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Linear carbon chains (LCCs) are a one-dimensional sp’-hybridized allotrope of carbon. LCCs are extremely
unstable: The longer the LCCs, the less stable the materials. Thus, it is a big challenge to synthesize long
LCCs. Although the research on the short LCCs, e.g., polyynes, can be traced back to the 18™ LCCs are still
not well-known compared to other allotropes of carbon, e.g., fullerenes, carbon nanotubes and graphene.

Therefore, introducing recent progress on LCCs is of great significance to draw more attention in the
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community of nanocarbons as well as nanomaterials in general. Theoretically, various excellent
properties have been predicted. Experimentally, LCCs with different length in many kinds of forms have
been successfully synthesized. In this review, we summarized recent studies of polyynic LCCs from both
theoretical and experimental aspects. Also, perspectives are highlighted to point out the further
investigations of the materials.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

As one of the most widely distributed elements, carbon can
exist in various forms: either organic or inorganic compounds in
gas, solution, or solid phases. In the form of elementary substance,
carbon is revealed to possess several allotropes: the most well-
known forms are graphite and diamond in three dimensions; the
low-dimensional new-discovered fullerene [1], carbon nanotubes
(CNTs) [2], and graphene [3], as well as the one-dimensional (1D)
“old but new” linear carbon chains (LCCs). According to different
hybridization states for the C atom, these allotropes can be
classified into sp!, sp? and sp> hybridizations. Carbon nano-
materials usually possess good electrical conductivity (except
diamond), while the electronic band gaps vary greatly among those
allotropes. Linear carbon chains (LCCs, also sometimes named as
linear carbon, carbon-atom wire, etc.) as 1D sp'-hybridized
allotrope of carbon, are either semiconducting (e.g., polyynes) or
metallic (e.g., cumulenes). 1D carbon chains can be constructed
with two types of bonds: alternative single-triple carbon-carbon
bonds to form polyyne or successive double-double bonds to form
cumulene, as demonstrated in Fig. 1a. Generally, polyynic structure
is more favorable than cumulenic structure, as initially proved
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through an ab-initio study using Hartree-Fock (HF) theory in 1979
[4]. LCC follows Peierls distortion [5,6] with bond length
alternation (BLA, the bond length difference of single and triple
bonds in the center of the chain), thus the cumulene with
equidistant C=C bond, which has two degenerate half-filled
m-bands, is unstable, whereas the polyyne is more stable due to a
longer C—C single bond. Band structure analysis comparing the
cumulene and polyyne (Fig. 1b) shows that the valence band of
polyyne is fully filled, owing to two electrons provided to each
orbital and a half Brillouin zone, and the conduction band is
separated by the band gap leading to semi-conductivity. Besides,
density functional theory (DFT) calculation by Milani et al. [7]
indicated that the cumulene turns out to be a transition state
structure reaching a thermodynamically stable state with opti-
mized minimum energy related to polyyne (Fig. 1¢). Experimental
proof through X-ray crystallography analysis on the bond lengths
shows that the Peierls distortion is more significant in longer
polyynes [8]. Several reviews on the polyynes and cumulenes are
well summarized previously [6,9-11]. In this review, we focus on
the long linear carbon chains with alternative single-triple bonds,
i.e., long polyynes. Since various names have been used in the
literatures for the carbon chains, we summarized the most
frequent appeared names and their corresponding definitions
and characters in Table 1.

Ideal LCCs are infinite sp-hybridized carbon chains, named as
carbyne [12-15]. Many theoretical calculations are based on the
infinite carbyne. However, experimentally only finite polyynes or
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Fig.1. Comparing band structures of polyyne (a) and cumulene (b), the red curves show their valence bands. (c) Potential energy diagram of an isolated carbyne as a function

of BLA. Copied with permission [11]. Copyright 2016, Royal Society of Chemistry.

Table 1
Definitions and characters for different carbon chains.
Name Polyynes Cumulene LCCs@CNTs Cyclo[n]carbon Carbyne
Defination carbon chain with carbon chain with linear carbon chains circular carbon infinite carbon chains or they are long
alternative single-triple successive double-double encapsulated in carbon chains with enough that the property does not rely
carbon-carbon bonds carbon-carbon bonds nanotubes with polyynic polyynic structure  on the length
structure
Character semiconductor metal semiconductor semiconductor semiconductor/metal

cumulene can be synthesized in the laboratory. For example,
polyynes with up to 12 carbon atoms were synthesized [14,16].
Currently, the longest polyyne containing 44 contiguous acetylenic
carbon atoms synthesized via end-capping method was realized by
Chalifoux and Tykwinski in 2010 [17]. Remarkably, longer LCCs
consisting of more than 100 carbon atoms were grown inside
multiwalled carbon nanotubes (MWCNTs) by arc-discharge
method in 2003 [18] (Fig. 2c). In 2016, Shi et al. [19] established
a route for synthesis of extremely long and stable LCCs containing
more than 6000 carbon atoms encapsulated into double-walled
carbon nanotubes (DWCNTs) (Fig. 2b). Recently, LCCs were
prepared inside single-walled carbon nanotubes (SWCNTs) as
well by vacuum discharge method [20,21] (Fig. 2a). Short LCCs can
also be observed when pulling the carbon nanotubes or graphene
before breaking [18,22] as depicted in Figs. 2d and e, although they
usually just exist for short time. Small crystal assembled with short
polyynes was successfully prepared by laser ablation method
when gold was introduced during the synthesis of polyynes [23], as
shown in Fig. 2f.

