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ABSTRACT: γ-Graphyne is the most symmetric sp2/sp1 allotrope
of carbon, which can be viewed as graphene uniformly expanded
through the insertion of two-carbon acetylenic units between all the
aromatic rings. To date, synthesis of bulk γ-graphyne has remained
a challenge. We here report the synthesis of multilayer γ-graphyne
through crystallization-assisted irreversible cross-coupling polymer-
ization. A comprehensive characterization of this new carbon phase
is described, including synchrotron powder X-ray diffraction,
electron diffraction, lateral force microscopy, Raman spectroscopy,
infrared spectroscopy, and cyclic voltammetry. Experiments
indicate that γ-graphyne is a 0.48 eV band gap semiconductor,
with a hexagonal a-axis spacing of 6.88 Å and an interlayer spacing
of 3.48 Å, which is consistent with theoretical predictions. The
observed crystal structure has an aperiodic sheet stacking. The material is thermally stable up to 240 °C but undergoes
transformation at higher temperatures. While conventional 2D polymerization and reticular chemistry rely on error correction
through reversibility, we demonstrate that a periodic covalent lattice can be synthesized under purely kinetic control. The reported
methodology is scalable and inspires extension to other allotropes of the graphyne family.

■ INTRODUCTION
Over five hundred carbon phases have been theoretically
predicted, but few have been experimentally realized.1

Allotropes based on the hexagonal lattices of sp2-hybridized
carbons, including few-layer graphene,2 nanotubes,3 and
fullerenes,4 are synthetically accessible at scale. These materials
have been revolutionary for fundamental physics and materials
science and found applications in post-silicon electronics, high-
capacity batteries, organic solar cells, extreme-strength
composites, and other fields.
In contrast, advances in the synthesis of nonbenzenoid

carbon allotropes have been limited. Several sp2-based
nanographenes with non-hexagonal rings,5,6 as well as an
extended nonbenzenoid biphenylene network,7 were de-
scribed. Materials containing sp1-hybridized linear arrange-
ments remain even more elusive. Linear polyyne chains −(C�
C)n− are unstable even for moderate chain lengths unless they
are stabilized with bulky end-capping groups8 or confined
inside carbon nanotubes.9 Graphynes, a family of hybrid
lattices combining sp1 and sp2 carbons, were first theoretically
proposed by Baughman, Eckhardt, and Kertesz in 1987.10

These allotropes can be formally viewed as graphenes that are
expanded through the insertion of acetylenic groups. Graph-
ynes are commonly divided into two types: graphynes-n in

which the aromatic rings are separated by n acetylenic bonds
(Figure 1a) and x, y, z-graphynes featuring at least some
nonaromatic sp2 carbons (Figure 1b,c). Theoretical studies of
some graphyne lattices suggest unique electronic and chemical
properties,11 including an intrinsic band gap and electro-
chemical capacities that far exceed that of graphite.12 To date,
few-layer graphyne-2 or graphdiyne (Figure 1a, n = 2) is the
only graphyne family allotrope that has been synthesized
(typically at submilligram scale) and thoroughly character-
ized.13

γ-Graphyne (Figure 1d), the basic graphyne-n homologue (n
= 1), is especially intriguing. Single-layer γ-graphyne is
predicted to be a semiconductor with a moderate band
gap,14 ultrafast charge carrier mobility comparable to that of
graphene,15 high thermal conductivity,16 and exceptional
strength.17 Because of these properties, γ-graphyne could
form the basis for the next-generation carbon-based devices. γ-

Received: July 14, 2022
Published: September 21, 2022

Articlepubs.acs.org/JACS

© 2022 American Chemical Society
17999

https://doi.org/10.1021/jacs.2c06583
J. Am. Chem. Soc. 2022, 144, 17999−18008

D
ow

nl
oa

de
d 

vi
a 

C
A

SE
 W

E
ST

E
R

N
 R

E
SE

R
V

E
 U

N
IV

 o
n 

N
ov

em
be

r 
11

, 2
02

2 
at

 1
8:

