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ABSTRACT: Elimination reactions are one of the most important
reactions in organic synthesis, especially in the formation of alkenes
and alkynes. Herein, based on scanning tunneling microscopy, we
report the bottom-up synthesis of one-dimensional carbyne-like
nanostructures, metalated carbyne ribbons with the incorporation
of Cu or Ag atoms, through α- and β-elimination reactions of
tetrabromomethane and hexabromoethane on surfaces. Density
functional theory calculations demonstrate a width-dependent band
gap modulation within these ribbon structures, which is affected by
interchain interactions. Moreover, mechanistic insights into the on-
surface elimination reactions have also been provided in this study.

■ INTRODUCTION
The discovery and creation of low-dimensional carbon
allotropes, such as zero-dimensional (0D) fullerenes,1 one-
dimensional (1D) carbon nanotubes (CNTs),2 and two-
dimensional (2D) graphene,3 have led to innovations in both
chemistry and material science. Carbyne, an infinite 1D carbon
chain comprising sp-hybridized carbons, has also been
fascinating chemists for decades due to its extraordinary
properties in expectation. For example, its Young’s modulus
and anticipated stiffness are greater than most known carbon
allotropes, including diamond, graphene, and CNTs.4 Never-
theless, carbyne has been much less investigated5,6 compared
to other carbon allotropes owing to its strong chemical activity
and extreme instability.7,8 Intriguingly, toward the ultimate
pursuit of carbyne, the metalation of such a 1D carbon chain
with well-distributed transition metal atoms is also of great
potential in regulating electronic and magnetic properties by
combining d-electrons of metals and π-electrons of carbons.9,10
Elimination reactions, processes that remove two substitu-

ents (atoms or groups) from a molecule, play a fundamental
role in organic synthesis since Hanhart and Ingold first studied
this process in 1927.11 It has been widely applied in the
formation of alkenes12−14 and alkynes15,16 via dehalogenation.
The two prominent elimination types are the α- and β-
elimination (Scheme 1), generating carbenes/nitrenes and
alkenes/alkynes, respectively.17 Despite the contribution of
elimination reactions in generating alkenes and alkynes, it
remains less explored to apply them to synthesize long 1D
carbon-rich nanostructures such as metalated carbyne due to
their insolubility and instability in solution.18

On-surface synthesis is emerging as a promising approach to
fabricating novel sp-carbon nanostructures which are often
inaccessible by conventional solution synthesis.19−22 Metalated
carbynes with a series of incorporated metals have been
demonstrated to be accessible using a bottom-up approach
based on surface-assisted dehydrogenation/dehalogenation
and subsequent polymerization, forming isolated chains.20,22,23

However, the investigation of metalated carbyne chains
packing in a metal-to-metal manner (i.e., ribbon structure)
remains vacant, while such interchain interactions may have a
significant impact on their electronic properties.
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Scheme 1. Schematic Illustrations of (a) α-Elimination and
(b) β-Elimination Reactionsa

aX and Y represent leaving groups.
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In this work, we report a new strategy for the synthesis of
metalated carbyne ribbons (MCRs) by using surface-assisted
elimination reactions and subsequent polymerization. By the
combination of scanning tunneling microscopy (STM)
imaging and density functional theory (DFT) calculations,
we demonstrated the highly efficient fabrication of Cu-carbyne
ribbons (CuCRs) and Ag-carbyne ribbons (AgCRs) from
molecular precursors, i.e., tetrabromomethane (CBr4) and
hexabromoethane (C2Br6), via α- and β-elimination reactions
on Cu(110) and Ag(110), respectively. These MCRs were
experimentally visualized in real space, with a characteristic
metal-to-metal alignment between adjacent metalated car-
bynes, which was distinct from the isolated metalated carbynes
reported previously.20,22−24 Moreover, DFT-based transition-
state theory calculations demonstrate the elimination reaction
processes of both molecular precursors. The interchain
interactions and the corresponding density of states (DOS)
of the MCRs were further investigated by analysis of wave
function, indicating that the face-to-face π−π stacking between
C�C bonds and the orbital overlap between Cu atoms
stabilize the interchain interaction of MCRs. More interest-
ingly, the MCRs exhibit a width-dependent band gap
modulation, which could serve as another strategy for
engineering the band gap of metalated carbynes compared to
the previous study.24 These results present the availability of
elimination reactions in generating new low-dimensional
carbyne-like nanostructures, which should enrich the toolbox

for the on-surface synthesis of carbon nanostructures and
carbon-rich nanomaterials and also contribute to the develop-
ment of on-surface chemistry.

