV at Γ point, which is identical

to the value previously anticipated,9,33 and the larger gap

value of 2.37 eV was theoretically obtained in HsGDY.

Considering that the bandgaps are usually underesti-

mated by PBE, we also performed calculations using the

Heyd–Scuseria–Ernzerhof hybrid functional HSE06.34

Indeed, the calculated band structures using HSE06

clearly displayed the wider bandgaps of 0.88 and 3.17 eV

in GDY and HsGDY, respectively, as shown by line plots in

Figure 4a,b. Another salient feature of the HsGDY band

structure was the flat conduction band minimum (CBM)

and valence band maximum (VBM), which was very

similar to the halogen-substituted GDY35 and hydro-

gen-substituted γ-graphyne.36 Figure 4c,d also displays

the local density of states (LDOS) distributions. We can

see that, in diacetylene regions, the CBM was more

localized at the carbon–carbon single bond sites, while

the VBM was more localized at carbon–carbon triple

bond sites, both in GDY and HsGDY.

To further gain additional insight into the electronic

properties of HsGDY, anisotropy of the induced current

density (ACID), localized orbital locator based on π

molecular orbitals (LOL-π), electron localization function

(ELF), and charge density plot (CDP) calculations of

HsGDY or its fragments were also conducted. They were

compared with those in GDY. The estimated ACID plots

(Figure 5a and Supporting Information Figure S4a for

GDY fragment, Figure 5b and Supporting Information

Figure S4b for HsGDY fragment) revealed that the 18-

membered rings in GDY have a very weak aromatic

character and that there is almost no visible ring current

along their length. In both GDY and HsGDY, all benzene

rings showed clockwise ring current flow, demonstrating

their strong aromatic nature. The LOL-π calculations

(Figure 5c and Supporting Information Figure S4c for

GDY fragment, Figure 5d and Supporting Information

Figure S4d for HsGDY fragment) showed that π elec-

trons, notably in GDY, have favorable global conjugation

channels. The electron conjugation over carbon–carbon

triple bondswasmore pronounced than that surrounding

carbon–carbon single bonds, indicating the hindered

conjugation over the π region of carbon–carbon single

bonds.37 According to the results of the ELF and CDP

(Figure 5e,g for GDY, Figure 5f,h for HsGDY), we can infer

that, in both structures, the electrons were delocalized,

the carbon–carbon triple bonds were electron rich, and

the benzene rings were comparatively electron poor.

Conclusions
In conclusion, we have demonstrated the feasibility of the

construction of diacetylene moieties by on-surface reac-

tions of precursors with tribromoethenyl groups,

Figure 5 | Calculated electronic properties of HsGDY. (a, b) Calculated ACID plots of GDY and HsGDY fragments

(isovalue = 0.05, the red arrows indicate the ring current flow). (c, d) Isosurfaces of LOL-π of GDY and HsGDY

fragments (isovalue = 0.40). (e, f) Calculated ELF of GDY and HsGDY. The scale of color bars is given in a.u. (g, h)

Calculated CDP of GDY and HsGDY. The scale of color bars is given in e/Bohr3.
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showing higher efficiency thanmolecules with bromoalk-

ynyl groups. Using such a strategy, single-layered HsGDY

networks have been successfully synthesized, the fine

structure of which has been characterized by STM and

AFM, and HsGDY’s electronic structure and properties

have been studied by DFT calculations. This work may

further inspire both theoretical and, especially, experi-

mental work toward more delicate two-dimensional car-

bon nanostructures containing sp-hybridized carbon

atoms.

Supporting Information
Supporting Information is available and includes the fol-

lowing information: materials andmethods for STM/AFM

measurements and DFT calculations; STM image of or-

ganometallic intermediate network on Au(111); DFT cal-

culated models of freestanding HsGDY and HsGDY

adsorbed on the Au(111) surface and simulated STM im-

age of a HsGDY; STM images of the organometallic

network on Ag(111); and a complete view of calculated

ACID plots and isosurfaces of LOL-π of GDY and HsGDY

fragments. (PDF)
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