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On Surface Synthesis of Sp-Hybridized Carbon Allotropes

Yuan Guo, Wenzhi Xiang, Luye Sun, and Wei Xu*

Carbon allotropes have been extensively studied due to their unique
structures and properties. Carbon exists in three hybridization states, among
which sp-hybridized carbon allotropes are particularly challenging to
synthesize due to their high reactivity. On-surface synthesis methods have
emerged as a promising approach for the generation and characterization of
such carbon allotropes. In this review, recent experimental efforts are
summarized in the synthesis of sp-hybridized carbon allotropes, including

linear carbon chains and cyclo[n]carbons on surfaces.

1. Introduction

Carbon is one of the most abundant elements in the universe,
occurring in a multitude of forms in both living organisms and
inorganic matter.!l The diverse structural forms of carbon al-
lotropes are related to the various hybridization states of carbon
when forming bonds, including sp, sp?, sp® configurations.[?!
Carbon’s versatile bonding capabilities allow it to form a wide
range of structural configurations with unique properties.[>-!
Naturally formed carbon allotropes include graphite and dia-
mond. Sp?-hybridized graphite is known for its high thermody-
namic stability and a high natural abundance, while for the sp?-
hybridized diamond, its formation requires the presence of el-
evated temperatures and pressures.[®8] Both forms exhibit dis-
tinctive physical and chemical properties, including the high
conductivity and self-lubricating properties observed in graphite
and the high hardness exhibited by diamond.®'!! The develop-
ment of an artificial synthesis method has opened up new av-
enues for the study of novel carbon allotropes. In 1985, Kroto
and co-workers made a fortuitous discovery when they irradiated
graphite with high-power laser pulses, leading to the formation of
the Cy, molecule.'>*] The C,, molecule is composed of 12 five-
membered rings and 20 six-membered rings of sp?-hybridized
carbon atoms, forming a hollow, highly symmetrical globular
structure.['?l This unique configuration endows the molecule
with remarkable stability, superior electrical conductivity to Cu,
and high strength.[>] A tubular structure, carbon nanotubes con-
sisting of sp?-hybridized atoms, have been synthesized by lijima
et al. in 1991,1'% performing high mechanical strength, good
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flexibility and high electrical
conductivity.'®7]  These  attributes
render them optimal additives for poly-
mer composites.l'8l Tn 2004, Geim and
Novoselov isolated a single layer of car-
bon atomic structure, i.e., graphene,
from graphite through the innovative
application of mechanical exfoliation.!*"]
Graphene consists of sp?-hybridized
atoms, and is celebrated for its re-
markable physical properties, including
a Young’s modulus of 1 TPa and a
tensile strength of 130 GPa, which
contribute to its remarkable mechanical robustness.[?*!] Ad-
ditionally, it exhibits an electrical conductivity of 10° S m™
and a carrier mobility higher than 10* cm?/Vs, which are also
noteworthy. Graphene has excellent properties: high electrical
conductivity (10° S m™!), carrier mobility, 97.7% optical trans-
parency, good thermal management (theoretical 5300 W mK~?,
measured 5.3 + 0.48 x 10° W mK™!), and outstanding sta-
bility under extreme conditions (melting point 4125-5000 K),
suitable for various applications.!'2°! A novel carbon allotrope,
Gradia, is composed of coherently bonded graphite and dia-
mond nanodomains.[??7] Synthesized by controlling the direct
graphite-to-diamond phase transformation, Gradia combines the
hardness of diamond with the toughness of graphite, while also
exhibiting tunable electrical properties.[?®2° This unique combi-
nation of characteristics makes it a promising material for ap-
plications in mechanics, electronics, and energy storage.**! The
discovery of these special carbon materials has further stimu-
lated the scientific interest in the field of other carbon forms,
especially sp-hybridized allotropes. In the 1960s, early traces
were found within a German crater called Chaoite,?!! i.e., sp-
hybridized linear carbon. They have also been detected in space,
including comets, sunspots, stars and interstellar clouds.[3?34
Theoretical works predicated that carbon chains possess very
high tensile strength and electrical conductivity at room tem-
perature, showing great potentials for various mechanical and
electronic applications.!®) There has long been a controversy
regarding the most stable structures, whether linear carbon or
its cyclic form, i.e., cyclo[n]carbon.>323¢#] Cyclo[n]carbon also
are predicated as precursors in the synthesis of fullerenes and
other similar substances.!] In flames, they contribute to the
complex chemical reactions taking place, and they act as cru-
cial intermediates in the plasmas harnessed to fabricate thin
films of diamond.*”*’] However, due to the high reactivity as-
sociated with sp-hybridization, the synthesis of these molecules
in solution is extremely challenging, leaving their structures
and properties largely unexplored.*** For sp-hybridized car-
bon chains, there is a tendency to react and crosslink to
form sp? and sp® carbon systems.***] Carbon polyynes
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without end groups typically have radicals, making them highly
reactive.