UV-vis spectroscopy was used to probe the electronic character-
istics of polyynes [8]. However, Raman scattering is a most-
frequent used technic for the polyynic LCCs. The characteristic
frequencies for the LCCs are normally located between 1600 cm™!
and 2300 cm ™! [17,19,24-27], depending on the length of the LCCs.
The longer the polyyne, the lower the frequency [28]. Also, the
electron charge polarization could be diminished with increased
chain length, resulting in decreasing of the optical energy band gap
[14,29-33]. In addition, the frequency also relies on the environ-
ments, e.g., end-capped with chemical groups or encapsulation
with carbon nanotubes [25,34].

This review mainly focuses on introducing polyynic LCCs from
both experimental and theoretical aspects. The investigations on
the structural and electronic properties of LCCs will be first
introduced, and then experimental results mainly on synthesis and
characterization are discussed. Finally, possible applications are
also briefly presented. Perspectives are present in several sections
and in the summary.

2. Properties of linear carbon chains

Most of the properties of LCCs are closely related to the BLA
value, e.g., band gap. Therefore, obtaining more accurate BLA is a
key research point for calculation and modeling. In the following,
we will summary different calculation methods considering the
electron-electron, the electron-phonon couplings, etc. for end-
capped short polyynes and long polyynic LCCs inside carbon
nanotubes.

2.1. Theoretical calculation methods for linear carbon chains

Nowadays, the evolved self-consistent field theory on the
electronic structure of extended periodic system can calculate the
ground-state properties of an isolated molecule accurately [35-
37]. Also, calculating the electronic band structure at some fixed
geometry based on HF theory was already well accomplished [38-
42]. Some modified Huckel theories and complete neglect of
differential overlap (CNDO/2) molecular orbital calculations were
used to verify the stability of polyynes [43-45]. Later, ab-initio
calculations were performed to give numerical results for the
equilibrium geometry, vibrational spectra, elastic modulus, band
structures, and density of states etc. by using corrected HF
approximation with a variety of basis sets based on STO-3 G [4]. A
single electron description of the electronic 7 states in the infinite
polyynes shows that the electron possesses an effective internal
degeneracy, which leads to an unusual variety of soliton and
polaron states [46].

In the 21" century, more reliable results can be obtained with
rapid updates of algorithm and hardware. Following the successful
observation of the LCCs within the MWCNTs by high-resolution
transmission electron microscopy and resonant Raman spectros-
copy [18,47,48], the Raman peaks at around 1850cm™! were
assigned to the C—C stretching mode of the LCCs through
vibrational calculations. In practice, it is very difficult to accurately
simulate the electronic structures of the LCCs due to many reasons
[4,49-57], e.g., obtaining proper BLA, correctly describing electron
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Fig. 2. LCCs inside (a) SWCNTs, (b) DWCNTSs, (c) MWCNTs; LCCs derived from (d) carbon nanotubes, (e) graphene; (f) The scheme of crystalline polyynes.

Table 2
A summary of the BLA values, TDDFT excitation energies, HOMO-LUMO gaps, and longitudinal optical phonon frequencies of hydrogen end-capped polyynes calculated by
various methods (N represents the number of the carbon atoms).

Functional N Ref.
10 12 20 0
BLA value (A) DFT-B3LYP 0.110 0.099 [28]
SCS-MP2 0.060 0.120 [25]
CCSD(T) 0.125
BHHLYP 0.133
CAM-B3LYP 0.131
QMC-DMC 0.136 [64]
LLCCs@DWCNTs 0.100 [25]
Excitation energy (eV) DFT-B3LYP 5.10 4.56 3.29 [59]
BHHLYP 5.74 5.24 4.14
CAM-B3LYP 5.62 5.13 4.07
HOMO-LUMO gap (eV) HF 8.96 7.82 [57]
LHF 2.57 1.90
DFT-LDAx 2.29 1.65
DFT-B88 2.33 1.69
DFT-BLYP 233 1.69
DFT-B3LYP 3.83 3.45 2.64 1.59 [59]
BHHLYP 6.22 5.80 4.95 4.04
CAM-B3LYP 6.52 6.10 5.25 4.33
I'-point LO phonon frequency (cm™") DFT-LDA 1162 [7]
DFT-PBE 1223
DFT-HSEO6 1723
DFT-B3LYP 1844
SCS-MP2 1970
SCS-MP2 fitting CCSD(T) 2075 [25]

QMC-DMC 2084 [64]
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correlation and electron-phonon coupling [28], the inaccuracy
occurred in the system with larger atomic centered basis sets used
in the ab-initio calculations [4,58], etc. Therefore, various
theoretical methods and calculation sets led to varied theoretical
predictions. For example, Yang et al. [28] concluded the BLA and
band gap of polyynes are about 0.13A and 2.2 eV, respectively,
through the combination of hybrid-DFT scheme with B3LYP//
BHHLYP or B3LYP//KMLYP functional. Peach et al. [59] obtained
larger BLA value for polyynes using Coulomb-attenuated (CA)
CAM-B3LYP functional [60], which is a hybrid exchange-correla-
tion functional proposed in 2004 [60], consisting of a long-range
correction based on original B3LYP [61] (Becke gradient-corrected
exchange functional [62] and Lee-Yang-Parr correlation functional
[63]). In summary, BLA values and HOMO-LUMO gaps for polyynes
with 10, 12, 20 carbon atoms and infinite carbyne are listed in
Table 2, from which we can conclude that the excitation energy is
relatively insensitive to the exchange functional, while the HOMO-
LUMO gap is more easily affected. The B3LYP results evaluated at
the BHHLYP geometry are more consistent with the experimental
band gaps [28].

