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Holey graphyne (HGY) is alternately linked between benzene rings and C=C
bonds and is composed of six-vertex and highly strained, eight-vertex rings and an
equal percentage of sp? and sp hybridized carbon atoms. Density functional
theory (DFT) has proven its stability of thermodynamic, kinetic, mechanical, and
thermal properties; thus, it is a promising synthetic target. We report HGY
synthesized in an interfacial, two-solvent system through a Castro-Stephens-type
coupling reaction from 1,3,5-tribromo-2,4,6-triethynylbenzene. DFT predicted
HGY is a p-type semiconductor with a direct bandgap (~1.1 eV) and high carrier
mobility.
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SUMMARY

Here, we report two-dimensional, single-crystalline holey graphyne
(HGY) synthesized in an interfacial two-solvent system through
a Castro-Stephens-type coupling reaction from 1,3,5-tribromo-
2,4,6-triethynylbenzene. As a new type of 2D carbon allotrope,
HGY is alternately linked between benzene rings and C=C bonds
and is composed of a pattern of six-vertex and highly strained,
eight-vertex rings and an equal percentage of sp? and sp hybridized
carbon atoms. By combining experimental and theoretical studies,
we systematically investigated the stability of HGY and its vibra-
tional and optical properties. Density functional theory computa-
tions predicted that HGY is a p-type semiconductor that embraces
adirectbandgap (~1.1 eV) with a high carrier mobility. Transmission
electron microscopic studies revealed that the synthesized HGY
sheets are highly crystalline with AB stacking. Its semiconducting
character, nonlinear sp bonding, and special t-conjugated structure
endow HGY with promising applications in optoelectronic, energy
harvesting, gas separation, catalysis, water remediation, sensor,
and energy-related fields.

INTRODUCTION

Diamond and graphite are two naturally occurring carbon allotropes, which
possess sp> and sp? hybridized carbon atoms, respectively. The discovery of
various other carbon allotrope materials, such as graphene,’ fullerene,” carbon
nanotube,® graphyne,”® and graphdiyne,”” has been revolutionizing modern
nanomaterials science. Graphyne, firstly predicated by Baughman et al. in 1987,
is a new form of two-dimensional (2D) carbon material with sp and sp? carbon
atoms. The presence of the sp carbon atoms (or acetylenic linkages) in graphyne
disintegrates the original honeycomb lattice of graphene. Accordingly, unlike gra-
phene with only a honeycomb lattice structure, graphynes can adopt many
different geometries. So far, mainly four different geometries of graphynes, namely
a-, B-, y-, and 6,6,12-graphyne,4’9 have been explored, and their percentages of
acetylenic linkages are 100%, 66.67%, 33.33%, and 41.67%, respec’cively.7 Interest-
ingly, similar to graphene, a-, 8-, and 6,6,12-graphynes® have Dirac-cone-like band
structures at the Fermi level and exhibit small carrier effective masses and high car-
rier mobility,® while graphdiyne® and y-graphyne® possess nonzero band gaps.
Recently, Casari and coworkers experimentally fabricated the graphdiyne-like car-
bon nanonetwork'® and designed all graphdiyne-related carbon allotropes,"
giving possible guidelines for designing new 2D carbon materials. The unique
properties of graphynes make them strong competitors of graphene, at least for
some applications.