■ RESULTS AND DISCUSSION
CBr4 monomers (as sketched in Figure 1a) were deposited on
the clean Cu(110) single-crystal surface held at 300 K by
thermal sublimation (with a typical sublimation temperature of
300 K) under ultra-high vacuum conditions, resulting in the
formation of isolated 1D chain structures along the close-
packed [11̅0] direction of the substrate (Figure 1b). Based on
our previous studies,20,24 these chain structures with a
periodicity of 5.2 ± 0.2 Å (Figure 1b) could be naturally
attributed to Cu-incorporated metalated carbyne (−Cu−C�
C−), and the protrusions within the chain result from the
electronic density of states of Cu atoms. Notably, organo-
metallic species are often formed in dehalogenative coupling
reactions.25,26 Besides, DFT calculations show the correlation
between the structural models and simulated STM image,
agreeing well with the experimental morphology and
periodicity (Figure 1b). The proposed reaction pathway for
the formation of Cu-carbyne chains from CBr4 is illustrated in
Figure 1a.
To further understand the reaction pathways of the CBr4

molecule on Cu(110), DFT calculations were applied to
investigate the debromination processes, as demonstrated in
Figure 2. As shown in Figure 2b, two Br atoms detached from

Figure 1. Bottom-up synthesis of CuCRs via α- and β-elimination reactions on Cu(110). (a) Schematic illustration of the bottom-up synthesis of
Cu-carbyne via α- and β-elimination reactions. (b) From top to bottom: equally scaled STM image, simulated STM image, side- and top-view of
DFT models, and line-scan profile of a single Cu-carbyne chain. Scale bar: 1 nm. (c−e) STM images showing the growth of CuCRs after annealing
at (c) 360, (d) 480, and (e) 570 K. Top right panel in (e) histogram depicting the ratio of CuCRs with different widths. Scale bars: (c,d) 1.5 and
(e) 5 nm. (f) High-resolution close-up STM image of 4-CuCR (left) combined with a simulated STM image (right), with the corresponding DFT
model overlaid. Gray and red balls represent C and Cu atoms, respectively. Scale bar: 1 nm. Typical scanning conditions: Vt = −1767 mV and It =
0.66 nA.
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the CBr4 molecule spontaneously on the Cu(110) surface after
optimization with no reaction barrier, leaving the CBr2 group
(as a carbene) stabilized by the underlying surface. This can be
seen as a typical α-elimination reaction process catalyzed by
the Cu(110) substrate, which is different from the debromi-
nation pathways of CBr4 in solution (Figure 2a).

27 For the next
step, the competitive reaction pathways of further debromina-
tion or homocoupling of CBr2 intermediates are compared. As
shown in Figure 2c,d, the energy barrier of homocoupling
(0.16 eV) is lower than debromination (0.28 eV), indicating
that the CBr2 intermediate is very likely to go through the
pathway of homocoupling, forming C2Br4 intermediate, instead
of debromination. In addition, the C2Br4 intermediate is also
unstable on Cu(110) and easily transforms to C2Br2 with the
para-Br atom detached spontaneously after the removal of one
Br atom (Figure S1), which can be seen as a typical β-
elimination reaction process. Finally, C2Br2 intermediates
further debrominate and polymerize to Cu-carbyne chains, as
illustrated in Figure 1a. Thus, based on DFT calculations, we
demonstrate that CBr4 molecules undergo surface-catalyzed α-
and β-elimination reaction processes and form Cu-carbyne
chains by subsequent debromination and polymerization.
Interestingly, upon annealing the sample to ∼360 and 480