59
:5

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+G.+Desyatkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+B.+Martin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ali+E.+Aliev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathaniel+E.+Chapman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandre+F.+Fonseca"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Douglas+S.+Galva%CC%83o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Douglas+S.+Galva%CC%83o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ericka+Roy+Miller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+H.+Stone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dante+Zakhidov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="F.+Ted+Limpoco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+R.+Almahdali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+R.+Almahdali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shane+M.+Parker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ray+H.+Baughman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valentin+O.+Rodionov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.2c06583&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06583?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06583?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06583?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06583?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06583?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jacsat/144/39?ref=pdf
https://pubs.acs.org/toc/jacsat/144/39?ref=pdf
https://pubs.acs.org/toc/jacsat/144/39?ref=pdf
https://pubs.acs.org/toc/jacsat/144/39?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.2c06583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


Graphyne oligomers containing up to four dehydrobenzo[12]-
annulene (12-DBA) repeat units have been prepared through
multistep organic synthesis,18,19 but the synthesis of the
extended crystalline lattice remains challenging.
Pyrolytic and vapor deposition methodologies commonly

used for the controlled synthesis of benzenoid carbons are
unsuitable for sp1-based structures, as acetylenes readily
convert to graphene or amorphous carbon at elevated
temperatures. While graphdiyne13 and graphdiyne−graphene
heterostructures20 have been synthesized via templated
solution-phase 2D polymerization, a similar approach has not
been previously attempted for γ-graphyne. The reported
graphdiyne syntheses rely on the polymerization of highly
energetic hexaethynylbenzene through Glaser−Hay sp1−sp1
coupling, which can be conveniently localized at metal
surfaces.21 A comparable synthesis of γ-graphyne would
require either coupling between sp1 and sp2 carbons or de
novo formation of three acetylenic bonds per each 12-DBA
repeat unit. The most common and general methodology for
sp1−sp2 C−C coupling is the Sonogashira reaction.22 The
mechanism of this reaction is thought to involve a
homogeneous Pd0 catalytic cycle, like all other Pd-catalyzed

cross-coupling reactions. Therefore, attempting to confine this
chemistry to the surface of a template would be challenging.
Moreover, previously reported γ-graphyne oligomers are
distorted from planarity, due to steric hindrance introduced
by the terminal functionalities.23 This inevitable distortion, as
well as the typically poor solubility of oligomers, limits the
stepwise extension of the lattice beyond three to four 12-DBA
units.18

■ RESULTS AND DISCUSSION
Here, we demonstrate that under appropriately adjusted
Sonogashira coupling conditions, an A3B3-type monomer,
1,3,5-tribromo-2,4,6-triethynylbenzene (TBTEB, Figure 2a),
can be polymerized into extended γ-graphyne. The main idea
that guided our thinking is that an effective route to graphynes
and similar rigid 2D polymers could proceed through reactions
that create multiple connections in a single step or through a
series of kinetically coupled fast steps. Such mechanism would
bypass the kinetic dead end of partially connected
intermediates, as each monomer unit will “click” into place.
Furthermore, this polymerization would be self-correcting.
Defects in the growing lattice would be the most reactive sites

Figure 1. Graphyne family allotropes of carbon. (a) Graphynes-n (graphdiyne for n = 2). (b) 12,12,12-Graphyne. (c) 6,6,12-Graphyne. (d)
Graphyne (or γ-graphyne).

Figure 2. Two-dimensional polymerizations of TBTEB. (a) Overview of selected reaction conditions. (b,c) Representative bright-field TEM and
SEM images of the carbon flakes obtained from the Pd(PPh3)4/CuI homogeneous reaction. Inset in (b) emphasizes the hexagonal shape of the
layer. (d) High-resolution XPS for the C 1s region of the sample in (b).
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due to local distortions and strain, which could be relieved
upon multisite reaction with the monomer. Thus, our two
primary aims were to establish reaction conditions favoring
exhaustive coupling of the multifunctional TBTEB and to find
a way to template the formation of the desired 2D lattice
instead of disordered hyperbranched structures.
Several types of Suzuki−Miyaura, Kumada, and Negishi

cross-couplings favor exhaustive substitution in multifunctional
substrates. This mode of reactivity has previously been
exploited for the syntheses of polyfunctional arenes24 and
low-defect hyperbranched polyphenylenes,25 as well as for
pseudo-living chain polymerizations.26 In all these cases, it is
assumed that an exceptionally reactive Pd species is formed
after the initial catalytic cycle.24 The subsequent coupling steps
are catalyzed by this Pd species, proceed inside the solvent
cage, and are diffusion-controlled. We reasoned that we could
extend this reaction mode to Sonogashira-type chemistry.
Furthermore, while the nature of the Cu-mediated catalytic
cycle in Sonogashira coupling remains largely unexplored, it is
broadly understood to involve Cu acetylides.22 The latter can
assume either three-dimensional or low-dimensional polymeric
forms27 or possibly associate with a metal surface. We
hypothesized that a Cu surface could template the γ-graphyne
lattice, like it presumably does in the reported syntheses of
graphdiyne.13