Progress and potential
Carbon has many faces, such as
graphene, nanotubes, fullerene,
and graphdiyne, where hexagons
are the primary building blocks of
these materials. Since many of the
exotic properties of carbon
allotropes are related to their
unique structure, some basic
questions will occur. Is it possible
to design new carbon allotropes?
An intriguing molecule,
dibenzocyclooctadiyne, first
synthesized by Sondheimer and
coworkers, caught our attention.
In dibenzocyclooctadiyne, two
aromatic benzene rings are
connected by two bent acetylenic
linkages, resulting in a highly
strained, eight-membered ring.
This interesting molecule inspired
us to design and synthesize the
new carbon allotrope, namely
holey graphyne, as reported in
this work.
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Graphene research has made significant advances in modern chemistry and physics
because of its fascinating properties.’'? However, the zero-bandgap electronic
structure of graphene limits its application for semiconducting materials. Therefore,
it is necessary to find new types of 2D carbon allotropes that have exceptional semi-
conducting properties, such as a proper energy bandgap and high mobility.
Comparing graphene,'? y-graphyne,” and graphdiyne,®®? we can expect that 2D
carbon allotropes constructed by alternatively linking sp? benzene rings and sp acet-
ylenic chains with an appropriate sp?/sp bonding ratio may help design the holey
graphyne (HGY), an ideal 2D semiconducting material. An intriguing molecule, di-
benzocyclooctadiyne, firstly synthesized by Sondheimer and coworkers in 1974,
caught our attention. In dibenzocyclooctadiyne, two aromatic benzene rings are
connected by two bent acetylenic linkages, resulting in a highly strained, eight-
membered ring. This exciting molecule inspired us to design and synthesize the
new carbon allotrope, namely HGY, as reported in this work.

Herein, we report a new type of carbon allotrope, HGY, whose structure is composed
of a pattern of hybridized six-vertex and eight-vertex rings. We synthesized the
ultrathin, single-crystalline HGY by the bottom-up approach through a transition-
metal-mediated cross-coupling from 1,3,5-tribromo-2,4,6-triethynylbenzene in the
interface of two-solvent system (water and dichloromethane). We systematically
investigated its stability and spectroscopic and electronic properties by joint exper-
imental and theoretical studies. It is revealed that HGY may have promising potential
applications in optoelectronic and energy-related fields.

RESULTS AND DISCUSSION

Structure and stability of HGY by DFT computations

By means of density functional theory (DFT) computations, we theoretically investi-
gated the geometric structure of HGY and its stability (see Data S1. Crystallographic
information files of HGY). HGY, the novel carbon allotrope, has a space group Pé/
mmm (Dgp") in the Hermann-Mauguin (Schoenflies) notation. Different from gra-
phene with only six-membered carbon rings, HGY not only has six-membered rings
but also has eight-membered carbon atom rings between the hexagonal units (Fig-
ure 1A). The optimized lattice constantisa =b = 10.83 A (Figure S1; Tables S1-S3).
According to bonding analysis (Figure 1A), the carbon atoms in six-membered rings
are sp? hybridized, and these rings have alternating single and double bonds with

the bond distance of 1.461 and 1.396 A, respectively. In comparison, the carbon 1Center for Integrated Nanostructure Physics
atoms in the eight-membered rings are sp hybridized; the bond lengths in these (CINAP), Institute of Basic Science (IBS), 2066
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charge densities (Figure 1B), and the variation in bond charge density indicates University (SKKU), 2066 Seoburo, Jangan-Gu,
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the different types of carbon bonding (sp® and sp). These charge density results
are also in good agreement with the line charge density along the lattice direction

Figure S2).
(Figu ) 4Department of Energy Science, Sungkyunkwan
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ergy of the carbon atom, the total energy of the primitive cell, and the number of car- 7Lead contact
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Then, we calculated the phonon frequencies of HGY for all modes in the Brillouin https://doi.org/10.1016/j.matt.2022.04.033
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Figure 1. Structure and stability properties of the HGY sheet

(A) The illustration of the primitive cell structure of HGY that shows detailed bonding information.

(B) The electronic charge density contours corresponding to the unit cell.

(C) The phonon band structures of HGY without imaginary frequency.

(D) Snapshots of trajectories for HGY (2*2*1 supercell) monolayer at 1,000 K, following a 10-ps AIMD simulation: before and after. For the full structure
information of HGY, see Data S1: Crystallographic information files of HGY.

zone (BZ) (Figures 1C and S2). No imaginary frequencies were observed, which indi-
cates that HGY is kinetically stable. Note that the maximum frequency of the longi-
tudinal optic mode (LO) is as high as 2,400 ecm ™~ 'in the carbon chain.? In addition, the
elastic constants of HGY (Cq4 = Co = 91.06 N/m, C4, = 35.60 N/m, and C4 = 0.15
N/m) satisfy the specification for hexagonal 2D crystal (C11 > |Cy3|, Cee > 0), showing
that HGY is mechanically stable.
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Figure 2. Synthetic scheme of HGY

(A) Rational design of synthetic scheme of HGY by precursor monomer 1,3,5-tribromo-2,4,6-triethynylbenzene using transition-metal-mediated cross-
coupling reaction.