K, respectively, Cu-carbyne chains started to assemble together
and grow into ribbon structures, as shown in Figure 1c,d.
Further annealing to ∼570 K resulted in the formation of

highly ordered CuCRs along the [11̅0] direction of Cu(110)
with different widths, as can be seen from the large-scale STM
image (Figure 1e). The histogram depicted in Figure 1e
displays the approximate ratio of different types of N-CuCRs
(N is the number of the Cu-carbyne chains across the ribbon)
observed. The comparison between the high-resolution STM
image of 4-CuCR and the corresponding STM simulation with
the DFT-models overlaid showed that both the dimension and
molecular appearance are in good agreement (Figure 1f).
Furthermore, we systematically investigated the DOS of the

CuCRs using DFT calculations. Figure 3a displays a series of
spin-polarized DOS of free-standing N-CuCRs with different
widths. Intriguingly, the asymmetric DOS for spin-up and spin-
down components indicates a spin polarization of the CuCRs,
although the incorporated Cu atoms in the chains are not
magnetically active, which is similar to our previous studies.24

More interestingly, the CuCRs exhibit a width-dependent band
gap modulation. The calculated band gap decreases from 4.02
to 2.38 eV with an increasing width (N) from 1 to 5 (Figure
3a). The corresponding projected DOS (PDOS) on the Csp,
Cusp, and Cud orbitals of CuCRs was also calculated to show
contributions of different orbitals to the band gap narrowing,
where the Csp and Cud orbitals contribute to the highest
occupied molecular orbitals and the Csp and Cusp orbitals
contribute to the lowest unoccupied molecular orbital of
CuCRs (Figure S2). In a quasi-one-dimensional system, the
band gap reduction as a function of ribbon width was reported
in free-standing armchair graphene nanoribbons (AGNRs),
owing to the reduced electron−electron interaction and
weaker quantum confinement effect. In other words, the
wider AGNRs are easier for electrons to redistribute and
respond to the presence of the external field.28−30 Unlike
AGNRs, the CuCRs are formed by the self-assembly of
individual Cu-carbyne chains instead of covalent bonding, and
the band gap narrowing is also significant even with the
interchain spacing up to ∼3.5 Å (Figure S3).
To understand the width-dependent band gap reduction, as

the next step, electron density difference (EDD) and
interaction region indicator (IRI) analysis on CuCRs were
further performed to investigate the interchain interactions,
which may have an influence on the band gap. Figure 3c,d
shows the EDD color-filled map and isosurface map of free-
standing 3-CuCR as an example. From the EDD maps,
electron depletion (blue isosurfaces) occurs between C�C
bonds in the adjacent Cu-carbyne chains. In contrast, the
electron accumulation (yellow isosurfaces) can be clearly
identified between the Cu atoms in the adjacent Cu-carbyne
chains. The charge redistribution of CuCRs suggests that the
interchain interaction is dominated by the interaction between
Cu atom sites.
To illustrate the nature of interchain interactions of CuCRs,

we used a finite hydrogen-terminated 3-CuCR as a model
system in IRI and IRI-π analyses. IRI is a new real-space
function that can clearly reveal both chemical bonds and weak
interactions in chemical systems.31 As illustrated in the IRI
isosurface and color-filled maps (Figure 4a,b), both covalent
bond and weak interaction regions are nicely revealed by the
blue and green isosurfaces, respectively, according to the
standard coloring method shown in Figure S4 (see more
details in the Supporting Information). It thus demonstrates
that CuCRs are stabilized by weak interactions between the
Cu-carbyne chains. Notably, the 3-CuCR exhibits wider weak
interaction regions between the Cu atoms than those between

Figure 2. On-surface reaction pathways of the CBr4 molecule on
Cu(110). (a) Schematic illustration showing the difference between
the debromination pathways of CBr4 in solution