Recently, Mostaani et al. evaluated various theoretical methods
used in previous studies [64], for example, HF, nonhybrid DFT,
hybrid DFT, MP2, and CCSD(T) calculations [28,55,65,66] to
calculate the BLA values of polyynes. In view of the previously
reported inconsistent results, they investigated the excitonic band
gaps and BLA values of polyynes by employing highly accurate
quantum Monte Carlo (QMC) methods. The resulted Peierls-
induced BLA value is 0.136 A, the DMC quasiparticle gap is 3.61 eV,
the static-nucleus DMC singlet excitonic gap is 3.31eV, and
vibrational contributions can reduce the excitonic gap by around
0.1 eV. Besides, the subsequent successful synthesis of LLCCs@CNTs
[18,19] brought the theoretical study focusing on the charge
transfer and van der Waals interactions between carbon chains and
nanotubes through describing the shifted C—C stretching vibra-
tional mode [25]. Hybrid DFT calculation supported by SCS-MP2
implemented in turbomole [67] using PBEO functional [68] was
employed in the relevant studies. It was mentioned that the
disagreement of ab-initio methods for long polyynes can be
attributed to the deficiencies of local density functionals or the
incomplete description of local and long-range correlation [69-
71]. Thus, coupled-cluster CCSD(T) and the DMC methods were
applied as solution. The extrapolated BLA by CCSD(T) calculations
for the infinite polyynes is 0.125 A, which is slightly less than that
from DMC calculations [64]. While scaling the SCS-MP2 data to fit
the CCSD(T) points can yield a I'-point frequency at 2075 cm™! in
vacuo [66], which is close to the results from Mostaani et al. [64].

To summarize previous theoretical studies based on LCCs
(Table 2), it seems that the HF method obviously overestimates the
highest occupied molecular orbital-lowest unoccupied molecular
orbital (HOMO-LUMO) gap, and the DFT methods with various
functionals underestimate the gap; while BHHLYP and CAM-B3LYP
give relatively larger but more accurate results. The QMC
calculated BLA values and longitudinal optical (LO) phonon
frequencies at I'-point are significantly larger than the results
obtained by the DFT calculations, but more consistent with the
experimental results.

2.2. The electronic structure of linear carbon chain

Fundamentally, the electronic structure of carbon chain is
determined by its BLA. Many factors can affect the BLA, for
example, the length of the chain, the end-group as termination, the
encapsulation by carbon nanotube, etc. Also, the bend effect needs
to be considered, since the carbon chain is not always completely
straight. Therefore, previously many theoretical studies concen-
trated on investigating the end-group effect, bending effect, and

charge transfer with substrate, etc. [19,72-80]. In the following,
those factors will be discussed in detail.

2.2.1. The length of linear carbon chain

Polyyne is unstable due to Peierls distortion, and the Peierls
distortion gets more significant when the chain is longer. DFT
calculations indicate that Peierls distortion took a main role in
affecting the stability of the LCCs, when the number of carbon
atoms in a chain is more than fifty [81].

The electric conductivity of molecule usually can be measured
by the electronic energy gap or the HOMO-LUMO gap. The BLA
value affects the band gap since it varies for the chains with
different lengths [82,83]. Increasing the length of polyyne would
lower the HOMO-LUMO gap [29,84]. However, either the BLA
value or the HOMO-LUMO gap of polyyne would never go down to
zero no matter how long the chain is due to the Peierls distortion
[66].

Phonon dispersion of polyynes with more than 10 carbon atoms
was investigated by using oligomer approach [85]. It is shown in
effective conjugation coordinate mode that the vibration associat-
ed to the triple-bond stretching mode decreases with the increased
chain length for even numbered carbon atoms, while being out-of-
phase with odd numbered carbon atoms. And for the single carbon
bond stretching mode, it is totally opposite. This phenomenon was
described as oscillation of the BLA.

The bond types in infinite LCCs are not limited to the conjugated
triple bonds in polyyne. When the number of carbon atoms in the
LCCs increases to a certain extent that close carbyne system, the
BLA will be less oscillated (the vibration of triple bonds stretching
mode is related to the LO phonon at I'-point (q =0) [86]). To study
such a system theoretically, periodical boundary condition should
be taken into account by employing first-principle method by
eliminating the end-capping effect, thus improving the efficiency
of the calculation. It was found that for infinite LCCs, the electronic
properties possess similar regularities as for the finite carbon
chains [57]. Except the BLA and the HOMO-LUMO gap, the
excitation energy is also investigated theoretically for the LCCs. A
standard approach to calculate the excitation energies is referred
as time-dependent density functional theory [87-89]. The differ-
ence between the HOMO-LUMO gap and the excitation energy is
called excitonic binding energy, which is a positive value
representing the electron-hole interaction.

Long linear carbon chains (LLCCs) ranging from polyyne to
carbyne was synthesized inside DWCNTs [24,90], and the BLA
values converge toward a constant value, as suggested by the
theoretical prediction long time ago [54,57,65]. Such LLCCs can be
already referred as carbyne according to the definition given by Sir
Harold Walter Kroto.