(B) Synthetic scheme of precursor monomer 1,3,5-tribromo-2,4,6-triethynylbenzene (1).

To further investigate the issue of thermal stability, we carried out AIMD simulation
atT=1,000Kfor 10 ps. Comparing the atomic structures (2*2*1) before and after the
AIMD simulation (Figure 1D), itis found that HGY remains as a well-connected frame-
work after 10 ps of MD simulations at this high temperature, indicating its good ther-
mal stability. Our experimental thermogravimetric analysis (TGA) showed that the
decomposition temperature of HGY is about 750°C (Figure S2), which is consistent
with the AIMD simulations. The above results strongly indicate that HGY is of good
thermodynamic, kinetic, mechanic, and thermal stabilities and thus a promising syn-
thetic target.

Experimental synthesis of HGY

To synthesize HGY, we designed a synthetic scheme by Castro-Stephens-type
coupling reaction using a new monomer (1,3,5-tribromo-2,4,6-triethynylbenzene,
1) (Scheme S1; Figures 2A and ZB).14 Firstly, we synthesized the known 2,4,6-tribro-
mobenzene-1,3,5-tricarbaldehyde 4 (the precursor of 1) from mesitylene by modi-
fied literature procedure.'® Then, 1 was synthesized from 4 using Corey-Fuchs reac-
tion'® with lithium diisopropylamide as a base. More specifically, to illustrate the
preparation of monomer 1 of HGY, the detailed reaction procedures ("H nuclear
magnetic resonance [NMR], "*C NMR spectra, the reaction yields, and detailed pro-
cess) are given in supplemental information (Figures S3-S9). Finally, monomer 1 was
transformed into the crystalline HGY film on the interface between the organic and
water phases via the initial intermediate (Figures 2A and S10). The synthesized HGY
was identified using 13C-solid NMR (Figure S9), which shows four prominent peaks.
The two peaks at 91.1 (red color) and 80.9 ppm (blue color) are assigned to the sp
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carbon atoms, whereas the two peaks at 129.7 and 126.8 ppm are attributed to the
sp? carbon (green color). Note that the 91.1 ppm is the newly formed sp bonding,
and the 80.9 ppm peak is the terminal (defect) sp bonding.

To gain insights into the underlying mechanism for the formation of strained HGY
from the initial dimer intermediate rather than the initial trimer intermediate, we
applied the climbing-image nudged elastic band (CI-NEB) method to evaluate the
energy barrier of both modes (Figure S11). Both reactions are exothermic, according
to the energy profiles from the initial states to the final states of dimer and trimer.
However, the energy barrier for dimerformation (17.76 eV) is lower than trimer forma-
tion (23.74 eV), which further confirms the design of the HGY formation process, and
ruled out the formation of the 2D (y-graphyne) structure based on trimer intermedi-
ate. Note that HGY can be formed at room temperature in comparison with y-graph-
yne, since the difference between both energy barriers is 5.98 eV, indicating the
y-graphyne needs more energy than HGY for overcoming the kinetic energy barrier.

Characterization of morphologies and structures

The morphologies of HGY, with the lateral dimension up to several micrometers,
were characterized by optical microscopy (OM) and scanning electron microscopy
(SEM) (Figure 3A). The flat sheet with a thickness of 5.3 nm was observed by atomic
force microscopy (AFM) (Figure 3B) and the 3D image of the HGY film (Figure S12),
which may be about 15 layers of HGY since the interlayer distance is about 0.36 nm
(based on the transmission electron microscopy [TEM] measurements described
below). The TEM was used further to analyze the morphology and microstructure
of the 2D film: both the low-resolution TEM image (Figure S13) and the high-resolu-
tion TEM (HRTEM) image (Figure 3C) reconfirm the successful synthesis of a contin-
uous film. The corresponding fast Fourier transform (FFT) pattern of the HRTEM
image (inset Figure 3C) verifies the single-crystalline nature of the film, which means
that the structure of the film has significant in-plane order over a relatively large area
and exhibits the single-crystal diffractions spots. The d-spacing along the (200) re-
flections of HGY is 0.442 nm (Figure 3D). Another set of hexagonally arranged
diffraction spots with a larger d-spacing of 0.27 nm was also observed, which can
be indexed by the (220) reflections of HGY.