On-surface synthesis method has emerged as a powerful tech-
nique for the creation of novel carbon allotropes.**! This
method through ultra-high vacuum (UHV) systems allows for
precise control over the growth, assembly and reactions of car-
bon structures on a substrate, enabling the production of materi-
als that are difficult to obtain by traditional methods.[**>!] Scan-
ning tunneling microscopy (STM) and atomic force microscopy
(AFM) are powerful techniques in performing structural and
electronic characterization in situ.’>%3] Solid substrates, espe-
cially metal substrates usually provide good sites as supporting
templates and more importantly, as catalysts to induce surface re-
actions. Metal-induced surface reactions are regulated by thermo-
dynamic and kinetic processes.[>* This approach, exemplified by
the work of Grill and colleagues in 2007, has demonstrated sub-
stantial outcomes, notably the formation of covalent couplings
of tetraphenyl-porphyrins.5>3¢] In 2021, Fan et al. achieved to
synthesize a biphenylene network, a nonbenzenoid carbon al-
lotrope through an on-surface interpolymer dehydrofluorination
reaction.l”]

Another way to trigger reactions is tip-induced manipula-
tion, helping to synthesize lots of highly reactive species on the
surface.l’®] Tip-induced manipulation represents a precision syn-
thesis technique at the single-atom level, allowing for the pre-
cise manipulation of molecules adsorbed on a surface through
the operation of a STM tip, leading to molecular dissociation,
diffusion, bonds formation and rearrangement, as well as al-
teration of the conformation or charge state.*®! For example,
Hla and colleagues employed STM tips to facilitate the Ull-
mann reaction in 2000, demonstrating the control of chem-
ical reactions at room temperature.l®?] Recently, a series cy-
clo[n]carbons have been generated on the surface via tip-induced
manipulation.[61-%°]

This review is organized as follows: First part focuses
on the synthesis and characterization of the metalated car-
byne and linear carbon chains via metal-induced surface re-
actions. Second part focuses on the synthesis and charac-
terization of cyclo[n]carbons via tip manipulation. Last part
extends related techniques which can help further research
these.

2. Linear Carbon Chains

Linear carbon chains (LCCs) refer to atomic wires con-
sisting of the sp-hybridized carbon atoms.[®® Infinite LCC,
namely carbyne, has been predicated owing many remarking
properties.l®%8] Carbyne is an exceptionally strong and stiff ma-
terial with a specific strength of up to 7.5 X 10’ N m kg7,
requiring ~10 nN to break a single atomic chain. It can be
transitioned into a magnetic semiconductor state through me-
chanical twisting and exhibits a remarkable Young’s modu-
lus of 32.7 TPa.® Carbyne also shows a significant cou-
pling between strain and bandgap, increasing from 2.6 to
4.7 eV under a 10% strain, and demonstrates chemical stabil-
ity against self-aggregation with an activation barrier of 0.6 eV
for carbyne-carbyne cross-linking. These properties make car-
byne a promising candidate for nanoscale electrical cable ap-
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plications and highlight its potential in the field of materials
science.®]

LCCs can be classified into two distinct resonance struc-
tures: a cumulenic structure comprising continuous carbon-
carbon double bonds and a polyynic structure featuring alter-
nating single and triple carbon-carbon bonds.[®7% It is some-
times the case that for infinite LCCs, polyyne is designated
as a-carbyne, whereas cumulene is referred to as f-carbyne.l”!]
Peierls theory predicated that for infinite LCC, polyynic struc-
ture possesses a bandgap, exhibiting semiconductor behavior,
while cumulenic structure displays metallic properties.l’?! For fi-
nite LCCs, their detailed structures may be influenced by other
terminal groups.!”>] Hydrogen-capped polyynes present an alter-
nated structure due to single bond from —CH terminal group.
While vinylidene group (i.e., —CH,) presents with a double
bond at the terminal, inducing the formation of cumulenic
structures.

2.1. Synthesis of Metallated Carbyne

Metalated carbyne is a distinctive structure that incorporates both
metal and carbon atoms. With a pattern of alternating single and
double bonds, metalated carbyne could manifest as semiconduc-
tors. Experimentally, metalation of carbyne with regularly dis-
tributed metal atoms is very challenging.[”*! Here, we introduce
recent progresses on the preparation of metalated carbyne and
their characterizations.

An efficient method for the synthesis of metalated carbyne by
Sun et al., was shown in Figure 1a,.”>! Using the C,H, molecules
as precursors, metalated copper carbyne (C,Cu polymer) was syn-
thesized by molecular dehydrogenations and polymerizations.
Taking advantage of the high chemical activity of Cu(110) and
the 1D template effect, the chain length was extended to the sub-
micron scale. The bright protrusions in STM image (Figure 1a,;)
correspond to the copper atoms within the chains. Non-contact
AFM (nc-AFM) images reveal characteristic bright features be-
tween copper atoms, representing carbon-carbon triple bonds
(Figure 1ay; 1y ). The periodicity displayed in the image, ~5.2 + 0.2
A, aligned well with the model optimized by density functional
theory (DFT) calculations.

