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C H E M I S T R Y

Single cycloparaphenylene molecule devices: Achieving 
large conductance modulation via tuning radial 
-conjugation
Yaxin Lv1,2†, Junfeng Lin1,3†, Kai Song1, Xuwei Song1,3, Hongjun Zang2*,  
Yaping Zang1,3*, Daoben Zhu1*

Conjugated macrocycles cycloparaphenylenes (CPPs) have unusual size-dependent electronic properties because 
of their unique radially -conjugated structures. Contrary to linearly -conjugated molecules, their highest occupied 
molecular orbital (HOMO)–lowest unoccupied molecular orbital (LUMO) gap shrinks as the molecular size reduces, 
and this feature can, in principle, be leveraged to achieve unexpected size-dependent transport properties. Here, 
we examine charge transport characteristics of [n]CPPs (n = 5 to 12) at the single molecule level using the scanning 
tunneling microscope–break junction technique. We find that the [n]CPPs have a much higher conductance than 
their linear oligoparaphenylene counterparts at small ring size and at the same time show a large tunneling attenu-
ation coefficient comparable to saturated alkane series. These results show that the radially -conjugated molecular 
systems can offer much larger conductance modulation range than standard linear molecules and can be a new 
platform for building molecular devices with highly tunable transport behaviors.

INTRODUCTION
Hoop-shaped, conjugated macrocycles with radially oriented p- 
orbitals have gained tremendous recent research interest. The unique 
radial -electron delocalization feature renders them unusual prop-
erties that are difficult to obtain in linearly -conjugated systems. 
As the basic fragments of armchair carbon nanotubes (CNTs) (1) 
and fullerenes (Fig. 1) (2), cycloparaphenylenes (CPPs) are one of 
the most attractive systems among such macrocycles. Since first 
synthesized in 2008 (3), a wealth of unusual properties of CPPs 
associated with their unique strained cyclic conjugated structures have 
been discovered (4–13). Because of the radially oriented -systems, 
CPPs exhibit very special size-dependent electronic properties. For 
instance, the HOMO-LUMO energy gap of CPPs shrinks as the 
number of phenylene units decreases (Fig. 1C) (8, 11, 14–18). This 
trend is opposite to that of the linear oligoparaphenylenes (LPPs) 
and other linearly conjugated molecules and can be attributed to 
the increased torsion and bending effects in smaller CPPs (8). This 
characteristic makes CPPs appealing candidates as new electronic 
materials for achieving unexpected charge transport properties. 
Theoretical studies of the conducting properties of [n]CPPs have been 
performed recently (19, 20), demonstrating the potential applications 
of [n]CPPs in molecular and organic devices. Despite these theoretical 
predictions, experimental explorations of [n]CPP-based electronic 
devices are still very limited. The electronic transport characteristic 
of [n]CPP-based devices and, in particular, how it is different from 
the more standard linear systems are still unclear.

In this work, we incorporate the radially -conjugated [n]CPPs 
(n = 5 to 12) into single-molecule devices and interrogate their 

size-dependent transport properties using the scanning tunneling 
microscope–break junction (STM-BJ) technique (Fig. 2A). We find 
that, without introducing any heteroatoms as anchors, these [n]CPPs 
can directly bind to gold electrodes because of the orbital coupling 
between Au and the curved phenylene rings. We further show that 
the [n]CPP series has very unique size-dependent conductance char-
acteristics: The conductance of [n]CPPs is significantly higher than 
their linear LPP counterparts for small n; further, they have a large 
tunneling attenuation coefficient () comparable to saturated alkanes. 
We emphasize that, achieving both high conductance in a relative 
short length and large  value within one conjugated system is un-
precedented (21–24). This characteristic suggests CPPs an ideal system 
for realizing large conductance modulation by tuning molecular size. 
Density functional theory (DFT)–based calculations further reveal 
that the unique size dependence of conductance arises precisely from 
the radially -conjugated structures of CPPs. Hence, tuning radial 
-conjugation provides a new strategy for efficiently modulating 
charge transport at the molecular level.

RESULTS
All [n]CPP molecules studied in this work are commercially avail-
able (purchased from Tokyo Chemical Industry). We first measure 
their single-molecule conductance in 1,2,4-trichlorobenzene (TCB; 
0.1 mM concentration) using the STM-BJ technique (25, 26) under 
ambient conditions and room temperature. During these measure-
ments, an Au STM tip was repeatedly pushed and pulled to form 
and break the contact with an Au substrate in the molecular solu-
tion. After breaking Au point contacts, the molecule can bridge the 
STM tip and substrate and form single Au-molecule-Au junctions. 
We continuously record the conductance distributions as a function 
of the electrode displacements. In the conductance-displacement 
trace, we typically observe the conductance plateau at the unit con-
ductance quantum (G0 = 2e2/h) because of the formation of single 
Au-Au point contact. The plateau occurred below G0, signifying the 
formation of single-molecule junctions. The measured molecular 
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conductance plateau length is related to the length of the formed 
molecular junctions.