To further verify the crystal structure of the nanosheet, we simulated HRTEM along
[001] zone axis observation using the optimized HGY model with “AB" stacking
mode at a different thickness (t) (ranging from 1.3 to 61.4 nm with a step of
10 nm) and defocus (Af) ranging from —120 to +240 nm with a step of 60 nm)
(Figures 3E and S14). The simulated HRTEM images with a large value range Af
(120-240 nm) well match the experimental images (the green and red squares;
Figures 3D and 3E). Thus, we expect that the HGY nanosheets are stacked in the
“AB" manner. Furthermore, we examined the crystal structure of the HGY by X-ray
diffraction (XRD) measurement. The (002) peak at approximately 24.5° for HGY indi-
cates an interlayer spacing of 0.36 nm (Figure 3F), consistent with the FFT pattern of
Figure 3G. Note that the lattice fringe image of HRTEM reveals curve streaks with a
lattice parameter of 0.36 nm, in agreement with the XRD result of the (002) peak,
indicating the spacing between carbon layers (Figures 3H-3J). The interlayer
spacing value (~0.36 nm) between HGY layers is slightly higher than that of gra-

phene due to the weak van der Waals interactions.'’~"?

Spectroscopic characterization

The study of spectroscopic properties”®*?

is essential for the new carbon allotropes
of HGY. The elemental composition and bonding structure were probed
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Figure 3. The morphologies and structure characterization of HGY film

(A) SEM image and optical microscopy (OM) image (inset) of HGY.

(B) AFM image of HGY on Si/SiO, substrate.

(C) High-resolution TEM (HRTEM) image of HGY. Related fast Fourier transform (FFT) results patterns are in corresponding insets.

(D) Enlarged inverse FFT (IFFT) image of the area highlighted by the red square (Figure 2C) and simulated projected potential map with “AB" stacking
mode (inset the red square). The more detailed information is displayed in Figure S14.

(E) Simulated HRTEM images of HGY by “AB" stacking mode with different thickness (t) and different defocus (Af) along the [001] zone axis. The unit of
the tand Af valuesis nm. The result is given that the simulated HRTEM image with large values range Af (120-240 nm) of over-focus is in agreement with
the experiment and filtering HRTEM images, which are showing by the red square and contrast pattern of HRTEM is less sensitive to the change of
thickness for the stacked sample.

(F) The crystal structure of the HGY was examined by X-ray diffraction (XRD) and the FFT patterns of Figure 2G (inset), which are consistent with each
other.

(G) The lattice fringe of an HRTEM image of HGY reveals curve streaks with the lattice parameter of 0.36 nm and agreement with the XRD pattern shown
in Figure 2E.

(H) The line profiles from the green line indicate that the interlayer spacing between HGY layers is 0.36 nm.

(I and J) The mode is corresponding to the (I) side view and (J) top view of the “AB" stacking of bi-layer HGY, respectively, which is the structure of the
HRTEM simulations.

systemically with energy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS), Fourier-transform infrared spectroscopy (FT-IR), and Raman
spectroscopy. The survey spectra of XPS (Figures 4A and S15) indicate that HGY is
composed primarily of elemental carbon, with silicon and oxygen signals from
the underlying SiO, layer. The corresponding scanning transmission electron

6 Matter 5, 1-13, July 6, 2022
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Figure 4. Spectroscopic characterization of HGY
(A) High-resolution core-level XPS spectrum of C 1s of HGY indicates the sp/sp? ratio is 1.
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(B) STEM-EDS element mapping images of HGY show that the HGY film is composed mainly of elemental carbon.