Using C,Br, molecules as the precursors, Xin and colleagues
successfully synthesized the metalated Au carbyne (C,Au poly-
mer) on Au(111) surface (Figure 1b;)."®! The bright protrusions
in the STM images also represent the positions of Au atoms
(Figure 1b). An interesting observation (Figure 1c) is that us-
ing tip manipulation, a transformation from cumulene (C,Br,)
to polyyne (C,Br,) is achieved at liquid helium temperature. The
electronic state information of this C,Au polymer was also de-
tected on Au, with the valence band maximum observed at 1.5 V
and the conduction band minimum at —0.5 V, corresponding
to a calculated intrinsic electronic structure with a density of
states (DOS) gap of 2.6 eV (Figure 1e). A ring precursor, C,Br,,
also enables the formation of metalated carbyne (C;Ag polymer)
through dehalogenation and ring-opening reactions.”””] Upon de-
position on the Ag(111) surface at 300 K, densely packed stri-
ated structures are observed. As illustrated in the accompanying
Figure 1c, Ag is visualized as protrusions in STM (Figure 1cy)
and as depressions in AFM (Figure 1c,). These structures on the
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Figure 1. On-surface synthesis of metalated carbyne. a, to aj,) The dehydrogenative coupling of ethyne precursors to form Cu carbyne on Cu(110).
Reproduced with permission.[”] Copyright 2016, American Chemical Society. b, to by,) Formation of C,Au by polymerization from a cumulene moiety
to an organometallic polyyne on the Au(111) surface. Reproduced with permission.[”] Copyright 2020, American Chemical Society. ¢, to c) Formation
of organometallic polyyne on the Ag(111) surface by dehydrogenations and polymerization of C¢Brg. Reproduced with permission.[’’] Copyright 2022,
American Chemical Society. d, to dy) Synthesis of CuCRs via a- and f-elimination reactions on Cu(110). Reproduced with permission.[”®] Copyright
2023, American Chemical Society. e) Electronic characterization of Au carbyne. f) Electronic properties of CuCRs with different widths.

Ag(111) surface also exhibit semiconductor properties, with an
energy bandgap of 1.3 eV.

Upon depositing fully brominated molecules (CBr, and C,Br)
onto metallic substrates at 300 K, elongated chains oriented
along the [110] direction were successfully synthesized on both
Cu(110) and Ag(110) surfaces.l”®! As depicted in Figure 1d, upon
progressive annealing of the sample, the chains assemble to-
gether and evolve into ribbon-like structures. Through wave func-
tion analysis of interchain interactions and the corresponding
DOS, it is revealed that the interactions between the chains are
primarily dominated by copper. As the width of the merged
chains increases from 1 to 5, the corresponding bandgap de-
creases from 4.02 to 2.38 eV (Figure 1f).
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The substrate significantly impacts the desorption tempera-
ture, reactivity, and electronic properties of carbon chains. On
Cu(110), the carbon chains desorb at ~550 K,”>) while they
desorb at =~ 450 K on Au(111),7) ~ 380 K on Ag(111)."”]
The substrate also greatly influences reactivity; for instance,
acetylene molecules react on Cu(110) within the tempera-
ture range of 180 K to 600 K, but they do not react on
Ag(111) and Au(111) within this range.””) Furthermore, the
substrate affects the electronic properties of carbon chains,
for example, the bandgap of metal-carbon chains synthesized
on different metal substrates is different. The bandgap of Ag
carbyne ribbons on Ag(111) is larger than that of Cu car-
byne ribbons (CuCRs) on Cu(110).7®IThe extension to other
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metals (e.g., iron atoms) presents challenges but warrants fur-
ther exploration.!”?%0]

2.2. Synthesis of Linear Carbon Chains

Building upon metalated carbyne, Gao and colleagues have re-
cently employed this method to further synthesize and char-
acterize LCCs.[®!] By depositing 1,1,2,3,4,4-hexabromobutadiene
(C4Bry) molecules on Au(111) at 300 K and undergoing dehalo-
genation reactions and polymerization, metalated gold carbyne
was formed on surface. After annealing at 380 K for 60 min, the
formation of LCCs in the metalated gold carbyne was observed.
It was found that metalated gold carbyne interacts more strongly
with the metal substrate, resulting in a lower adsorption height.
Extending the heating time at 380 K to 1 h led to the elongation
of the LCCs (Figure 2a;). The longest LCC observed consisted of
~60 alkyne units (120 carbon atoms), as deduced from its length
of »~ 15 nm. Experimentally observed Br islands can partially de-
couple the LCCs by the intercalation. As shown in Figure 2a, two
resonance peaks are observed at —2.8 and 0.87 V, attributed to
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular (LUMO), respectively, yielding a gap of
~3.67 eV. The constant height dI/dV mapping at 0.87 V reveals
characteristic nodes between each triple bond that correspond to
the LUMO, which is consistent with DFT calculations.