2.2.2. The end-capped linear carbon chain

Polyynes containing 2-44 carbon atoms terminated by various
end groups are the most frequently studied carbon chains before
the LCCs synthesized inside carbon nanotubes. Many theoretical
investigations have been done previously. The ending-group effect
was mainly investigated in stabilizing the polyynes. Particularly,
studies were also cast on minimizing the end-group effect on the
band gap. Hydrogen [33,91,92] or methyl [93] caps are the simplest
ones for short polyynes, however, they are not good enough for
stabilizing long polyynes. tert-Butyl end-caps are better in this case
[8].

Basically, introducing bulky end-groups can provide steric
hindrance to prevent the cross-linking reactions among the
polyyne chains. DFT studies on carbon chains with specific end-
groups include hydrogen-, adamantanyl- [27,94,95], naphthyl-
[96], dinaphthyl- terminations [97], and single-molecule junctions
[98], etc.



1750 K. Zhang et al./Chinese Chemical Letters 31 (2020) 1746-1756

Recently, Agarwal and Lucotti et al. [34] made a comprehensive
investigation on the polyynes consisting of from 8 to 40 carbon
atoms with symmetrical (terminated with the same trityl group) or
unsymmetrical (terminated with trityl and triisopropylsilyl groups
for each end) end-caps. The super trityl bulky end-groups can
effectively stabilize polyynes with over 40 carbon atoms in the
form of solid powder [17]. Remarkable frequency dispersion (as
large as more than 250 cm ') in Raman line corresponding to the
si-mode was observed when changing the length of the polyyne.
Also, it was found that the IR/Raman mutual exclusion principle
was clearly seen for the polyynes with symmetrical end-caps, and
it was weaker for the polyyne with unsymmetrical end-caps.

Except normal end-capped chemical groups, sp? or sp> carbon
terminations, such as graphene, closed-cage clusters, carbon
nanotubes, can stabilize the sp carbon chains as well (Fig. 3),
and they were investigated by ab-initio and/or experimental
studies. It was proposed that the torsional deformation inflicted on
the chains affects the BLA, thus tunes the band gap, vibrational
frequencies, and magnetization [99,100]. The calculation showed
BLA value alone could not completely determine whether the chain
is polyynic or cumulenic. Mixed polyynic-cumulenic chains were
found with graphene edge and the sp? terminations made effect on
the torsional strain attributed to the plane propagation of
terminations through the sequence of m-bonds along the chain
direction.

In addition, carbon chains can also be stabilized by metals, e.g.,
gold clusters. Synthesis of polyynes using Au as a substrate or
catalyst were reported [23,101]. Surface-enhanced Raman spec-
troscopic studies on isolated sp-carbon chains presented the
interaction between the carbon chains and the silver nanoparticles
[102-104]. Tarakeshwar et al. indicated that Au can alter the
electron densities of the C= C bond on both capped and uncapped
polyynes by performing ab-initio calculations using B3LYP
functional with cc-pVDZ and LANL2DZ basis sets for carbon/
hydrogen and gold, respectively [105]. The result was consistent
with previous experimental study [23]. Very recently charge
transfers between the chains and the end-groups/metal nano-
particles were discussed, and it was suggested that the role of LCCs
played as electron acceptor or donor counter to the silver
nanoparticle can be reversed [106].

2.2.3. Linear carbon chains encapsulation by carbon nanotubes
Another route to stabilize the carbon chains is encapsulating
the chains inside carbon nanotubes. In the following, the
encapsulation effect by the nanotubes on the carbon chains will
be discussed.
The structural, electronic, and vibrational properties of
confined polyynes with less than 50 carbon atoms and hydrogen

(@) 13.1eV 6 pm (c) 12.0eV 5pm (e) 3.2 eV 10 pm

u' :._4: ‘v“T“v‘\/‘T fry
< x_.mwux ety ¢Y'f fff'r

4 >. e k’)\’)\'}\')\’ j?fm{?’
\ 5 / ’/ Iw / v
. AN
S

{ e, ( o e 4 2R

. e e

L S Epeee D
) Y K e L2
(b) 10.0eV 9pm (d) 7.9eV 9 pm (D 8.5eV 10 pm

Fig. 3. sp’- and sp® end-capped carbon chains with binding energies (with respect
to the uncapped straight chain plus fully relaxed end-caps) and BLA values. Copied
with permission [99]. Copyright 2009, American Physical Society.

capping inside CNTs compared to the free carbon chains were
explored through DFT studies [107]. The calculated potential of
confined polyyne was about 1eV, less than that of free carbon
chains. Charge transfer between the chains and the nanotubes was
confirmed. Additionally, the BLA of the confined polyyne was
smaller than that of the free chains due to the charge transfer. Such
effect would be different if considering the chirality and diameter
of the CNTs [18,19,108]. By taking environment and charge transfer
into consideration, LLCCs inside narrow inner tubes (0.65-
0.75 nm) will provide a maximal van der Waals interaction. Shi
et al. [24] investigated the electronic band gaps of such LLCCs by
applying both resonance Raman excitation spectroscopy and DFT
calculations. The exitonic energy gaps for LLCCs were in the range
of 1.8-2.3 eV, which was about 0.5 eV lower than that of the end-
capped polyynes with similar length [25].