(C) FT-IR spectra of HGY, monomer 1, and substrate.
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(D) Dominated Raman spectra of HGY obtained from the experimental measurement, which is associated with the newly formed sp peak (the excitation

wavelength is 532 nm).

(E) The simulation atomic displacements of A and E;5 Raman vibration modes for sp and sp?, obtained from the DFT simulation. The four Raman active

vibration models correspond to the four dominating Raman peaks in (D).
(F) Diffuse reflectance spectrum and transformed Kubelka-Munk spectra of HGY shows ~1.07 eV.

microscopy (STEM)-EDS maps (Figure 4B) show the distributions of C, Br,and O. As a
result, carbon is the dominating element in the film, proving the high completion of
transition-metal-mediated cross-coupling reaction to give 2D HGY nanosheets. The
electron image and EDS (Figure S16) analysis are consistent with the XPS result.
High-resolution XPS can discriminate against the circumstance of an element. The
C 1s peak at 284.8 eV is deconvoluted into four Gaussian sub-peaks (Figure 4A),
which are mainly contributions by sp? (C=C; at 284.5 eV) and sp (C=C; at 285.3
eV) species. Also, the abundance ratio of the sp/sp? carbon is 1, the same as the
chemical composition analysis of the HGY structure. The sub-peaks C-O and C=0,
with minor contributions to the C 1s peak, are located at 286.6 and 288.5 eV, respec-
tively. The presence of elemental O most likely derives from the absorption of air in
the pores and the oxidation of terminal alkyne, which will cause some defects.

Meanwhile, we analyzed the FT-IR spectroscopy of HGY and compared with that of
monomer 1. When the 2D crystalline HGY is formed, the C-Br stretching (at
682 cm™') and the C=C-H stretching (at 3,278 cm™") in monomer 1 both dramati-
cally decrease (to nearly negligible). The peak C=C stretching modes (Figure 4C)
were identified at 1,933 cm™" and 2,115 cm™" for HGY and 1, respectively. Note
that the peak at 1,933 cm™" corresponds to the newly formed C=C (sp) bonds
due to the coupling reaction of 1. The intense stretching of the carbon rings
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(1,336 cm™"in HGY; 1,338 cm—" in 1) indicates the in-plane bending vibration of de-
localized benzene rings of HGY, confirming the structure of HGY. Raman scattering
spectroscopy is a powerful tool to analyze the structural information of HGY, partic-
ularly for those Raman-active alkyne linkers arrayed in the concrete topology of HGY.
Thus, we measured the Raman spectrum of HGY and assigned the vibration modes
by comparing it with the DFT-simulated spectrum (Figures 4D and 4E). Experimen-
tally, all the Raman active peaks are in the range of 200 em~ " to 2,500 cm~', which
agrees with the computational results (Figures S17-519). The two prominent
peaks of C=C (sp) at 1,946 ecm~" and 2,207 em~" in the measured Raman
spectrum are assigned to the Aqg4 (2,091 em™") and Eog (2,128 em™") vibration
modes of sp bonding (Figure 4E) in the conjugated alkyne linkage (Figure 4C).
The experimentally observed peak at 1,525 cm™' corresponds to the first-order
scattering of the Epq (1,539 cm™") vibration mode for the in-phase stretching of
sp? carbon, which is red shifted compared with the G band of graphite
(1,575 em™").%° The measured 1,296 cm™' peak, called the D band, corresponds
to the breathing Aq4 vibration (1,398 cm™ " of sp2 carbon domains in aromatic rings
(see supplemental experimental procedures for details). Terminal alkyne vibrational
modes (2,100-2,120 cm~") are almost negligible, indicating that most of the termi-
nal alkyne residues of monomers were integrated into the m-conjugated network of
HGY,?* except for a few edges and defect sites.

