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Highly efficient charge transport across carbon
nanobelts
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Carbon nanobelts (CNBs) are a new form of nanocarbon that has promising applications in optoelectronics due
to their unique belt-shaped π-conjugated systems. Recent synthetic breakthrough has led to the access to
various CNBs, but their optoelectronic properties have not been explored yet. In this work, we study the elec-
tronic transport performance of a series of CNBs by incorporating them into molecular devices using the scan-
ning tunnelingmicroscope break junction technique. We show that, by tuning the bridging groups between the
adjacent benzenes in the CNBs, we can achieve remarkably high conductance close to 0.1G0, nearly one order of
magnitude higher than their nanoring counterpart cycloparaphenylene. Density functional theory–based cal-
culations further elucidate the crucial role of the structural distortion played in facilitating the unique radial
π-electron delocalization and charge transport across the belt-shaped carbon skeletons. These results
develop a basic understanding of electronic transport properties of CNBs and lay the foundation for further
exploration of CNB-based optoelectronic applications.
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INTRODUCTION
Carbon nanobelts (CNBs), which can be broadly defined as double-
stranded, belt-shaped conjugated carbon skeleton, have attracted
great research interest for several decades because of their unique
structures and potential applications as functional molecular mate-
rials (1–6). In particular, the unconventional radial π-conjugation
along the highly strained loop of carbon makes CNBs appealing
candidates toward optoelectronic applications such as single-mole-
cule electronics, photovoltaics, and light-emitting diodes (7–9). The
first armchair CNB consisting of solely fused benzene rings was first
synthesized in 2017 and extended in 2018 (9, 10), and later, two
types of all-benzene CNBs with chiral and zigzag structures have
been reported (11–13). Recently, the family of CNBs is further ex-
panded by the synthesis of new forms of CNBs containing nonhex-
agonal rings (14–18), heteroatom dopants (15, 17, 19–22), and
complex topologies (23, 24). These breakthroughs inspire intensive
experimental and theoretical explorations of fundamental physical
properties associated with the unique belt-shaped structures of
CNBs (25–28). Notably, the radial π-electron delocalization along
the highly distorted carbon backbone of CNBs enhances their π-
conjugation and leads to a small energy gap between their highest
occupied molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO) , which demonstrates their potential appli-
cations in optoelectronics (1). Despite this progress, charge
transport, a basic process governing the optoelectronic applications

of CNBs, has not been explored yet, partly because of the limited
availability of CNB compounds.
In this work, we explore the charge transport properties of a

series of CNBs at the molecular level using the scanning tunneling
microscope break junction (STM-BJ) technique (Fig. 1). By taking
advantage of the unique radially oriented π-orbitals of CNBs, we
can create well-defined single Au-CNB-Au junctions by directly
connecting the belt-shaped π-surface to the Au electrodes (29).
We find that the armchair (6,6)CNB consisting of fully fused ben-
zenes has a high conductance similar to their ring-shaped skeleton
cycloparaphenylene [6]CPP. In contrast, the pentagon-embedded
nanobelts containing the same [6]CPP skeleton bridged by methy-
lene ([6]CNB_M6) or nitrogen ([6]CNB_N3) showmuch improved
charge transport efficiency, and their conductance is increased by
nearly one order of magnitude and reaches ~10−1 G0 (G0 is conduc-
tance quantum). Density functional theory (DFT)–based calcula-
tions further elucidate the crucial role of the structural distortion
played in facilitating the radial π-conjugation and charge transport
in the CNB series. These intriguing electronic transport character-
istics demonstrate the potential of CNBs as high-performance elec-
tronic materials and provide insights for designing belt-shaped
molecular nanocarbons.

RESULTS
We focus our study on three types of CNBs containing the same
[6]CPP skeleton bridged by ethenylene [(6,6)CNB], methylene
([6]CNB_M6), or nitrogen ([6]CNB_N3) groups. The ethenylene-
bridged (6,6)CNB is considered as the basic segment of armchair-
type carbon nanotube (CNT) and is obtained from commercial re-
source (Tokyo Chemical Industry). The [6]CNB_M6 and
[6]CNB_N3 containing the pentagon ring represent the segment
structures of unconventional Haeckelite CNTs and are synthesized
according to previously reported procedures (fig. S1) (14, 15). All
molecules are dissolved into 1-chloronaphthalene solvent with a
concentration of ~0.1 mM for the STM-BJ measurement in
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ambient conditions and room temperature. The STM-BJ technique
is detailed in previous papers (30). Briefly, we push and pull an Au
STM tip to form and break the contact with an Au substrate in the
solution of target molecules under an applied tip bias. After break-
ing the atomic Au-Au contact, the molecule can bridge the STM tip
and substrate and form single-molecule junctions. During this
process, we record the conductance distributions against tip-sub-
strate displacements and obtain individual conductance-displace-
ment traces, where a plateau with a conductance lower than