We synthesized TBTEB using a known method28 and
screened its reactivity under a range of conditions (Figure 2a
and Table S1, Supporting Information). In the control
experiment in the absence of catalysts, TBTEB decomposed
in refluxing pyridine with a half-life of ∼24 h, yielding an

amorphous carbonaceous material (Figure S19, Supporting
Information). The XPS survey indicated a moderate loss of Br
through spontaneous hydrodebromination (Figures S12 and
S14d, Supporting Information). A similar featureless carbon
was produced in the control experiment with just a Pd
precatalyst and no source of Cu (Figure S18, Supporting
Information).
Experiments performed in the presence of both Pd and Cu

produced outcomes dependent on the state of the metals.
Pd(II) precatalysts, as well as PEPPSI-IPr, which we selected
for its propensity for multisite coupling,24 yielded amorphous
carbons broadly comparable to the control products. However,
for stoichiometric loading of Pd(PPh3)4 in the presence of Cu
foil, we obtained a black lustrous material (Figure S15b,
Supporting Information). The TEM and SEM images of this
material revealed flakes composed of stacks of flat sheets
(Figures S17 and S21, Supporting Information). Selected area
electron diffraction (SAED) experiments produced dotted ring
patterns (Figure S17e,f, Supporting Information), and no
Moire ́ fringes were observed in bright-field TEM, indicating
submicron crystalline domains with random orientation.
While the possibility of the layered flakes being a phase of γ-

graphyne was intriguing, the data were insufficient to make a
structural assignment. XPS survey indicated that the product
was primarily carbonaceous but contaminated by Pd, P, and C
from the catalyst (Figure S10, Supporting Information). As a
multilayered material was obtained, we reasoned that the
coupling reaction cannot be confined to the surface of the foil
and decided to investigate the sources of Cu other than the
metallic surface. To our surprise and delight, reactions

Figure 3. X-ray and electron diffraction patterns of γ-graphyne. (a) Synchrotron PXRD pattern (0.728 Å radiation) of γ-graphyne produced by the
Pd(PPh3)4/CuI protocol. Left inset (red): peak at 7.0° 2θ superimposed with the modeled (101̅0) peak for γ-graphyne with P3112 stacking. Right
inset (black): peak at 12.0° 2θ superimposed with the (0003) peak for the same model. The dashed blue line is the (0002) peak center for graphite.
(b) Representative SAED pattern (white) of the same material overlaid with the simulated c orientation diffraction pattern (red) for a structure
with no systematic absences. (c) SAED pattern of the sample region in (b), rotated by 45°. (d) DFT-generated model of a γ-graphyne sheet
overlaid with crystal planes of interest. (e) DFT-generated potential energy surface for the stacking of two γ-graphyne sheets. The binding energy
calculated for a single unit cell (highlighted).
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employing soluble CuI also yielded layered flakes (Figures 2b,
S15a, and S16, Supporting Information). The crystallinity of
this material was significantly improved over the product
produced using Cu foil, with Moire ́ fringes observable in the
bright-field TEM images (Figure S16a, Supporting Informa-
tion). Some of the flakes had well-defined hexagonal shapes
(Figures 2b and S16d, Supporting Information). Micron-sized
hexagonal prisms with terraces could be observed in the SEM
images (Figures 2c and S20d, Supporting Information). A
similar hexagonal morphology was previously reported for
graphdiyne produced via interfacial synthesis.29