27 and on surface. (b)
Initial and corresponding DFT-optimized structure of CBr4 on the
Cu(110) surface. Two Br atoms are detached from the C atom
spontaneously after DFT optimization. (c,d) DFT-calculated reaction
pathways for (c) debromination and (d) homocoupling of CBr2
intermediate on Cu(110), respectively. The energy scale is not linear.
The structural models are given for the initial, transition, and final
states, respectively. Gray, red, and light brown balls represent C, Br,
and Cu atoms, respectively. Energies are given in units of eV.
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carbon atoms, which is consistent with the EDD results. The
isosurface and color-filled maps of the IRI function for the π
molecular orbitals of 3-CuCR, referred to as IRI-π, are shown
in Figure 4c,d to further reveal the interchain interactions. For
each Cu-carbyne chain in 3-CuCR, the C�C bonds exhibit
torus-shaped IRI-π isosurfaces, maintaining the intrinsic
double π (πin and πout) interaction features.31,32 Besides, the
weak single π interactions exist for C−Cu−C bonds, where the
torus-shaped IRI-π isosurfaces near Cu atoms may arise from
the 3dxz/dyz orbital, which initially exists in the individual Cu-
carbyne chain33 (see Figure S5). In the cross-chain regions, the
IRI-π isosurfaces between the C�C bonds are localized in the

middle of the adjacent Cu-carbyne chains, indicating a weak
face-to-face π−π stacking interaction, similar to the aromatic−
aromatic interaction with sandwich configuration, which
maximizes the overlap of π systems.34,35 Significantly, the
IRI-π isosurfaces around Cu atoms are broader and merge
together in the middle of the chains, providing the intuitive
evidence that the attractive force-driven orbital overlaps
between Cu atoms across the chain, which is also consistent
with the electron accumulation near the Cu atoms and electron
depletion between C�C bonds in EDD calculation. The
color-filled IRI-π map can give the same conclusion from a
complementary perspective. Given all this, it can be inferred

Figure 3. DFT calculated electronic properties of CuCRs with different widths. (a) Spin-polarized DOS and (b) corresponding STM images of N-
CuCRs with different widths (N = 1, 2, 3, 4, and 5). Red and gray lines represent the spin-up and spin-down contributions, respectively. (c) EDD
color-filled map and (d) isosurface map of 3-CuCR. Color-filled map is plotted on the ribbon plane. Yellow and blue isosurfaces represent the
accumulation and depletion of electrons, respectively. Gray and red balls represent C and Cu atoms, respectively. Scanning conditions: Vt = −743
mV; It = 1.26 nA.

Figure 4. IRI maps of finite 3-CuCR. (a) IRI isosurface and (b) color-filled maps of finite 3-CuCR showing the weak interactions between
neighboring Cu-carbyne chains. Blue and green isosurfaces represent the covalent interactions and weak interactions, respectively. (c) IRI-π
isosurface and (d) color-filled maps of finite 3-CuCR showing the π interactions between Cu-carbyne chains. Color-filled maps are plotted on the
ribbon plane. Gray, red, and white balls represent C, Cu, and H atoms, respectively. The scales of color bars are given in a.u.
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that the balance of the face-to-face π−π stacking between C�
C bonds and the orbital overlap between Cu atoms stabilize
the CuCR structure; as a result, the electrons are likely to
delocalize across the CuCRs over the Cu atoms, which could
be mainly responsible for the reduction of the band gap in
wider CuCRs.36,37

To demonstrate the generality of elimination reactions and
also introduce other transition-metal atoms in MCRs, we
furthermore designed the C2Br6 precursor to synthesize AgCRs
via sequential β-elimination reactions catalyzed by the Ag(110)
surface (Figure 5). As expected, AgCRs were obtained from
C2Br6 during an analogous, thermally induced elimination−
polymerization procedure (Figure 5a), and the structural
characterization is shown in Figure 5b. Based on the theoretical
calculations (Figure S6), further STM simulation perfectly
reproduces the morphology and periodicity of the acetylenic
Ag-carbyne chain (Figure 5c,d). In addition, DFT calculated
energetically most favorable reaction pathways demonstrate
that sequential β-elimination reactions took place, leading to
the formation of Ag-carbyne chains (see more details in
Supporting Information Figure S7). AgCRs with different
widths were also observed and analyzed by DFT-calculated
spin-polarized DOS, indicating the analogous phenomena of
band gap reduction (Figure 5e,f). Therefore, we have
demonstrated the versatility of on-surface elimination reactions
as an efficient way to synthesize different types of MCRs, and
the width modification can serve as a generic useful strategy for
engineering the band gap of MCRs.