Tip-induced manipulation has also employed to synthesize
LCCs with end groups. In 2018, Pavli¢ek et al. were inspired
by the Fritsch—Buttenberg—Wiechell (FBW) rearrangement and
achieved the reductive rearrangement of a 1,1-dibromoolefin to
an alkyne (Figure 2D).18?) Initially, the tip is positioned above or
in close proximity to the molecule. By applying consecutive volt-
age pulses greater than 1.4 V to remove bromine atoms, a dirad-
ical is obtained, existing in an isomer form with bromine atoms
pointing toward the center of the molecule. Further debromina-
tion yields the final product, hexayene. For the LUMO of a neu-
tral molecule, a sufficiently large positive or negative sample bias
can attach electrons to the molecule or detach electrons from
it (Figure 2c). The corresponding voltage for tunneling through
negative ion resonance (NIR)/positive ion resonance (PIR) re-
flects the density of LUMO/HOMO. Notably, NIR corresponds to
the characteristic nodes between each triple bond in the LUMO.
As the chain lengthens, a continuous decrease in LUMO energy
and a reduction in the bandgap are observed.

Recently, Gao et al. used tip manipulation to synthesize C,,
chains.[®! They chose a fully halogenated molecule, C,,Cl,,, as
the precursor. Via tip-induced dehalogenation and ring-opening
reactions, a linear chain (C,,) was generated on the NaCl sur-
face, and further characterized as a polyynic structure via nc-
AFM (Figure 2f). Benefiting from the decoupling effect of the
NacCl films, they successfully obtained the transport gap of C,,
~ 5.8 eV.Bll

3. Cyclo[n]Carbons

Cyclo[n]carbons are molecular carbon allotropes consisting of
rings of sp-hybridized carbon atoms.[®>#4] Compared to linear
carbon chains, cyclo[n]carbons are structures where the chain
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is connected end-to-end to form a cyclic arrangement.®’] De-
spite the apparent simplicity of cyclocarbon molecules, theoret-
ical predictions about their structures and stabilities have often
been controversial.?”8-8%] Their precise structures are often un-
der debate on the cumulene or polyyne, depending on the dif-
ferent of theory.[“*#”] In addition, their relative stabilities com-
pared to linear one are also unknown. Roald Hoffmann predi-
cated that for carbon clusters (C,), a ring form could be more
stable than its linear chain counterparts when n > 10.°09 When
synthesizing cyclocarbons, precise control of experimental con-
ditions is crucial. The process typically occurs at liquid helium
temperature under UHV to stabilize reactive intermediates. First,
specific halogenated precursors are thermally sublimated onto
cold substrates. A common substrate is a thin NaCl film on an
Au(111) surface or Cu(111) surface, which provides a stable and
inert platform. Then, tip manipulation and characterization rely
on advanced microscopy techniques: STM tip can remove the
protected groups, breaking chemical bonds and induced ring-
opening reactions, while AFM, especially with CO-functionalized
tips, offers high-resolution imaging of carbon skeletons, halogen
atoms, and triple bonds. These techniques collectively enable the
detailed study of cyclocarbons and support their potential appli-
cations in nanotechnology and materials science. Recently, on-
surface synthesis methods have been employed to generate a se-
ries of cyclocarbons, including C,,, C;,, Ci3, Ci4, Ci, Cigr Cyp»
and C,;, and characterized using bond-resolved AFM, providing
insights into their structures and stabilities.

3.1. On-Surface Synthesis and Structural Characterization of
Cyclo[n]Carbons

Recently, tip manipulation has been demonstrated to be the pow-
erful way to generate highly reactive molecules, like cyclocarbons.
Employing this approach, in 2019, Kaiser et al. used the C,,O,
molecule as the precursor, to generate cyclo[18]carbon, C .l
This molecule was first synthesized in 1990 by Diederich et al,
and is inherently unstable.®?] After depositing the precursor on
a thin insulating NaCl partially covered on Cu(111) surface, AFM
images revealed an intact molecule exhibiting a triangular con-
figuration. The dark features at the vertices correspond to the
carbonyl groups (Figure 3a). The characteristic bright features
on each side of the molecule represent the triple bonds. Via ap-
plying volage pulses, two, four, or six CO groups could be selec-
tively removed from the molecule. The C,; product in Figure 3a
shows a ring with nine characteristic bright features, indicat-
ing a polyynic structure rather than cumulenic one. In 2020,
they use another similar precursor C,4Br, to generate C;q, and
achieved a higher yield ~ 64%, significantly higher than the 13%
yield achieved with C,, 0.1}l The literature also demonstrate that
AFM (Figure 3by;) cannot distinguish the polyynic C;4 with or
without bond angle alternation. These results stimulate much
theoretical works on the cyclocarbons.[*+101]