The higher crystallinity of the product obtained through the
optimized homogeneous Pd(PPh3)4/CuI protocol allowed for
a more efficient removal of contaminants. Survey XPS of this
product indicated a level of contamination with Pd and P that
was below the detection limit of the technique (Figure S9,
Supporting Information). We acquired high-resolution XPS
data for the C 1s region of this material (Figure 2d), as well as
for three controls: the product of the Cu foil synthesis, the Pd-
only reaction, and thermal reaction products (Figure S13,
Supporting Information). The C 1s peak can be deconvolved
into five subpeaks, corresponding to C−H (terminal alkyne
sp1),30 C�C (internal alkyne sp1), C�C (aromatic sp2),
aromatic C−Br, and C�O carbons.31 The contribution of
C�O is negligible for all samples, indicating little to no
oxidation under the reducing/anaerobic reaction conditions.
Without the contribution of the sp1 subpeak, none of the fits
converge, which strongly supports the presence of acetylenic
bonds in all products. The XPS spectrum indicates a 1:1 ratio
of sp1 to sp2 carbons in the crystalline material synthesized by
the homogeneous Pd(PPh3)4/CuI protocol, which is con-
sistent with γ-graphyne. This ratio is much higher in the
control samples (Figure S13b−d, Supporting Information),
due to the extensive side reactions and contamination with
aromatic impurities. The π−π* “shake-up” peak at 290 eV is
commonly observed in the XPS spectra of graphitic carbons
and graphene, as well as small aromatic molecules.31 Notably,
this peak does not appear in the XPS spectrum of
graphdiyne.20 The “shake-up” feature was negligible for the
product of the homogeneous Cu protocol (Figure 2d),
strongly suggesting that this material is not graphitic. The
peak was prominent for the control products that were also
contaminated with P (Figures S10, S11, and S13c,d,
Supporting Information), indicating that it may be related to
adsorbed PPh3.
The initial structural identification of the crystalline carbon

material was made via synchrotron powder X-ray diffraction
(PXRD) using a 0.728 Å wavelength (Figure 3a). We observed
a peak at 7.0° 2θ, which matches the predicted11 5.96 Å
spacing between the (101̅0) planes of γ-graphyne (Figure 3a,
left inset and Figure 3d). The intense peak at 12.0° 2θ could be
indexed to the (0003) plane, corresponding to an interlayer
distance of 3.48 Å (Figure 3a, right inset). To index the other
observed peaks, we explored the possible crystal structures of
γ-graphyne. While there is a single stable crystallographic
configuration for two graphene sheets, a variety of arrange-
ments are possible for bilayer γ-graphyne. Some of these
bilayer stackings have been previously identified.32 To
systematically survey the possible structures, we used density
functional theory (DFT) to analyze the potential energy
surface for a γ-graphyne bilayer. The computed surface (Figure
3e) is a function of the horizontal offset of the upper γ-
graphyne layer relative to the lower layer with a fixed interlayer

distance of 3.35 Å. The chosen interlayer distance was based
on the first-pass optimization of the bilayer geometry and is
underestimated due to the difficulty of computationally
modeling van der Waals interactions.32 The calculations
identified two types of local energy minima: one where the
upper layer aromatic rings overlay the 12-DBA rings of the
lower layer (Figure 3e, binding site B) and the second one
where there is a fixed lateral distance between the centers of
the upper and lower layer aromatic rings (Figure 3e, binding
site A). The absolute energy minimum of the former
arrangement gives rise to a single crystal structure with AB
mode of stacking corresponding to the P63mc space group.
However, at least six bilayer structures are possible for binding
at site A with energy minima that are nearly identical within
the error of calculations, giving rise to a multitude of AB, ABC,
or more complex arrangements for multiple sheets. To further
explore this complex energy map, which would be expensive
for DFT calculations, we ran fully atomistic reactive molecular
dynamics (MD) simulations for three to six layers of γ-
graphyne. In all cases, the simulations converged to stacks of
sheets bound exclusively at A sites (Figures S34 and S35,
Supporting Information). However, for multiple sheets stacked
through A sites, the energy barrier for transitioning between
different A site configurations is extremely small, as this energy
difference depends upon the van der Waals interactions
between nonadjacent graphyne sheets. Modeling indicated that
several of the less-ordered stacking modes identified by the
MD and DFT calculations produce PXRD patterns that closely
match our experimental diffraction patterns. Thus, we could
index the peak at 14.5° 2θ to the (2̅112) plane.
We further explored the structure and symmetry of the