Electronic properties characterization

The bandgap (E,) is an essential feature of semiconductors that determines their ap-
plications in optoelectronics. Here, diffuse reflectance spectroscopy (DRS) is used to
investigate the bandgap of HGY. From the reflectance spectrum of HGY, the optic
absorption coefficient (o) was obtained (Equation S1) from the Kubelka-Munk equa-
tion (Equation S2). The bandgap of the HGY is determined to be ~1.1 eV based on
the direct transition from the Kubelka-Munk function (Figure 4F), which is consistent
with the calculated bandgap (~1.0 eV) from the electronic structure (Figures 5A and
5B) and of HGY by DFT simulation via using HSE0é function. Note that HGY is a
p-type semiconductor material with a direct bandgap of 1.1 eV at the K point (Fig-
ure 5B) in the reciprocal lattice of the primitive cell. The conduction band minimum
(CBM) and the valence band maximum (VBM) originate from the ©* and = band
states, respectively, and the band dispersion arises mainly from the overlap of the
carbon 2P, orbitals (Figure 5C). In addition, the wavefunction of a pair of orbitals
at the K point of CBM and VBM is plotted (Figure 5D).”® More details of the electric
structure and work function (5.2 eV) are presented in Figures S20 and S21 and sup-
plemental experimental procedures.

The first Brillouin zone (FBZ) (Figure 5E) is related to the hexagonal (red line) and
orthogonal (blue line) lattice. The K point (fractional k-space coordinates [—1/3,
2/3, 0]) defined in the reciprocal lattice of the primitive hexagonal cell is folded
into (0, 1/3, 0) point sitting at a direction in the FBZ of the orthogonal supercell.
Compared with the rhombus drawn with dashed lines (Figure 5F), there are 48 atoms
in this rectangle drawn with dashed lines (lattice constants a.x = 18.76 A and
bey =10.83 A).

Bardeen and Shockley in 1950%¢ derived the deformation potential (DP) theory for
intrinsic carrier mobility (u) of the non-polar crystal, which has been extensively
applied to study mobility (1) in 2D materials.”>*’~*? In this charge transport calcula-
tion, we adopted the orthogonal supercell along with two vertical directions, xand y,
for the HGY sheet, which allows for a more intuitive explanation for the transport
property (Figures 5G and S22).
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Figure 5. Electronic property characterization of monolayer HGY sheet

(A) Three-dimensional (3D) electronic band structure of HGY.

(B) The band structures.

(C) Partial density of states of HGY by HSEO6 functional.

(D) K point degenerate valence band maximum wave function (Wavefunction@VBM) and conduction band minimum wave function
(Wavefunction@CBM) for HGY.

(E) The first Brillouin zone (FBZ) is associated with the two lattices. The blue line shows the folding of the K point in FBZ of the hexagonal lattice into FBZ
related to the orthogonal lattice.

(F) Atomic structure model of monolayer HGY. The dashed lines represent the primitive hexagonal cell (defined by an and ap,) and the orthogonal
supercell (defined aoy and a,,).

(G) The orthogonal supercell is defined as the x and y directions for the mobility calculation.

Based on DP theory, deformation potential (E+), elastic moduli (C), effective mass (m*),
and relaxation time (1) using Equation S3 were obtained (see supplemental experi-
mental procedures for details). The calculated mobility and the relaxation time are
calculated and summarized in Table 1. To compare with other 2D carbon allotropes,
the relaxation times, mobilities, bandgaps of a-, -, 6-6-12-graphyne, graphene, and
graphdiyne were presented in Table S4.7>?7 Note that the effective mass of 0.15 m,
along with the x direction is lower than that of 0.21 m, along with the y direction, which
can be attributed to the band dispersed along the x direction being more robust
compared with the y direction. Specifically, the obtained intrinsic electron mobility is
1.16 x 10* cm? V=" 57" along with the x direction and 0.81 x 10* cm? V™" s™" along
with the y direction. Note that the hole mobility along with x direction
(4.51 x 10* cm? V™" s7") and along with the y direction (2.26 x 10* cm? V="' s ") is
approximately three times higher than the mobility of the electrons. Based on the
Equation S3, in comparison with the mobility of electrons, the high mobility of the holes
in HGY can be attributed to the long, acoustic, phonon-scattering relaxation times.
More specifically, the high hole mobility is mainly due to a small DP constant, indicating
the coupling capability between the electron (hole) with the acoustic phonon. The elec-
tron at CBM may be more strongly coupled with the acoustic phonon than the holes at
VBM, explained by the frontier molecular orbitals accountable for charge transport. As
a result, the band edge shift (VBM and CBM) is exhibited as a function of strain (Fig-
ure S22), respectively. Also, the real space wave functions of VBM and CBM orbitals
at the K point (Figure S22) are consistent with frontier molecular orbital theories, since
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Table 1. The intrinsic mobility from the deformation potential (DP) theory