According to the Hiickel rule (n = 4k + 2, k is an inte-
ger), Cyq is aromatic.'®? While for anti-aromatic cyclocarbons,
generation of them could be more challenging.”1%] In 2023,
Gao et al. used another precursor, C,(CO),Br,, to synthesize
the cyclo[16]carbon (Figure 3c).[* Via tip-induced debromina-
tion and decarboxylation, C,, was generated on the surface, and
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Figure 2. On-surface synthesis of polyynic carbon chain a ) Formation of LCCs with the longest one observed consisting of ~60 alkyne units. a ;) The
dl/dV spectrum of the LCC segment on Br island. Reproduced with permission.[81 Copyright 2024, The Author(s) 2024. Published by Oxford University
Press on behalf of China Science Publishing & Media Ltd. b) On-surface synthesis of triyne and octayne on bilayer NaCl on Cu (111). Reproduced with
permission.[32] Copyright 2018, Springer Nature. c) Synthesis of C;30, chain by atom manipulation with precursor C,4O¢. ¢ ;;-c v) Nc-AFM image and
corresponding Laplace-filtered nc-AFM images. Reproduced with permission.[®1] Copyright 2019, AAAS. d) STM images of the PIR and NIR with different
tip terminations, STS of polyynes 5-8 and transport gap as a function of triple bond units. ) On-surface synthesis and characterization of C;4 polyyne.
e -e \y) AFM image, Laplace-filtered nc-AFM images of a polyyne with 7 alkyne units. ey) The dI/dV spectrum of C;, polyyne on NaCl/Au(111) acquired
at different position.
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C»,0,4Br,

’

Figure 3. On-surface synthesis of cyclo[18]carbon and cyclo[16]carbon. a |) Reaction scheme for the on-surface formation of C;4. a -a y) AFM images of
precursor C,,Og, intermediate C,,0,, intermediate C,,O, and final product Cy, respectively. Reproduced with permission.[®"] Copyright 2019, American
Association for the Advancement of Science. b |) Synthesis of cyclo[18]carbon via C13Brg. b ;-b ;) AFM images of C13Brg acyclo[18]carbon. Reproduced
with permission.[°3] Copyright 2020, American Chemical Society. c |) Reaction scheme of synthesis of cyclo[16]carbon. c ;- ) AFM images of precursor
Cy004Br,, intermediate C,( Oy, intermediate C,30, and final product Cyg, respectively. Reproduced with permission.[4] Copyright 2023, The Author(s).

characterized also as a polyynic structure (Figure 3c,), same to
the case of Cj4. Besides C, literature also tried the synthesis of
other anti-aromatic cyclocarbons, like C,, and C,,, using C,;O4
and C;,04. However, due to the very high reactivity, after the sub-
limation treatment, precursor molecules were found to be bro-
ken.

In 2023, Sun et al employed a new kind of precursors to synthe-
size cyclocarbons, that is, fully halogenated molecules.[®*] Early
literature has demonstrated the feasibility of tip-induced retro-
Bergman ring-opening on the surface.'® They have demon-
strated that through tip-induced dehalogenation and retro-
Bergman ring-opening reactions, a series of cyclocarbons can
be generated on the surface.l®263%5] They first aim to synthe-
size a smaller cyclocarbon, C,,. Modern theoretical works have
predicted that C,, adopts a cumulenic structure, rather than
polyynic one. Using a fully halogenated naphthalene molecule,
C,0Clg, and via tip-induced dehalogenation and accompanied
retro-Bergman reactions, the final product C,, can be generated
on the surface. The AFM image in Figure 4a of C,, exhibits a uni-
form feature, which is consistent with the structure of cumulene,
different from C,¢ and C,;.

Cyclo[14]carbon, another aromatic molecule, has been theo-
retically predicated as an intermediate between the cumulenic
C,, and the polyynic C,;. Employing the same strategy used in
C,y, a fully halogenated anthracene, C,,Cl,,, was synthesized
and evaporated on the surface. Via the tip-induced complete de-
halogenation and two steps of retro-Bergman ring-opening reac-
tions, C,, was synthesized on the surface (Figure 4b), and char-
acterized as a cumulenic structure, similar to C,y, as its bond
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length alternation (BLA) of 0.05 A could not be distinguished
through AFM imaging. AFM simulations of C;, molecules
with varying BLAs show that when BLA > 0.09 A, the char
acteristic bright features of triple bonds could be more clearly
distinguished.