crystals using electron diffraction. The spot SAED patterns of
γ-graphyne produced with the Pd(PPh3)4/CuI protocol were
exceptionally well defined, consistent for different regions of
the sample, and independent of the size or presence of a
selected area aperture. The near-perfect uniformity of the
patterns indicates that the material consists of crystalline
domains that are sufficiently large to span the entire
illuminated region of our typical imaging frame of 2 × 2 μm
(Figures 2b and S16, Supporting Information), indicating
crystalline domain sizes of at least 1−3 μm.33 The diffraction
patterns observed from the flat areas of the sample had perfect
hexagonal symmetry (Figure 3b). Using the bond distances
calculated by DFT and the interlayer distance obtained from
PXRD, we built models for several plausible stacking modes of
γ-graphyne. These models were used to simulate electron
diffraction in the c, b, and intermediate crystal orientations that
lie ∼45° to the (0001) pole (Figure S23, Supporting
Information). The simulated c orientation patterns exclusively
involve spacings in the basal plane (Figure S22c,d, Supporting
Information). The first- and second-order reflections in the
experimental diffraction pattern correspond to d-spacings of
5.96 and 3.44 Å, which perfectly match the theoretically
calculated spacings11 for the (101̅0) and (112̅0) plane sets of
γ-graphyne (Figure 3b,d). Both these distances are defined in
part by the length of the acetylenic bond. Some of the more
symmetric space groups, such as Cmcm and R3m, are expected
to produce diffraction patterns with systematic absences. As
there were no such systematic absences in the observed
diffraction pattern, these space groups could be conclusively
eliminated.
Additional SAED patterns were obtained for an alternate

sample orientation. The initial position of the stage was chosen
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to yield the most symmetric spot intensity distribution, which
corresponds to a beam normal to the basal plane and
coincident with the a axis. Then, the sample was rotated
around the b axis. As the sample rotation reached ∼45°,
diffraction patterns that involve the z spacings began to appear.
The experimental diffractograms in this orientation provided
groups of closely spaced spots (Figure 3c), suggesting defects
in the layer stacking. Such defects would not appear in the c
orientation diffractograms, as the stacking mode only affects
reflections involving z spacing (Figure S24, Supporting
Information). The symmetry of the patterns agrees with our
simulations for this intermediate orientation (Figure S23e,f,h,
Supporting Information). As no systematic absences were
observed, we can exclude some of the more symmetric space
groups, most notably P63mc. The experimental diffraction
patterns were most consistent with either one of the lower
symmetry stacking modes, such as P3112 (Figure S22e,
Supporting Information), or an aperiodic superlattice. It is
important to note that despite their multispot character, the

observed diffractograms are not indicative of turbostratic
stacking, which would produce ring patterns. The shape factor
effect alters the geometry of the diffracted beam,34 which
introduces error into the determination of spot centers.
Although this prohibits the precise measurement of interplanar
spacings, the simulations indicate that the interlayer spacing
estimated from SAED agrees with our PXRD data (Figure S23,
Supporting Information).
We further probed the structure of γ-graphyne flakes by

using lateral force microscopy (LFM). LFM is a technique
closely related to contact-mode atomic force microscopy
(AFM). In LFM, the scanning tip is rastered across the surface
of the sample while maintaining contact, and the torsional
moment due to stick-slip friction is measured. LFM can
achieve resolution approaching that of scanning tunneling
microscopy (STM),35 which is often the technique of choice
for the direct imaging of atomic arrangements. However, STM
cannot be usefully applied to our sample due to the presence of
absorbates that roughen its surface. In contrast, lattice-

Figure 4. Scanning probe microscopy of a γ-graphyne flake. (a) AFM topography map of a γ-graphyne flake. (b,d) Lateral deflection maps of a
region of the γ-graphyne flake and the HOPG substrate control in (a). (c,e) Plots of lateral response along the linear traces from (b) and (d). Gray
bars mark the confidence interval for lattice constants. (f) FFT of the map from (b). Circles highlight the periodicity for the (21̅1̅0) planes of γ-
graphyne from electron diffraction (Figure 3b).