2.2.4. Bend effect and charge transfer with environments

Polyyne was initially assumed to be linear. However, it was
demonstrated to be bent in solid state through X-ray crystallo-
graphic analyses [109-111]. In addition, it was found that bent
polyynes and straight linear cumulenes tended to be formed on
less active (e.g., Cu) and active (e.g., Ni, Rh and Ru) metal surfaces,
respectively [78]. The imperturbable bending effect may eliminate
the influence from end-groups; thus, it turns out to be an intrinsic
characteristic of polyyne.

The curvature of polyyne is controlled by the imposed
chemical structure confirmed by combing analysis of Raman
and IR spectroscopy, as well as DFT simulations [95]. Also, a group
of adamantly-end-capped polyynes in both solid and solution
states were detailed studied and concluded that the bending
effect is inherent [27,94,95]. The effective conjugation length of
carbon-carbon bonds increases slightly for large end-capped
polyyne in comparison with hydrogen end-capped polyyne,
causing the bending of the polyyne and inversion symmetry in
sequence, thus leading to changes in bond length, bond angle, and
band gap [76].

Another example for bent polyyne is kinked carbon chains
suggested from theoretical point of view [112-115] (Fig. 4). Two-
dimensional ordered kinked carbon chains on account of ion-
assisted condensation [113] (also called Heimann’s kink model
[114]) generated periodic kinks by shifting inner parts periodically
in the plane. Theoretically the kinks can decrease the total energy
of the system to stabilize the carbon chains [115]. Experimentally,
the phonon vibrations for single chain and inner fragments are
weak, but for kinks the phonon vibrations are prominent (1300-
1600 cm™ ') due to the strong Coulomb interaction between kinked
carbon chains.

2.3. Other properties of linear carbon chain

Carbyne as infinite carbon chain possesses excellent mechani-
cal property as predicted theoretically, suggesting that it may be
the strongest material [77]. Based on such great mechanical
property, it was found theoretically that a 10% strain not only
could not break a chain but enable a strongly increased band gap
from 2.6 eV to 4.7 eV, indicating a route to engineer the band gap
of the carbon chain [77]. Experimentally, when a carbon chain
was pulled out thus created from graphene, the chain under strain
behaved semiconducting character, and a so-called ohmic
behavior was observed when the chain was relaxed, i.e., without
strain [116]. Similarly, metal-insulator transition in carbyne could
be induced in carbyne mechanically, meaning that a switch
between symmetrical cumulene structure and unsymmetrical
polyyne structure can be generated when applying a certain
tensile strain on the carbon chain, resulting in a transition from
metallic to dielectric state [117].
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Fig. 4. sp-Based carbon chains in two-dimensional form ordered by periodic kinks. Copied with permission [112]. Copyright 2017, Elsevier.

In addition, Wong et al. developed a Monte Carlo Metropolis
algorithm to calculate the macroscopic properties, e.g., thermal
expansion and elastic modulus, through simulating microscopic
chemical bond distributions and phase transformation in carbon
chains [118].

3. Synthesis of carbon chain

In order to tune the band gap down to semiconducting range,
synthesizing longer stable polyynes is a key before any real
applications.

Polyyne can be decomposed easily when exposure to oxygen
and/or water surroundings [26,119]. As indicated by previous
studies on isolated carbon chains in gas phase [120-122] or at very
low temperature [123-125], LCCs possess high reactivity to tend to
undergo chains cross-linking reaction causing formation of sp?
solid phase [26,126]. Therefore, it seems that stabilizing the
polyyne is of great important. Currently, two main routes were
proposed to protect the carbon chains: end-capping the carbon
chains or encapsulating the LCCs inside carbon nanotubes. A brief
introduction based on these two routes will be present in the
following subsections.

3.1. Synthesis of end-capped polyynes

Polyynes can be synthesized by organic chemical reactions. The
first attempt can date back to 1885 [127], and it was blocked up in
isolating tetra-acetylene because of the instability. End-groups, as
demonstrated by theoretical studies, have ability to stabilize the
polyynes [99]. Experimental synthetic efforts were already paid on
preparing various of heteroatom end-capped polyynes, such as
hydrogen [14,16,128], alkyl [31-33,93], aryl [129], trialkylsilyl [14]
and metal [130-140]. Chalifoux and Tykwinski reported the
synthesis of longest polyynes end-capped by trismethyl with up
to 44 carbon atoms in the chain [17]. Since this method was widely
used and well summarized previously, here we only focus on the
methods other than organic chemistry.

Laser ablation was applied to synthesize polyynes efficiently.
This method is based on modification of carbon-based solids under
high pressure and high temperature [141] and elimination of linear
organic substituents [126,142]. Polyynes end-capped by tert-butyl
or trifluoromethyl were grown by using laser-based techniques
under gas phase [120]. Moreover, cyano-polyynes were formed
through laser ablation of carbon particles in acetonitrile [143].
Tsuji et al [91] found that hydrogen-capped polyynes with

even-numbered carbon atoms from 8 to 16 can be formed by
laser ablation of graphite particles suspended in benzene, toluene,
or hexane solution. In addition, hydrogen-capped polyynes can be
formed by laser ablation of Cgo particles suspended in hexane or
methanol solution [128]. Instead of organic solvents, water was
also used as solvent to prepare short polyynes by laser ablation
method [144].

Except synthesis, the mechanism for formation of polyynes by
laser ablation was investigated as well. To elucidate the formation
mechanism of hydrogen end-capped polyynes in solution, laser
ablation of graphite was performed in Ar/propane gas phase, it was
found that the length of the chain dependents on the hydrogen
source through performing H-abstraction reaction [145]. To
determine whether the chemical structures of terminate groups
from polyynes could be influenced or not, hydrogen and methyl
end-capped polyynes were synthesized by femtosecond laser
pulse irradiation directly from liquid toluene, and the type of the
end caps were found to be determined by the starting solvent
molecule used [146]. Microscopic phase transformation or
dissociation of organic molecule is attributed to be the mechanism
induced by femtosecond laser irradiation [147-149].