Retro-Bergman ring-opening reaction was extended to syn-
thesize anti-aromatic cyclocarbons. In 2024, Sun et al. designed
a fully halogenated precursor containing four-numbered ring,
C,,Br,1,, aiming to synthesize the C,,.[®] Via the tip-induced
complete dehalogenation and two steps of retro-Bergman ring-
opening reactions, C;, was synthesized on the surface, and char-
acterized as a polyynic structure, similar to C,; (Figure 4d). No-
tably, it was found that the thickness of NaCl can be used to con-
trol the yield of C,,. With the thickness of NaCl layers increased,
the yield of C;, decreased, as the disturbance of intermediates
during imaging on the NaCl surfaces. Additionally, through on-
surface transformation from hexagonal-tetragonal (6-4) carbon
ring structures to pentagonal (5-5) carbon structures, followed
by dehalogenation and more complex ring-opening reactions,
such as retro-Bergman and Sondheimer-Wong diyne reactions,
cyclocarbon C,, was successfully synthesized, and characterized
as a polyynic structure (Figure 4e), same to the case of C,,
and C,.

Most recently, this strategy also was used to synthesize the
odd-numbered cyclocarbon, C,;.[2! Voltage pulses were applied
to decachlorofluorene (C;;Cl,,) to remove the Cl atoms, followed
by retro-Bergman ring-opening reactions, resulting in the forma-
tion of C,; (Figure 4e) Various structures of C,; were observed,
including a round shape and a more distorted kinked geometry

© 2025 Wiley-VCH GmbH
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Figure 4. On-surface synthesis of cyclo[10]carbon, cyclo[14]carbon, cyclo[12]carbon, cyclo[20]carbon, cyclo[13]carbon and cyclo[26]carbon. a) Synthesis
of cyclo[10]carbon via dehalogenation and retro-Bergman reaction of C;(Clg. a j;-a ) Chemical structure, AFM images (far and close), Laplace-filtered
AFM images of precursor C,oClg, intermediate C;,Cl, and final product C,o. Reproduced with permission.[®3] Copyright 2023, The Author(s), under
exclusive licence to Springer Nature Limited. b) The top half of the figure is schematic illustration of the synthetic route to C;4. Bottom half of the figure
is AFM image at different tip heights and corresponding Laplace-filtered AFM images. c) The upper portion of the figure corresponds to the scheme of
synthesis of Cy, from C;,Bry4l4. Lower portion shows the Laplace-filtered AFM images of precursor Cy,Br,l4, intermediate Cy,Bry,l,, intermediate C;,Br;
and final product C,, respectively. Reproduced with permission!®] Copyright 2024, The Author(s). d) The upper section of the figure is schematic
illustration of formation of C,q by dehalogenation, ring-open reaction (retro-Bergman and Sondheimer-Wong diyne) of C,oCly,. The lower section is
analogous to STM image, AFM image, simulation and Laplace-filtered AFM image of C,,. e) Scheme for the synthesis of Cy3 from C;3Clyg and AFM
image of different geometry. Reproduced with permission.[®2] Copyright 2024, The Authors. f) Synthesis of C,q through dehalogenation, ring openings

and dimerization reaction of Cy3Clyq.
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Figure 5. Electronic characterization of cyclo[n]carbons. a) Electronic characterization of C16. a |-a ;) Constant-current STM images of Cy¢ in neutral
(a)) and negative charge state (a ), and difference of panels a,, and a, (a;;). Constant-height AFM images of C;¢° (a ) and C;5~ (a ). Constant-current

STM(a y;) mapping the ionic resonance of C15™ to Cy¢?

~.ayy-a x) Corresponding Laplace filter. Reproduced with permission.[>®] Copyright 2023, The

Author(s). b) Electronic characterization of Cy;3 and C,6. b |) Dyson orbitals for the two different anionic charge states. Laplace-filtered STM images
of kinked C; at indicated V, corresponding to out-of-plane and in-plane orbitals. b ;) Frontier molecular orbitals, superposition of orbital, densities
of the respective energy degenerate orbital pairs, STM data at NIR and PIR and corresponding Laplace filtered images. Reproduced with permission.
Reproduced with permission.162] Copyright 2024, The Authors. c) Electronic characterization of cyclo[20]carbon. ¢ ) STS of C,o conducted on NaCl. c )
Calculated frontier orbitals of C, and superposition of orbital densities of the nearly energetically degenerated orbitals. ¢ ;) STM images and Laplace-
filtered STM images of C,, obtained with a CO-tip, including NIR, constant current mode; PIR, constant height mode and NIR, constant height mode.

Reproduced with permission[®>] Copyright 2024, The Author (s).

on ML NaCl. The shape of the molecule was influenced by the
surface environment due to different adsorption sites. Interest-
ingly, C,, can be generated through tip-induced molecular fusion
of two precursors. The corresponding AFM image displays a ring
structure with 13 triple bonds, indicating a polyynic structure.

3.2. Electronic Characterization of Cyclo[n]Carbons

Theoretical works have predicated lots of fascinating properties
of cyclocarbons, for example, owing two delocalized 7 electron
systems.!83] However, characterizations of their electronic struc-
tures are extremely difficult, as the small size of cyclocarbons and
a high surface mobility. Recently, some attempts are conducted to
characterize the electronic properties of cyclocarbons by blocking
their diffusions on NaCl surfaces.