Figure 5. Vibrational spectroscopy of γ-graphyne. (a) Raman spectrum of γ-graphyne measured using an excitation wavelength of 405 nm (4.3
mW). (b) Raman spectra of γ-graphyne measured using an excitation wavelength of 535 nm. Black trace: <0.3 mW for less than 10 s. Red trace:
<0.3 mW, after high-power irradiation at 7.5 mW for 30 s. (c) Mid-IR spectrum of polycrystalline γ-graphyne. Inset: deconvolution of the alkyne
absorption peak at 2190 cm−1.
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resolution LFM imaging can often be performed even on
rough substrates under ambient conditions.36 We prepared a
sample for imaging by ultrasonicating the γ-graphyne flakes in
water and casting them on a freshly cleaved surface of highly
oriented pyrolytic graphite (HOPG). A lateral deflection map
for a flat region of one of the γ-graphyne flakes (Figure 4a,b)
was then recorded. In the same imaging session, with the same
tip, we then obtained a lateral deflection map of the underlying
HOPG as a reference (Figure 4d). Fast Fourier transforms
(FFT) of LFM images of both the γ-graphyne flake and HOPG
showed hexagonal arrangements of high-intensity spots,
indicating the hexagonal symmetry for both lattices (Figure
S27b,c, Supporting Information). The periodicity of ∼2.4 Å
observed for the HOPG lattice (Figures 4e, S26, and S27c,
Supporting Information) agrees with the expected value.35 The
lattice of the γ-graphyne flake is visibly less dense (Figure 4c).
Its periodicity of ∼3.4 Å (one-half of the a-axis spacing) agrees
with the theoretically predicted distance between the (112̅0)
planes of γ-graphyne, which is also observed as a second-order
reflection in electron diffraction (Figures 3b,d, and 4f).
The observed Raman spectra are consistent with expect-

ations for γ-graphyne.37,38 The distinctive Y (A1g) band
corresponding to the C�C stretch of internal triple bonds
appears at 2197 cm−1 (Figure 5a). The G band, which
corresponds to the E2g modes of the aromatic rings, is centered
at 1565 cm−1, exhibiting the predicted softening37 relative to
the G bands of common graphitic materials (∼1580 cm−1) due
to the additional resonant configurations from the π-electron
delocalization along the acetylenic linkages.39 A broad D band,
corresponding to A1g breathing of aromatic rings, is observed at
∼1350 cm−1 and is expected to be sensitive to the domain size,
lattice defects, and the excitation wavelength. A broad survey
scan (500−3000 cm−1) showed no other Raman features for
the 405 nm excitation wavelength, most notably no C−H
stretches (2800−3000 cm−1) or the Y′ band at ∼1900 cm−1

characteristic of diacetylenes.29 In the spectra of the TBTEB
monomer (Figure S32, Supporting Information), a band at
2114 cm−1, corresponding to the stretch of the terminal C�
C−H triple bonds, is observed. This band is not seen in the
spectra of γ-graphyne, most likely due to the low ratio of
terminal to internal triple bond sites.
It is important to note that our attempts to obtain the

Raman spectra of γ-graphyne using 532 nm excitation, for
incident power above 0.75 mW using a 0.55 NA 50× objective,

resulted in a rapid and irreversible transformation of the
material. This transformation was marked by the bleaching of
the Y band, the increase in the intensity of the D band, and the
shift of the G band to ∼1590 cm−1 (Figure 5b). The resulting
Raman signature is similar to that of disordered graphitic
carbons.40 The transformation is not due to direct oxidation, as
experiments conducted in air and under ∼1 × 10−3 mbar
vacuum resulted in similar observations. γ-Graphyne retains its
characteristic Raman signature under prolonged high-power
405 nm illumination (>4 mW), while rapidly transforming
under 532 nm laser light (Figure S28c, Supporting
Information), which suggests a photochemical process.
Under stable low-power 532 nm illumination (<0.3 mW),
the degree of transformation does not linearly correlate with
the exposure dose (Figure S28a,b, Supporting Information),
suggesting thresholding photochemical behavior. A plausible
pathway of the transformation involves Masamune−Bergman
cycloaromatization, which has been demonstrated for a single
12-DBA subunit on a copper surface.41 The observed splitting
of the G band under 532 nm excitation, but not 405 nm
excitation (black trace, Figure 5b), is not yet well understood
and could be due to partial transformation from the 532 nm
light even when measured at a relatively low excitation
intensity.
The micro-Fourier transform infrared (FTIR) spectra of

polycrystalline flakes of γ-graphyne featured wide-band
absorption in the fingerprint region, as well as between 2800
and 3700 cm−1 (Figure 5c). Absorption in these regions is
associated with the vibrations of the aromatic rings of γ-
graphyne, as well as contributions from the C−H and O−H
groups on the periphery of the sheets or belonging to
adventitious small-molecule adsorbates. The distorted line
shape of these bands, as well as the change in line shape
observed for the flakes of different thicknesses, suggests
significant contribution from resonant Mie scattering.42,43