There were also other reported methods, e.g., pyrolysis of starch
[150] and carbon rows elimination from graphene nanoflakes
through energetic electron irradiation inside a transmission
electron microscope (TEM) [22]. Furthermore, LCCs with high
thermal stability were formed on the C-terminated p-SiC(100)
surface [151]. It was also reported that nature compounds of
polyynes can be extracted from some plants and fungi [152-154]. A
novel method on producing LCCs by using Pt atoms as termination
on a clean graphene surface was proposed [155], the formation,
movement on graphene, and bending of LCCs through in-situ
transmission electron microscopy were observed. Polyynes were
investigated based on oxidative dehydropoly condensation of bis-
acetylene compounds [156]. Furthermore, it was reported that the
stable growth of LCCs without heteroatom end-groups can happen
on a cluster-assembled carbon matrix through supersonic carbon
cluster beam deposition under room temperature and ultrahigh
vacuum [157].

3.2. Linear carbon chains synthesized inside carbon nanotubes

Currently, LLCCs consisting of more than 100 carbon atoms can
only be synthesized inside carbon nanotubes. As summarized
in Fig. 5, in general, LLCCs can be directly synthesized inside
MWCNTs by arc-discharge method, or indirectly grown inside
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Nanoreactor

Heating treatment

Arc discharge

Fig. 5. Illustration of several synthesis methods for LLCCs inside different CNTSs.

single-, double- and multi-walled carbon nanotubes by post-
treatments. In the following, recent progresses are shown in detail.

3.2.1. Arc-discharge method

Arc-discharge method was applied to produce different kinds of
CNTs by tuning the catalysts in the anode, the current between the
anode and the cathode, as well as the filled gases. The LLCCs was
first prepared inside MWCNTSs by arc-discharge method in 2003 by
Zhao et al. [18]. In this method, arc plasma is generated between
two carbon electrodes under specific gas background, causing the
evaporation of anode and resulting in a deposit on the surface of
cathode. The cathode deposit consists of a black area in the center
surrounded by a gray shell. The materials in the black area were
proved to be LLCCs encapsulated inside MWCNTs. Raman spectra
of the materials show Raman features between 1760 cm~' and
1870 cm™!, attributed to the longitudinal-optical phonon of the
LLCCs [24,90,158]. The hybrid structure of LLCCs@MWCNTs has
been confirmed by transmission electron microscopy in several
groups [18,159]. Especially, in 2015 Andrade et al. observed the
cross section of individual LLCCs@MWCNT by using scanning
transmission electron microscopy, which presented an unambig-
uous proof of the encapsulation structure [159].

Nowadays, preparation of the LLCCsS@MWCNTs by arc-dis-
charge method can be realized in hydrogen, helium, argon, and
even in liquid nitrogen [18,160-162]. Jinno et al. used H/N;
mixture to prepare the LLCCs@MWCNTs and found the Raman
signal of the LLCCs distinctly decreased with slightly increased
ratio of N, [163]. Kang et al. showed the boron doping in MWCNTs
can hamper the growth of LLCCs@MWCNTs [164]. Except the
regular way to optimize the arc-discharge method by changing gas
and current, Zhang et al. provided a possible way to broaden the
range of suitable parameter to produce LLCCs@MWCNTs via
enhancing the arc plasma by cooling enhanced hydrogen arc-
discharge method [165]. Kim et al. developed an arc apparatus to
continually produce MWCNT tapes by atmospheric arc discharge
[161], which in principle is able to produce LLCCs@ MWCNTSs in
large scale in future as well.

The growth mechanism of LLCCS@MWCNTs in arc-discharge
method is still not completely clarified yet. Generally, it is thought
that the growth of LLCCs closely combines the growth of MWCNTSs
together, because both of the LLCCs and MWCNTSs are simulta-
neously generated within only a few seconds after the stabilization
of the arc. Kang et al. suggested a closed-end growth in the arc
process that LLCCs are generated from remaining carbon atoms in

the innermost tubes and structurally stabilized through van der
Waals interaction with the innermost tubes with appropriate
diameter [164]. Zhao et al. proposed that the growth mechanism of
LLCCs may be similar to that of the smallest carbon nanotubes
inside MWCNTs because their preparation condition is quite
similar [18].

Note that up to now arc-discharge method can only grow
LLCCs@MWCNTs. Catalysts, temperature, and density of carbon
species may play important roles, considering the different process
among the growth of SWCNTs, DIWCNTs and MWCNTs. The growth
conditions for the SWCNTs and DWCNTs may be adapted to achieve
the growth of the LLCCs@SWCNTSs or the LLCCs@DWCNTSs, which is
indeed a major goal in future.