In literature, C,4 is generally neutral and charged on NaCl sur-
faces, exhibiting charge bistability. Negatively charged C,4 adopts
a less symmetric and less planar geometry compared to neutral
one, which is triggered by STM imaging at 0.6 V. The charged
state is evidenced by the appearance of standing wave pattern in
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STM image. C,; also exhibits both neutral and charged states.
When a bias of 0.5 V is applied, C,, transitions from a neutral
state to a negatively charged state, and this transition reverses at
a bias of —0.3 V. The C,; molecules are stabilized by adsorption
on the edge of the third step. At 1.2 V, the orbital density corre-
sponding to the electron resonance during the transition of C;4~
anions to C;;?~ anions is observed (Figure 5ay;).

Smaller odd-numbered cyclocarbon, C,;, have also been stud-
ied by attaching them to the edges of NaCl to measure their elec-
tronic properties. At V = +0.8 V, STM images reveal the NIR
of C,;, with bright spots located above each single bond. These
bright spots correspond to the out-of-plane Dyson orbitals. The
STM maps of C,¢ display characteristic features with 13 lobes
(Figure 5by;) at both NIR (V= 2.0 V) and PIR (V= —-2.75 V). For
NIR, the energy-degenerate LUMO superposition results in 14
lobes, with high-density lobes located above the long bonds. For
PIR, the lobes are positioned above the triple bonds, and the en-
ergy density superposition leads to the formation of HOMO. The
out-of-plane orbitals expose a greater orbital density under the tip,
which dominates the STM contrast and is nearly degenerate with
the in-plane orbitals. The out of plane HOMO (HOMO-2, and

© 2025 Wiley-VCH GmbH
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Figure 6. Outlook of sp-hybridized carbon allotropes. a) Direct observation of LCCs@DWCNTs. Reproduced with permission.l'%] Copyright 2016,
Springer Nature Limited. b) Aberration-corrected TEM images of an electron beam sculptured graphene nanoribbon. Images were recorded as carbon
atoms were gradually removed by the electron beam, showing how the constriction reconstructs into a grafted cyclocarbon, then breaks to leave a single
polyyne chain. Reproduced with permission.['%] Copyright 2014, American Chemical Society. c) Scheme of lifting a single molecular chain with the STM
tip and tunneling current as a function of the tip height during a vertical manipulation Reproduced with permission.l'%’] Copyright 2009, The American
Association for the Advancement of Science. d) Synthetic approach from Cy, to the infinite network graphyne, proposed by Diederich.['%] e) Helical

structure and T-shaped structure of carbon chains.

HOMO-3) each have 12 lobes, which superimpose to produce 13
lobes.

In addition to using NaCl edge, Cl atoms were also used to
characterize the electronic properties of C,,. Subtly positioning
the C,, molecule into an atomic fence formed by Cl clusters al-
lows to experimentally probe its frontier molecular orbitals. As
shown in Figure 5¢;, there are two peaks in the dI/dV of C,, at V
=-2.25Vand V=1.55V, corresponding to PIR and NIR, respec-
tively, yielding a transport gap of 3.8 eV. In PIR (Figure 5¢;;), ten
lobes are displayed over each triple bond, corresponding to the
superposition state of nearly degenerated HOMO (in plane) and
HOMO-1 (out of plane). In NIR (Figure 5¢;;), ten bright lobes
are located over each single bond, corresponding to the super-
position of LUMO (out of plane) and LUMO+1 (in plane). The
peaks of PIR and NIR are mainly related to out of plane orbitals,
i.e.,, HOMO-1 and LUMO.
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4. Conclusion and Perspective

In summary, we have comprehensively summarized the re-
cent breakthroughs on the on-surface synthesis and characteri-
zation of sp-hybridized carbon allotropes, including linear car-
bon chains and cyclocarbons. On-surface synthesis enables the
creation of high reactive species that are otherwise difficult to
achieve through solution chemistry. Using on-surface synthe-
sis, researchers have developed a set of sophisticated strategies,
and generated sp-hybridized carbon allotropes with remarkable
bond-resolved level. Scientists have used the tip-induced chem-
istry, achieving the synthesis of C,4 and C,;. Combined with tip-
induced dehalogenation and retro-Bergman ring-opening reac-
tion, other cyclocarbons, e.g., C;y, Cyy, Cy3, Cis, Cyy, C,¢ were
generated on surface. Through the state-of-art characterization
techniques, they have unraveled unique geometric and electronic
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structures of these species. We expect that more exciting works
in this area continue to appear in the future.

It has been demonstrated that removing metal atoms from
metalated carbyne could be a feasible way to generating LCCs.
While, a large area of generation of LCCs has not been achieved.
Moreover, these LCCs are still terminated with other groups, for
example, metalated carbyne. The generation of pure LCCs with-
out terminated groups remains challenging.