■ CONCLUSIONS
We have successfully demonstrated the bottom-up synthesis of
CuCRs and AgCRs via surface-catalyzed α- and β-elimination
reactions, where metalated carbynes were packed in a metal-to-

metal manner. The high-resolution capability of STM to
resolve the morphology, in combination with extensive DFT
calculations, provides valuable details on the growth pathway
and electronic structure of MCRs. The electron delocalization
across Cu-carbyne chains via d orbital overlap of the Cu atoms
illuminates the band gap reduction in wider CuCRs, which was
demonstrated by the IRI and IRI-π based on the wave function
analysis. More importantly, by introducing on-surface elimi-
nation reactions, our study not only provides an efficient
strategy for in situ fabrication of carbyne-like nanostructures
such as MCRs but also complements the on-surface synthetic
routes for broad carbon-rich nanomaterials. The band structure
engineering strategy of MCRs based on the ribbon width may
open up more opportunities for further exploration of
semiconducting materials and molecular electronic devices.

■ EXPERIMENTAL AND THEORETICAL METHODS
Experimental Section. A variable-temperature “Aarhus-type”

STM38,39 was used for carrying out all the STM experiments including
sample preparation, molecular evaporation, and characterization
under ultrahigh vacuum conditions (with a base pressure below 3 ×
10−10 mbar). The Cu(110) and Ag(110) single crystals were cleaned
by repeated cycles of 1.5 keV argon ion sputtering followed by
annealing at 800 K for 15 min. The CBr4 and C2Br6 molecules were
thoroughly degassed and then sublimated from quartz crucibles of
molecular evaporators (with a typical sublimation temperature of 300
K) onto Cu(110) and Ag(110) held at 300 K. STM images were
recorded in a constant-current mode, using an electrochemically
etched tungsten tip. All the STM images were recorded at ∼100 K.
Theoretical Calculations. The spin-polarized DOS, PDOS, and

elimination reaction pathway calculations were performed in the
framework of DFT by using the Vienna ab initio simulation package
(VASP).40,41 The projector-augmented wave method42,43 was used to
describe the interaction between ions and electrons, and the Perdew−

Figure 5. Bottom-up synthesis of AgCRs via sequential β-elimination reactions on Ag(110). (a) Schematic illustration of the bottom-up synthesis
of Ag-carbyne via sequential β-elimination reactions from the C2Br6 precursor. (b) STM image showing the AgCRs obtained by depositing C2Br6
molecules on Ag(110) held at 300 K. Scale bar: 3 nm. (c) STM image and (d) simulated STM image of a single Ag-carbyne chain. Scale bars: 1
nm. (e) Spin-polarized DOS and (f) corresponding STM images of N-AgCRs with different widths (N = 1, 2, 3, 4, and 5). Red and gray lines
represent the spin-up and spin-down contributions, respectively. Scanning conditions: Vt = −743 mV; It = 1.26 nA.
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Burke−Ernzerhof generalized gradient approximation exchange−
correlation functional was employed.44 The dispersion-corrected
DFT-D3 method45 was used to consider the van der Waals
interactions. For the elimination reaction calculations, we used a
p(4 × 6) surface unit cell of Cu(110) and Ag(110) with a 2 × 2 × 1
gamma centered Monkhorst−Pack k-point grid. The kinetic energy
cut-off was set to 400 eV. Transition states were searched by applying
the climbing image nudged elastic band46 and Dimer methods,47 and
all local minima and saddle points were optimized until the forces on
all unconstrained atoms were ≤0.03 eV/Å. The IRI and IRI-π maps
were calculated with B3LYP/6-31G** (Gaussian 09)48 combined
with Multiwfn 3.8.49 The Tersoff−Hamann method50 was used to
obtain the simulated STM image.
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