Carrier type Eq (eV) C?° (N/m) m* (my) n(10* em?v="s7) 7(ps)
e¥ 1.91 91.06 0.21 0.81 0.96
hY 1.14 91.06 0.21 2.26 2.70
e* 1.89 91.06 0.15 1.61 1.37
h* 1.13 91.06 0.15 4.51 3.84

The deformation potential (E+), in-plane elastic constant (C?P), effective mass (m*), mobility (1), and relax-
ation time (1) for the electron (e) and hole (h) along x and y direction in 2D monolayer HGY sheet at 300 K.

the nodes of CBM along the x and y directions are higher than those of VBM (see sup-
plemental experimental procedures for details). The above findings can well explain
why the hole mobility is higher than the electron mobility. However, experimental mea-
surements of HGY, such as small-angle X-ray diffraction (SAXRD) and charge-carrier
mobility of its devices, are almost impossible at the current stage due to the limited
synthesis of the defect-free HGY, which will be reported elsewhere in the future.

Conclusions

In summary, ultrathin single crystalline HGY consisting of six- and eight-vertex rings
pattern was synthesized from 1,3,5-tribromo-2,4,6-triethynylbenzene monomer that
could be prepared in five steps from mesitylene. This newly developed 2D material,
HGY, is formed by alternately linking between sp2benzene rings and sp C=C bonds
and shows "AB" stacking in multi-layered structures as revealed via HRTEM images,
which is a slightly larger intermolecular distance than graphene due to its weak van
der Waals force. The big holey pore diameter of HGY is about 0.8-1.0 nm. The
bandgap was measured with DRS-UV to give ~1.1 eV; the hole mobility
(4.51 x 10* cm?V~" s ") and electron mobility (1.61 x 10* cm?V1s) along x di-
rection and the hole mobility (2.26 x 10* cm? V™' s7") and electron mobility
(0.81 x 10* cm?V~" s ") along y direction at room temperature were predicted by
DP theory. The present study not only demonstrates the first synthesis of the ultra-
thin, single-crystalline HGY but also introduces a new concept for the design and
synthesis of a new type of 2D carbon allotrope. With unique nonlinear sp bonding,
HGY may have more room for studying in the physics mechanism field and may pave
the way for synthesizing more HGY-related 2D nanocarbon materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Hyoyoung Lee, e-mail (hyoyoung@skku.edu).

Materials availability
This study did generate new unique materials and reagents.

Data and code availability

The authors confirm that the data supporting the findings of this study are available
within the article and its supplemental information. Crystallographic information files
https://www.ccdc.cam.ac.uk/structures/Search?ccdc=2144573 are shown in Data S1.
The data supporting the plots in this paper and the other findings of this study are avail-
able from the corresponding author upon reasonable request.

Synthesis of 2,4,6-tribromobenzene-1,3,5-tricarbaldehyde
To afreshly activated celite (1.2 g) and 4 A molecular sieves powder (1.2 g) heated for 1h
at more than 150°C, pyridinium chlorochromate (3.0 g, 14 mmol, 7.0 equiv) was added
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atroom temperature, and solid reagents were melted by dried dichloromethane (DCM)
(105 mL). Compound 3 (810 mg, 2.0 mmol, 1.0 equiv) was added at room temperature,
and the reaction mixture was stirred for 40 h under argon atmosphere. The resulting
mixture was filtrated through a short pad of silica with DCM to obtain desired product
4 (662 mg; 83% yield) as a white solid. The crude product was used without further pu-
rification in the next step. Analytical data are consistent with reported values.”