In addition, other synthetic pathways could also be employed
to generate and characterize LCCs. For example, Figure 6a
shows DWCNTs protected the preparation of LCCs. Figure 6b
shows a method of controllably manipulating the removal of
carbon atoms from graphene using the transmission electron
microscopy technique.l'%] Figure 6¢ shows the measurements
of the relationship between the electrical conductivity and the
length of carbon chains through STM lifting technique.*7:1%°]

Carbon chains can form various structures, such as helical
structures and T-shaped structures. Helical structures have spe-
cial conductance characteristics.""”) When bent into a helix, it in-
troduces integer multiples of narrow conductance drops related
to the pitch and radius, and the conductance of a finite-length
helical structure shows oscillatory behavior, with the frequency
depending on the radius and pitch.""!! The T-shaped structure
changes the double bond at the junction into a planar-like bond-
ing, altering the local electronic structure. Constructing complex
structures like T-shaped and cross-shaped ones can change the
electron transmission path and charge distribution, thus regulat-
ing the overall electronic performance.[!!?]

The tip manipulation technique has been demonstrated to
be a powerful and efficient method to generate cyclocarbons on
surface. While, this methods are inadequate when it comes to
large-scale fabrication, which remains a fertile ground that war-
rants extensive exploration.'3] To tackle this issue, we could
broaden the utilization of tip manipulation technology in tan-
dem with artificial intelligence (AI) manipulation strategies. For
example, Al-powered automated molecular manipulation could
be adopted to actualize automated production.['**117] This might
entail integrating specific methods for automatic scanning and
the precise application of pulses.'"*!51In addition, using ma-
chine learning to analyze and glean insights from extensive his-
torical experimental data could benefit the derive reference re-
action conditions.[''® Through such means, it is very promising
to surmount the existing limitations in the synthesis of cyclocar-
bons and edging closer to more streamlined, efficient, and pro-
ductive manufacturing processes.

Carbynes have an effective surface area of ~ 1300 m? kg~!, four
times greater than graphene’s theoretical value.'!! Their ther-
mal conductivity ranges from 200 to 80 kW mK~?, exceeding that
of graphene and carbon nanotubes.!"?"! High-frequency phonons
in the chains can travel long distances with minimal scattering,
enabling thermal transport over micrometer scales. As the num-
ber of atoms in the chain increases, the optical absorption rate
also rises, reaching up to 7.5 X 10° L mol~! cm~1.[”] The forma-
tion of atomic carbon chains has been proposed to explain the
behavior of graphene-based molecular switches.!12]

Cyclocarbons, a captivating class of carbon allotropes, have
garnered significant attention due to their unique electronic,
mechanical, and optical properties. Recent computational stud-
ies have provided valuable insights into the characteristics of
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these molecules, particularly focusing on cyclo[18]carbon. C4 ex-
hibits distinct aromaticity and an extensive z electron system
delocalized across the entire ring, resulting in excellent elec-
trical conductivity.'?*! This, coupled with its ohmic and quasi-
Schottky characteristics, suggests its potential for use in molec-
ular electronics.'?3] Cyq is also predicted to be ultra elastic with
a small Young’s modulus and tensile stiffness, making it suit-
able for flexible and durable materials.'*?) The bandgap of C; is
not fixed and can be altered by expanding the ring structure, of-
fering possibilities for optical applications.[1?2] Devices based on
C,s molecules have shown switching effects and negative differ-
ential resistance (NDR), which are highly desirable in nanoscale
electronics. Incorporating C,5 into molecular devices can provide
current-limiting abilities, enhancing the performance and relia-
bility of these devices. An innovative application involves using
zigzag graphene nanoribbons (ZGNRs) with C g to achieve dual
spin filtering effects and realize NDR.['2] Inserting a metal car-
bon chain between nonmagnetic ZGNRs and C,4 can lead to spe-
cific molecular configurations that further enhance the function-
ality of these hybrid structures, opening up new avenues for spin-
tronics and advanced electronic devices.[1?4]

To employ the sp-hybridized carbon allotropes into a real de-
vice, the transfer to a more suitable substrate is still highly chal-
lenging. The carbon allotropes could disappear or polymerize
during transfer. In addition, any contamination could affect the
properties of devices. This direction is promising but very chal-
lenging in the application of these unique carbon allotropes.
Diederich et al. hypothesized that cyclo[n]carbon could be used
as a precursor for synthesizing graphdiyne.[!%! Following a sim-
ilar line of thought, the use of a C,, precursor might enable the
synthesis of graphyne. Similar to linear carbon, cyclocarbons can
also serve as a potential precursor for the formation of other car-
bon structures, which contributes to our understanding of the
evolution of carbon allotropes.['’! Looking ahead, sp-hybridized
carbon allotropes have broad application prospects in the field of
materials science.0
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