3.2.2. Heat-treatment method

As a post treatment, it has been proved that anneal the CNTs at
high temperature can produce LLCCs inside CNTs. Endo et al
believed that they produced carbon chains grown between
neighbor DWCNTSs but not inside the inner tubes of the DWCNTSs
[166]. The LLCCs@DWCNTSs were obtained by annealing SWCNTSs or
DWCNTs produced by different methods, such as HiPco, eDIPS
SWCNTs and CVD-DWCNTs [19,167,168]. Sheng et al. proved that
this method was as effective as the arc-discharge method [169]. Shi
et al. applied the heat-treatment of DWCNTs in high vacuum,
resulting in ultra-long LCCs consisting of more than 6000 carbon
atoms directly observed by tip-enhanced Raman spectroscopy,
which keeps the world’s length record since then [19]. In their
study, the LLCCs started to grow at around 900 °C. The relative yield
of LLCCs increased with the temperature from 900 °C to 1460 °C.
Normally the LLCC growth terminated within 30 min.

LLCCs were first synthesized inside MWCNTs by arc-discharge
method, and then inside DWCNTs by heat treatment. The raised
question at that time was: Is that possible to stabilize the LLCCs
inside SWCNTs? Shi et al. extracted and separated the
LLCCs@SWCNTs from the LLCCs@DWCNTs through ultrasonic
and ultracentrifugation [21], proving that LLCCs would be stable
enough inside SWCNTs.

In addition, not only traditional furnace-based heat-treatment
but also other approaches can provide sufficient thermal
condition to realize the growth of LLCCs. Ha et al. applied
femtosecond laser to treat SWCNT film and it was claimed that
LCCs were grown between the walls of CNTs [170]. Toma et al. tried
to generate vacuum discharge in the field emission by using CNT
film, and signal of LLCCs in the sample after the field emission was
observed, suggesting a new method toward preparation of
LLCCs@CNTs [20].

For the post-treatment, several issues are in common among
the three methodes, i.e., heat-treatment, laser irradiation and field
emission annealing, which are needed to be clarified. First, what is
the carbon source for the formation of the LLCCs and how was the
carbon source transformed into LLCCs? The carbon source may
come from the amorphous carbon originally inside or surrounded
the CNTs and/or even from the CNTs themselves. The diameter
distribution of inner tubes in DWCNTs was different after
formation of LLCCs. Even new inner tubes can be formed when
the starting materials were SWCNTSs [171]. Similarly, SWCNTs were
changed into DWCNTs or MWCNTs with femtosecond laser
irradiation [170]. Therefore, the carbon source could be from both
the amorphous carbon and the CNTs. However, direct evidence is
still needed to verify the hypothesis. Second, how do the different
CNTs affect the synthesis of the LLCCs? Generally, the diameter of
SWCNTs or inner tubes of DWCNTs was suggested to be
approximately 0.7-1.0 nm, when considering the van der Waals
radius of carbon atom [172]. More studies are demanded to
understand the relation between the diameter of the CNTs as well
as the yield and length of the LLCCs.
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3.2.3. Chemical reactions inside CNTs

The post-treatment in principle is physical process that
reorganizes the carbon atoms in carbon nanotubes. The hollow
structure of carbon nanotube is an ideal nanoreactor to contain
small molecules inside and process chemical reaction. The first
observation was reported by P. M. Ajayan and S. lijima that lead
wires were prepared by the capillarity-induced filling of MWCNTs
[173]. Besides, various materials, such as fullerene, sulfur, water
and dye molecules, can be encapsulated inside CNTs [174-177]. The
tube provides an excellent condition for the directional self-
assembly, controllable reaction, and the growth of metastable
structures.

Although this method has been widely used for preparation of
novel 1D materials, it is still difficult to obtain LLCCs by chemical
reactions inside CNTs. The nanoreactor method requires precise
treatment of raw CNTs including cap-opening and high-vacuum
degassing. C. Zhao et al. encapsulated polyyne molecules into
DWCNTs and those polyynes were then combined into LLCCs via
annealing at 1000 °C under high vacuum [178]. ]. Zhang et al.
assembled amantadine inside CNTs and found Raman features
related to LLCCs after heating at 600 °C [179]. Chimborazo et al.
transformed ethanol molecules inside SWCNTs into
LLCCs@DWCNTs by using laser annealing in vacuum [180]. Note
that this method requires much lower temperature for the growth
of the LLCCs than those of the arc-discharge and post-treatment
methods, because it is based on the reaction of molecules instead
of recrystallization of graphitic structures. More studies in this
direction are necessary to enable the synthesis of LLCCs more
efficient and controllable.

In short, the above-mentioned methods provide multiple
choices for the researchers to obtain LLCCs@CNTs. Different
mechanism may enlighten us to better understand the 1D carbon
allotrope. However, there are still many challenges in the field, for
example, (1) prepare the LLCCs with controllable length, (2)
quantify the yield of LLCCs, (3) screen out the LLCC@CNTs from
mixed materials with empty CNTs, and (4) extract the LLCCs from
the CNTs without damage.

3.3. Synthesis of other types of carbon chains

As above mentioned, carbon chains can be stabilized by sp?- or
sp> end-capped terminations, as shown in Fig. 3. Experimentally,
such carbon chains were indeed prepared when energetic electron
irradiate the graphene nanoflakes inside a transmission electron
microscope [22]. In principle, in-situ TEM irradiation can be an
effective reproducible method to synthesize the LCCs [181].
Moreover, it was found that when stretch a graphene, an ultra-
narrow ribbon was formed first, then a continuous carbon chain
was pulled out of a graphene [182]. Also, such LCCs can be prepared
by stretching a carbon nanotube [116].