Thus, we could not identify specific vibration frequencies or
their true intensities for low- and high-frequency mid-IR
regions. However, a distinctive peak corresponding to
acetylenic bonds centered at ∼2190 cm−1 was observed in
the mid-IR-silent region (1700−2500 cm−1). As the C�C
stretch is IR-inactive for symmetric alkynes, an ideal infinite
monolayer of γ-graphyne would not possess this band.
However, symmetry-breaking due to stacking of graphyne
sheets, as well as finite and defective sheets, could activate this

Figure 6. Electronic properties of γ-graphyne. (a) Determination of the optical band gap from the near-IR spectrum of polycrystalline γ-graphyne.
(b) Cyclic voltammetry of γ-graphyne powder on glassy carbon. These are three-electrode measurements in 0.1 M n-Bu4N·PF6/acetonitrile-
supporting electrolyte, with Pt counter electrode and an Ag/AgNO3 (0.1 M) reference electrode at a scan rate of 50 mV/s.
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absorption, as for the appearance of the D band in the Raman
spectra of milled graphite.44 The IR absorption reveals a
prominent low-frequency shoulder (Figure 5c, inset), due to
the contribution of the terminal alkyne species at the sheet
edges (C�C−H stretch, ∼2115 cm−1).
The near-IR absorbance spectrum of γ-graphyne shows a

strong onset of the fundamental electronic edge at high
frequencies (5000−7500 cm−1), which is manifested as a
monotonic decrease of absorbance with respect to frequency
and as an optical phonon fingerprint in the infrared shoulder
(Figure 6a). The dependence of absorbance on photon energy
within the electronic edge can be used to estimate the
electronic band gap, Eg, and determine the type of semi-
conductor. The absorption coefficient α is defined as α = (1/x)
× ln(1/T), where x is the sample thickness and T is
transmittance, the ratio of transmitted to incident light
intensity. Within the semiclassical theory of the optical
absorption of crystalline direct band gap semiconductors,
α(E) is expected to be 0 for E < Eg and proportional to (E −
Eg)1/2 for E ≥ Eg.

45,46 Thus, Eg can be estimated by plotting α2
versus E and extrapolating the linear region of the curve to the
energy axis (Figure 6a). This α2 versus E plot gives an optical
band gap of Eg = 0.48 ± 0.05 eV for γ-graphyne, where the
uncertainty indicates the standard deviation for over 20
polycrystalline particles.
To investigate the redox properties of γ-graphyne, a working

electrode was prepared by ultrasonically dispersing 1 mg of γ-
graphyne in 1 mL of a 1:1 v/v mixture of ethanol and water
and then casting this suspension onto a glassy carbon electrode
with subsequent air drying. Three-electrode cyclic voltammetry
(CV) measurements were then conducted in acetonitrile with
n-Bu4N·PF6 supporting electrolyte for potentials between −1.0
and +1.5 V versus Ag/Ag+ (0.1 M). An oxidation peak at 602
mV and a reduction peak at 132 mV were observed (Figure 6b,
blue trace), corresponding to an electrochemical band gap of
0.47 eV.47 This value agrees with the band gap determined by
the optical absorption measurements.
To evaluate thermal stability, γ-graphyne particles were

supported over holes in thin mica films by single-layer carbon
nanotube sheets and then heated to gradually increasing set
points under vacuum (1.3 × 10−3 mbar). After 1 h at the set
temperature, the sample assembly was cooled down and
transferred to an FTIR microscope for analysis. The same
sample region was analyzed for consistency. Heating up to 240
°C did not produce any major changes in the FTIR spectra
beyond a slight decrease in the intensity of the 2800−3700
cm−1 band, likely due to the removal of adventitious adsorbates
(Figure S30a, Supporting Information). Loss of the alkyne
band at 2100−2200 cm−1 was observed at just over 240 °C,
suggesting an onset of a structural transformation. The material
lost all the alkyne absorbance after the 1 h thermal cycling
processes reached 350 °C (Figure S30b, Supporting
Information). The absorbance shoulder corresponding to
terminal alkynes disappeared before the internal alkyne
components of the band. The loss of alkyne absorption was
accompanied by the disappearance of the Mie scattering bands
in the fingerprint region and the region between 2800 and
3700 cm−1, suggesting a significant rearrangement of the
microcrystalline structure. The material annealed to 600 °C
lost the characteristic reduction and oxidation peaks in CV,
indicating a major chemical change (Figure 6b, red trace).
Despite the dramatic transformation of the IR signature, the
optical images of the thermally treated samples revealed no