conductance quantum G0 (where G0 = 2e2/h) signifies the forma-
tion of single-molecule junctions (Fig. 2A).
At a tip bias of 100 mV, we observe clear molecular conductance

plateaus for all the three CNBs (Fig. 2), and this indicates the for-
mation of stable single-CNB molecule junctions. Since there is no
typical heteroatom anchor in the CNBs, we hypothesize that the
junctions are formed through directly binding the distorted phenyl-
ene units to Au atoms via Au-π bonds. More specifically, the Au
electrode binds to the C-C bond within the phenylene unit via

Fig. 1. Schematics of STM-BJmeasurements of CNBs. (A) Schematic of single-CNB junction. (B) Structures of [6]CPP, the three types of CNBs fused by different bridging
groups and the corresponding CNTs.

Fig. 2. STM-BJ measurement results of [6]CPP and CNBs. (A) NAdO analysis (47) for the bond between CNBs and Au clusters calculated using the Multiwfn package
(48). (B) One-dimensional (1D) conductance histograms of [6]CPP and three types of CNBsmeasured under an applied tip bias voltage of 0.1 V. Inset: Sample conductance
traces of [6]CPP and CNBs. (C) 2D conductance histograms of [6]CPP and CNBs. Inset: The relative length distributions.
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electron donation from the filled molecular π-orbital to the 6s
orbital of Au atom and back-donation from the filled 5d orbital
of Au atom to the empty molecular π*-orbital. Natural adaptive
orbital (NAdO) analysis further reveals the electron donation and
back-donation channels contributing to the binding between
CNBs and Au electrodes (Fig. 2A). Note that the formation of
these Au-π bonding contacts is facilitated by the unique structural
distortions presented in the belt-shaped carbon skeletons. Similar
electrode-molecule bindings are also observed for other distorted
π-conjugated systems such as CPPs (29), fullerene (C60) (31–33),
and π-π stacked benzenes (34).
As can be seen from the one-dimensional (1D) conductance his-

tograms compiled from thousands of the conductance traces, the
armchair (6,6)CNB has a conductance of ~10−2G0, which is slightly
lower than their nanoring counterpart [6]CPP (29). In sharp con-
trast, the other two CNB molecules [6]CNB_M6 and [6]CNB_N3
with pentagon ring–embedded structures show a significantly
higher conductance reaching close to ~10−1 G0, indicating their
highly efficient charge transport characteristics. In the correspond-
ing 2D histograms, we note that these CNBmolecules have a similar
conductance plateau length of ~0.3 nm (Fig. 2C), indicating a junc-
tion length of ~1.3 nm by accounting for the Au snapback length of
~1 nm in 1-chloronaphthalene solvent. These experimental junc-
tion lengths are in good agreement with theoretical predictions
(see the Supplementary Materials for the detailed discussions),
which demonstrates that we measure the conductance across the
CNB backbone anchored to the Au electrodes through direct Au-
π bonds. Notably, although every phenylene unit in these molecules
can, in principle, provide multiple Au-π binding sites, we still can
obtain well-defined junction configurations and observe narrow
conductance peaks due to the relatively large Au snapback distance
in 1-chloronaphthalene solvent (see fig. S2 for more detailed discus-
sions). The larger Au snapback in 1-chloronaphthalene solvent than
that in 1,2,4-trichlorobenzene (TCB) is also responsible for the ob-
served narrower conductance peak of [6]CPP in 1-chloronaphtha-
lene than in TCB.

DISCUSSION
Note that the conductance of these CNBs is much higher than the
typical linearly conjugated molecular wires. To understand this
property, we first point out the basic structure-property relation-
ships of single-molecule devices. It is well established that conjugat-
ed molecules with delocalized π-orbitals are favorable for
conducting electrons (Fig. 3). This motivates constructing linearly
conjugated molecular conducting wires such as linear oligo-phenyl-
enes (LPPs) (35–37). Typically, planar molecular wires with

extended aromatic structures or heteroatom substitutions exhibit
enhanced π-conjugation and a small HOMO-LUMO gap, which
generally leads to improved charge transport (38). On the basis of
these principles, in recent years, various rigid fused conjugated
wires have been designed to enhance molecular π-orbital delocali-
zation and conductance. Notably, except the intrinsic electronic
structure of molecular wires, the electrode-molecule coupling also
largely influences the charge transport efficiency (39). Directly an-
choring the molecular conducting π-channels to electrodes can
promote electrode-molecule coupling and increase the conductance
of single-molecule devices (38, 40).
Beyond the linearly conjugated molecular systems, radially con-

jugated carbon nanoring CPPs have been recently demonstrated as
candidates for building highly conductive single-molecule devices
(29). It has been shown that the small CPP rings exhibit a much
higher conductance than their linear oligoparaphenylene counter-
parts due to the ring strain–induced distortions of π-orbitals. Here,
we explore the charge transport properties of CNB, which is a
member of the radially conjugated nanocarbon family and contains
the CPP-building block with adjacent phenylene units fused by ad-
ditional bridging groups. We show that compared with CPPs, the
CNBs have a much improved charge transport efficiency, and
their conductance reaches close to 10−1 G0, demonstrating their
great potential as outstanding electronic components.
We hypothesize that the remarkably high conductance of the