In 1989, Diederich et al. [183] made efforts on preparing a cyclic
carbon clusters with 18 carbon atoms, which was evidenced to be a
closed circular polyyne chain [184]. Consequently, self-termina-
tion is possible to stabilize the polyyne chain itself without using
end-capping or carbon nanotubes, which gives such method a
great priority that the carbon chain can be made with only carbon

Table 3
Summary of the fundunmetal parameters and synthesis methods of the LCCs.

-6CO

-4CO

C2002

Fig. 6. A reaction process for the formation of cyclo[18]carbon. Copied with
permission [185]. Copyright 2019, American Association for the Advancement of
Science.

atoms. However, it is too difficult to synthesize polyyne with more
carbon atoms. Very recently, a great progress was made that Kaiser
et al., successfully prepared a circular chain by manipulating a
C,406 as initio reactant on bilayer NaCl on Cu(111) at 5K by
designing a reaction scheme (Fig. 6), and the obtained circular
chain was named as cyclo[18]carbon [185]. Hopefully more circular
chains with more carbon atoms can be synthesized in future and
easier way to realize the synthesis in large scale would be more
expected.

Table 3 summarizes the synthesis method, the maximum
length and the band gap of different LCCs. Several points can be
drawn. First, controllable synthesis of long LCCs with certain length
is still challenging. Second, synthesis of stable LCCs in large scale
would benefit the application studies in future. The same is for the
new explored cyclo[n]carbon.

4. Applications of linear carbon chains

The last purpose on investigating the sp-based carbon chains is
undoubtedly to apply them into various fields. Because of LCCs’
excellent electronic, optical, and mechanical properties predicted
by the theory, applications using LCCs are with high interest.
However, it would be a long way to go, although some researches
on possible applications have been reported (mostly theoretically).
Currently, fundamental study is still the most important point to
solve the perplex challenges, for example, controllably synthesize
uniform carbon chains with certain length, synthesize LLCCs as
carbyne with narrow band gap, make the LCCs stable enough in
different environments, large-scale production of the materials,
etc. In this section we will present some interesting recent studies
aiming at applications.

It was predicted that LCCs can be functioned as molecular wires
to synthesis rotaxanes [186,187], optical and energy storage
devices  [26,188-190], nanoelectronics/spintronic  devices
[117,191-194], hydrogen storage devices [195], and even electrode
for selective determination of neurotransmitter in the field of bio-
medicine [196], etc.

Polyynes

LCCs@CNTs Cyclo[n]carbon

Synthesis method
Laser ablation
Arc-discharge
44 [17]

> 4 [95]

Maxmum number of carbon atoms in the LCC
Band gap (eV)

Organic chemical reactions

Arc-discharge Chemical reactions
Heat-treatment

Nanoreactor

>6000 [19] 18 [183,185]

1.8-2.3 [25] -




1754 K. Zhang et al./Chinese Chemical Letters 31 (2020) 1746-1756

Taking the advantage of LCCs’ high conductivity, the applica-
tions were concentrated on their electrical conductivities in
microelectronics. Prazdnikov [197] designed a carbyne transistor
being integrable into the silicon technology, which can be scaled up
in a rather broad range following the mechanism of inter-chain
charge transfer.

The nonlinear optical properties of the LCCs make it as
materials for applications such as frequency conversion, optical
switching [198]. Photoluminescence and cathodoluminescence of
the LCCs could be useful as bio marker [199]. Based on the studies
on quantum spin transport in carbon chains [192,193], LCCs may be
used as spin-filter and spin-valve. Tunable transition between
magnetic and nonmagnetic states of the LCCs inside armchair
SWCNTSs can be realized by strain, thus it is possible to use the LCCs
in nanodevices, for example mechano-magnetic switch or
piezomagnetic sensors [200].

Very recently, the mechanical energy harvesting properties
based on a free-standing carbon chain-enriched carbon film
prepared via dehydrohalogenation of polyvinylidene fluoride were
demonstrated by Krishnamoorthy et al. [201]. A peak power
density of 72 nW/cm? with excellent electromechanical stability
was confirmed in the product.

Usually, carbon nanomaterials in different forms can be used as
catalysts and/or the framework to support other catalysts, thus,
previously they were widely applied in the field of catalysis and
batteries [202-204] in the roles for hydrogen evolution reaction
[205], CO,/N,/O, reduction reaction [206-208]. As for LCCs,
considering the highly reactivity of the LCCs, it is possible to
apply the LCCs as catalysts for similar applications in future.

5. Summary

We briefly introduce the 1D sp-hybridized polyynic linear carbon
chains in different kinds of forms, including its properties, synthesis,
and possible applications from both theoretical and experimental
aspects. Not only the most important discoveries and stories are
presented, but also recent progresses are included in this review.

Lastly, we proposed that several challenges in synthesis should
be resolved before any real application, although many predicted
advanced properties of the LCCs implies varies promising
application directions.

To date, theoretical predictions can give reasonable accurate
results on the electronic properties of short or infinite LCCs.
However, theoretical studies for the long LCCs with hundreds of
carbon atoms are still challenging. In addition, further inves-
tigations on the LCCs encapsulated inside CNTs should be carefully
performed, and the interaction and charge transfer should be
clearly demonstrated in future. From experimental point of view,
atomic accurate synthesis of LCCs with controllable length, bond
type, dangling bond, doping and crystallization are still impossible.
Therefore, further efforts should be made on the precise synthesis.
Moreover, large-scale synthesis is also important, since it is much
related to the applications of the LCCs in future. Last but not least,
using LCCs for possible applications should be carried out in
different fields, e.g., catalysis and batteries.
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