major textural or geometric changes on heating up to 450 °C
(Figure S30c, Supporting Information). Due to its sensitivity
to the different alkyne bonds present in the sample, the IR
absorbance was found to be a useful marker for monitoring the
structural changes of γ-graphyne.
Our data indicate that the material we synthesized is

multilayer γ-graphyne. Contrary to expectations, we found that
no external template is required for synthesizing highly
crystalline γ-graphyne. There is no experimental evidence
even in our reactions performed with Cu foil that any
polymerization is happening on the surface. The lower
crystallinity of the products obtained in the presence of Cu
foil is likely due to the reduced concentration of catalytic Cu
species in solution. This results in slower Sonogashira coupling
and a higher extent of side reactions compared to the
homogeneous Pd(PPh3)4/CuI protocol.
We tried to understand why TBTEB preferentially polymer-

izes into multilayer γ-graphyne flakes, as opposed to
amorphous branched structures. As the polymerization appears
to be self-templating, we assumed the existence of an attractive
supramolecular interaction between TBTEB and the lattice of
γ-graphyne. Self-assembly through solvophobically driven π-
stacking has been documented for several phenylene
ethynylene oligomers and macrocycles structurally related to
graphynes.48 To explore the potential supramolecular inter-
actions in our system, we computed by DFT the structure and
potential energy surface for a single TBTEB molecule bound to
a γ-graphyne monolayer. Our calculations predict that TBTEB
would associate with the surface of graphyne at two types of
binding sites (around the aromatic rings and over 12-DBA
rings), with a binding energy in excess of 20 kcal/mol (Figure
S33, Supporting Information). The monomer species out-
competes toluene, whose binding energy we estimate as ∼11
kcal/mol. If every TBTEB species were to react while bound
over the underlying layer of γ-graphyne, one of the many local
energy minimum stackings or a mixture of the stackings could
result.

■ CONCLUSIONS
To our knowledge, our synthesis of γ-graphyne is the first
example of an ordered covalent lattice formed spontaneously
under purely kinetic control. Typical covalent organic
frameworks and metal−organic frameworks are held together
through bonds that are reversible. This reversibility is
considered critical for continuous error correction during the
reaction/crystallization process.49 Conventional thinking pre-
dicts that irreversible polymerization of an A3B3-type
monomer, not employing a strict geometric constraint on
reactivity, must yield only disordered branched structures.
However, as we routinely observed micron-scale γ-graphyne
crystallites, 2D polymerization assisted by crystallization must
be presently kinetically favored over random 3D growth.
Furthermore, the initial nucleation of flat graphyne sheets
appears to be a highly probable event. The high fidelity of the
resulting lattices indicates that the system is capable of
correcting errors despite the irreversibility of Sonogashira
coupling. At a minimum, the reaction must proceed
comparably well at both lattice edges and internal defect
sites. As “patching” a single internal defect requires forming six
new chemical bonds, it is highly likely that these bond-making
steps are kinetically coupled. The apparent capability for error
correction, as well as the strong dependence of the product
structure on the nature of the Pd precatalyst, strongly
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corroborates our original hypothesis of a multisite coupling
mechanism.
Similar cross-coupling methodology could conceivably be

applied to the synthesis of other graphyne-family allotropes, as
well as to the theoretically proposed heteroatom-doped
derivatives.50 Performing the reaction at interfaces may provide
access to extended few-layer or monolayer sheets rather than
microcrystalline powders. These extended sheets could form
the basis of the first γ-graphyne-based devices, especially as we
observe a small, direct band gap. Further exploration of the
chemical and physical properties of γ-graphyne is under way in
our laboratories.
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