CNBs arises from their unique fused and highly strained radially
conjugated structures. To better understand the structural effect,
we first point out that converting a linear oligoparaphenylene
wire into a cyclic system generates structural strain that reduces
the torsion between neighboring phenylenes but increases the dis-
tortion of each phenylene unit (41). As illustrated in Fig. 4, the
torsion effect generally decreases the LUMO energy by promoting
the interring orbital overlapping, while the distortion effect increas-
es the HOMO energy, which leads to the overall decrease of the
HOMO-LUMO gap (42).
To gain more quantitative understanding of these effects, we

turn to DFT-based calculations to obtain the optimized molecular
structures and orbitals (see the Supplementary Materials for de-
tailed information). As shown in Table 1, the nanoring [6]CPP
has a smaller torsion angle θ (27.4°) compared with that of the
linear hexaparaphenylene wire [6]LPP (36.2°). Moreover, the
[6]CPP shows increased out-of-plane bending with an average cur-
vature κ of 0.248 Å−1. Because of these torsion and bending effects,
[6]CPP displays a narrower HOMO-LUMO gap than its linear
counterpart [6]LPP. Moreover, the bending effect leads to increased
metal affinity of the outer π-surface of the phenylenes, thereby pro-
moting the electrode-molecule binding through forming direct Au-

Table 1. Averaged torsion angle [θ (°)], curvature [κ (Å−1)], and distortion angle [ω (°)] for [6]LPP, [6]CPP, and CNBs (optimized at B3LYP/6-31G* level).

Molecule [6]LPP [6]CPP (6,6)CNB [6]CNB_M6 [6]CNB_N3

θ (°) 41.6 27.4 0.005 0.03 0.8

κ (Å−1)* 0 0.248 0.248 0.258 0.259

ω (°) 121.1 120.0 117.9 107.8 107.1

*Diameters for calculation were taken from references (9, 14–15, 49).
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π bonds. These bonding contacts are known for promoting orbital
hybridization of electrodes and the molecular conducting π-
channel, which are desired for achieving efficient charge transport
properties (29).
Compared with [6]CPP, the CNBs with fused structures show

almost eliminated interphenylene torsions and much larger
strain-induced structural distortions. These structural features
enable CNBs to have even smaller HOMO-LUMO gaps. Note
that the structural distortion of CNBs can be further tuned by ma-
nipulating the bridging groups. For instance, the methyl- and nitro-
gen-fused nanobelt [6]CNB_M6 and [6]CNB_N3 feature more
distorted conformations due to their higher structural strain
induced by the embedding of pentagon units. These highly strained
structures lead to the further increases of the HOMO energy. In
contrast, the all-benzene (6,6)CNB has extended aromatic structure
that stabilizes its frontier orbitals and decreases its HOMO and
LUMO energy simultaneously, leading to a slightly larger
HOMO-LUMO gap than the pentagon-embedded [6]CNB_M6
and [6]CNB_N3. It should be further noted that, in these CNBs,
the electronic effect of the bridge atom itself, which has previously
been widely used to tune the molecular electronic structure, does
not exert obvious influence on the frontier electronic orbitals.
These elucidate that structural distortion in these CNBs has a dom-
inant impact on their electronic structures.
To better relate the electronic structures of CNBs to their trans-

port properties, we model the CNB junctions and calculate their
energy-dependent electron transmissions using Fritz Haber Insti-
tute ab initio molecular simulation (FHI-aims) with a Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional (43–45).
As shown in Fig. 5B and fig. S3, the optimized CNB junctions are
formed through Au-π bonding in η2 fashion, which agrees with pre-
vious analysis based on orbital symmetry (29). Binding energy cal-
culations further reveal that, compared with [6]CPP and pentagon-