Synthesis of monomer 1,3,5-tribromo-2,4,6-triethynylbenzene

To afreshly dried zinc powder (590 mg, 9.0 mmol, 12 equiv), tetrabromomethane (3.0 g,
9.0 mmol, 12 equiv), and triphenylphosphine (2.4 g, 9.0 mmol, 12 equiv), dried DCM
(50 mL) was added, and the reaction mixture was stirred for overnight at room temper-
ature under argon atmosphere. The compound 4 (300 mg, 0.75 mmol, 1.0 equiv) was
added, and the reaction mixture was stirred for 2 h at room temperature. The resulting
mixture was filtrated through a short pad of silica with DCM, and the crude product was
used without further purification in the next step. To dried tetrahydrofuran (7.5 mL) and
diisopropylamine (1.2 mL, 8.3 mmol, 11 equiv), n-butyllithium solution (2.5 M in n-hex-
ane, 3.3 mL, 8.3 mmol, 11 equiv) was added at —78°C dropwise. The reaction mixture
was stirred for 1 h at —78°C under the argon atmosphere. After 1 h, the crude com-
pound of the previous step (1.0 equiv) solution in tetrahydrofuran (22.5 mL) was added
to a lithium diisopropylamide (LDA) solution at —78°C dropwise. The reaction mixture
was stirred for 10 min at —78°C under the argon atmosphere. Saturated ammonium
chloride solution (7.5 mL) was added, and the reaction mixture was stirred until the tem-
perature raised room temperature. The resulting mixture was extracted with n-hexane
(25 mL x 3) and water (25 mL). The combined organic layer was dried over anhydrous
sodium sulfate and concentrated in vacuo. The crude product was purified by adsorp-
tion column chromatography (n-hexane) to obtain desired product 1 (250 mg; 86% yield
for the two steps) as white solid.

Synthesis of HGY

The interface method between two immiscible liquids was used for the synthesis of HGY.
The upper aqueous solvent layer (10 mL deionized [DI] water) included the copper ace-
tate (CuOAc) and pyridine, which acted as a catalyst for the acetylenic homocou-
pling."*?°Then, a DIwater (10 mL) layer was added in the middle as the buffer layer, mak-
ing the reaction circumvent the random encounter between monomer 1 and the catalyst.
The lower organic layer of DCM (10 mL) includes monomer 1. All these processes kept
the carbon-carbon coupling reaction for 48 h under an inert argon atmosphere at
room temperature. The HGY was cleaned with each pure DCM and then DI water several
times. Finally, HGY was transferred to the substrate, such as a silicon wafer.

DFT calculations

All calculations were carried out based on DFT®'*? using the Vienna Ab initio Simu-
lation Package (VASP) code. The projector-augmented wave (PAW) method was used
to describe the ion-electron interaction.® For the following calculations of proper-
ties, generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) functional®* was used to describe the exchange-correlation potential. The
5x5x 1and 11 x 11 x 1 Monkhorst-Pack®® K points were used for geometry opti-
mizations and self-consistent calculations, respectively. The electronic wave func-
tions were expanded using a plane-wave basis set with a cutoff energy of 500 eV.
All structural models were entirely relaxed until the ionic Hellmann-Feynman forces
were smallerthan 10~%eV/A, and the energy tolerances were less than 10~¢ eV/atom.

To examine the dynamic stability of HGY, the phonon dispersion was calculated by
combining the VASP with phonopy code.® The 4 x 4 x 1 Monkhorst-Pack K points
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were determined during the calculation of force constants. We also performed AIMD
simulations to evaluate thermal stability using the VASP code.”’ In the AIMD simu-
lations, the 2 X 2 x 1 supercell was annealed at 1,000 K for a period of 10 ps with
a time step of 2.0 fs with NVT canonical ensemble methods. The band structure
used the PBE®® functional that tends to underestimate the bandgap of materials
and Heyd-Scuseria-Ernzerhof (HSE06)*” screened-hybrid functional that was proven
to be a reliable method for the calculation of electronic properties.

Further information on the experimental and computational methods is provided in
the supplemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2022.04.033.
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