embedded CNBs, (6,6)CNB offers more possible electrode-mole-
cule binding sites due to its extended π-conjugated structures (see
figs. S4 to S5). Moreover, in contrast to conventional linear LPP
junctions (fig. S6), the Au-π bonding in CPP and CNB junctions
facilitates orbital hybridization of gold electrodes and the radially
delocalized π-channels, thus yielding strong interfacial electronic
coupling that is reflected by the significant peak spread of
HOMO and LUMO resonances shown in the calculated transmis-
sion spectra. Moreover, the energy separation between HOMO and
LUMO resonances of [6]CNB_M6 and [6]CNB_N3 is much
smaller than that of (6,6)CNB and [6]CPP, which is due to the
larger distortion effect in [6]CNB_M6 and [6]CNB_N3 as explained
above. Since the HOMO and LUMO resonance positions are not
accurately captured because of the errors inherent to DFT, we
focus here on the qualitative trends at the shifted Fermi energy
(dashed line). We see that the larger structural distortion of
[6]CNB_M6 and [6]CNB_N3 leads to a smaller alignment of
their HOMO resonances relative to the Fermi energy (EF), which
gives rise to much higher transmission levels at EF and hence ex-
plains their higher conductance observed in experiments. For
(6,6)CNB, the increased electrode-molecule binding sites yield
more possible junction configurations with distinct conductance
(see fig. S4). Statistical averaging of these junctions enables
(6,6)CNB a slightly lower conductance than [6]CPP. Moreover, in
contrast to [6]CPP (29), the shift in binding sites of the pentagon-
embedded CNB leads to less obvious transmission changes (fig. S7),
which is due to its fused, belt-shaped conjugated structures. Togeth-
er, the structural distortion caused by the unique belt-shaped geom-
etry of CNBs leads to a strong electrode-molecule electronic
coupling and a small alignment of HOMO with respect to the EF,
which are translated to the outstanding high conductance in the
CNB junctions.
In conclusion, we have studied the charge transport properties of

CNBs using the STM-BJ technique. We find that, the single penta-
gon-embedded CNBs fused by methylene or nitrogen groups have
remarkably high conductance close to 10−1 G0, nearly one order of
magnitude higher than the standard armchair CNB composed of
solely phenylenes and the nanoring analog CPP. Further structural
analysis combined with DFT calculations elucidated the dominant

Fig. 3. Conductance comparisons for the typical linearly conjugated molecu-
lar wires and CNBs. (Top) Typical design strategy for enhancing charge transport
of conjugated molecules.

Fig. 4. Schematics of torsion and distortion effects on orbital interactions
in CNBs.

Lin et al., Sci. Adv. 8, eade4692 (2022) 23 December 2022 4 of 6

SC I ENCE ADVANCES | R E S EARCH ART I C L E



role of structural distortion in CNBs played in tuning their electron-
ic structures and promoting their charge transport. These results
demonstrate that CNBs are appealing candidates for electronic ap-
plications and will motivate future design of optoelectronic materi-
als capitalizing on structural distortion control of unconventional
conjugated molecular systems.

MATERIALS AND METHODS
STM-BJ measurements
Single-molecule conductance measurements were carried out in
ambient conditions and room temperature using a custom-built
STM-BJ platform. Dilute solutions (~0.1 mM) of the molecules in
1-chloronaphthalene solvent were used for conductance measure-
ments. The gold electrodes used in STM-BJ measurements were a
gold tip created by mechanical cutting and a substrate coated with
gold layer. During the process where the Au tip repeatedly pushed
and pulled to contact with the substrate deposited with diluted so-
lutions, single Au atom contact is broken to form and break Au-
CNB-Au junctions under an applied bias of 100 mV. During each
push-pull process, the current was recorded continuously to con-
struct a conductance versus displacement trace. By compiling thou-
sands of collected conductance traces (>3000 traces) without any
data selection, 1D conductance histograms and 2D conductance-
displacement histograms were constructed.

Theoretical methods
NAdO analysis
Gaussian 16 program (46) is used for the calculation. The optimi-
zation for CNB junction is carried out using a junction model

consisting of a [6]CNB_M6 molecule attached to two Au clusters
containing four Au atoms (the length of Au-Au bond is constrained
to 2.88 Å) at the B3LYP/6-31G* level for carbon and hydrogen
atoms and B3LYP/SDD level for Au atoms. After geometry optimi-
zation, the NAdO analysis is carried out using Multiwfn package.
Transmission calculation
The geometry optimization for single molecule is carried out at the
B3LYP level implemented by the FHI-aims packages. For transmis-
sion calculation, we attach two Au clusters containing four Au
atoms to the two sides for the all-optimized CNB structures and
relax the junction geometries using the PBE exchange-correlation
functional implemented by the FHI-aims packages at all-electron
numeric atom-centered basis set level. After relaxation, the four-
atom Au clusters are replaced by Au pyramids containing 60 Au
atoms in six layers. In addition, the Landauer transmission across
these junctions is calculated using the nonequilibrium Green’s
function formalism.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S7
Table S1
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