Figure 2B shows sample conductance traces of [5]CPP-[12]CPP 
measured at an applied tip bias voltage of 100 mV. We see clear mo-
lecular conductance plateaus for all these CPP molecules, indicating 

the formation of single-[n]CPP junctions. Since no heteroatom 
anchors are attached in [n]CPPs, we hypothesize that the single-[n]
CPP junctions are formed through direct electrode-molecule binding 
between Au and the distorted phenylene rings. Note that the 
-orbitals of the strained [n]CPPs are radially oriented (table S1), 

Fig. 1. Structures, orbitals, and orbital energies of CPPs and related molecules. (A) Schematic of [5]CPP, C60, and [5,5]CNT. (B) Linear -conjugation of LPP and radial 
-conjugation of CPP. (C) Energies of the HOMO and LUMO orbitals in [n]CPP and [n]LPP (n = 5 to 15) (34).

Fig. 2. STM-BJ measurement results of [n]CPPs (n = 5 to 12). (A) Schematic of single-[n]CPP junction. (B) Sample conductance traces for [5]CPP-[12]CPP measured under 
an applied tip bias voltage of 100 mV. (C) Schematic of orbital bonding between CPP molecule and Au. (D) 1D conductance histograms of [5]CPP-[12]CPP measured under 
an applied tip bias voltage of 100 mV.
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and the interaction between the curved -orbitals and Au electrodes 
is strengthened compared with that of conjugated systems composed 
of flat phenylene units (27, 28). Strain-promoted electrode-molecule 
binding has also been observed for C60 and - stacked benzene 
systems (29, 30) and are attributed to the increased metal affinity of 
the outer surface of the curved conjugated molecules (31, 32). Analysis 
of molecular orbital symmetry further indicates that the Au elec-
trodes bind to C─C bonds within the phenylene rings of [n]CPPs in 
2-fashion (Fig. 2C). Specifically, the Au-CPP bond is formed be-
cause of the electron donation from the filled -orbital of CPP to 
the s-orbital of Au, along with the electron back-donation from the 
filled Au d-orbital to the empty CPP *-orbital.

We further note from the sample conductance traces that, as the 
molecular size increases, the conductance of [n]CPP series decreases, 
while the plateau length increases. For larger [n]CPPs, the conduc-
tance plateau also becomes more sloped. Figure 2D and fig. S1 present 
the one-dimensional (1D) conductance histograms compiled from 
thousands of conductance traces of [n]CPPs without any data selec-
tion. In these histograms, we observe that as n increases from 5 to 
12, the conductance decreases while the conductance peak becomes 
more spread. In addition, the corresponding 2D conductance- 
displacement histograms reveal that the molecular conductance 
plateaus have longer extensions and wider conductance distributions 
for larger [n]CPPs (see Fig. 3, A and B, and fig. S2). Note that in 
CPPs, every phenylene unit can, in principle, provide multiple bind-
ing sites based on which single-molecule junctions can be formed. 
For larger CPPs, the increase in the binding sites enables the creation 
of multiple junction conformations through forming Au-CPP con-
tacts at different pairs of binding sites, resulting in multiple over-
lapping conductance peaks (or one broad peak). Moreover, as we 
retract the STM tip away from the substrate, the phenylene binding 
sites can switch from one pair to another and cause the conductance 
decrease until the electrode separation reaches the maximum (fig. 
S3), hence yielding the sloped conductance plateaus shown in the 
2D histograms. This switch effect is further rationalized through 
DFT-based transport calculations (see the Supplementary Materials 
for detailed discussions).

To gain deeper insight into charge transport properties of [n]CPPs, 
we compare the conductance of junctions formed with different 
molecules in this series. For each molecule, we fit the conductance 

peak corresponding to the junction conformation where the distance 
between the two binding sites reaches the maximum (referred to as 
transport length). Note that for larger CPPs with multiple conduc-
tance peaks, the lowest conductance peak corresponding to the longest 
junction conformation is fitted (see fig. S4). [11]CPP and [12]CPP 
are not included as their conductance peaks are too broad. We plot 
the peak conductance against the transport length for these CPP 
molecules and observe an exponential length dependence of con-
ductance, indicating a coherent tunneling transport mechanism 
(fig. S5) (33). To include the whole series of [n]CPPs, we determine 
their conductance from a profile taken at the end of molecular con-
ductance plateaus in the 2D histograms (see inset of Fig. 3, A and B, 
and figs. S2 and S5A). As can be seen from fig. S5B, the conductance 
obtained from the 1D and 2D histograms are almost identical. By 
further fitting the data, we obtain the  value, ~7.4/nm, which is 
much larger than that reported for LPPs (~4/nm). To the best of our 
knowledge, the  value of the [n]CPP series is the largest among that 
of the conjugated molecular wires reported so far and is comparable 
to saturated alkanes (8.3/nm) (34). It should be further noted that, 
despite having a larger  value, the [n]CPP series show significant 
higher conductance than amine-terminated LPP series at a relatively 
short length (<1.8 nm), and the measured [5]CPP-[8]CPP mole-
cules all fall into this region. The contact resistance, which is the 
Y-intercept of the fitted curve, is estimated to be 105.8 ohms for the 
[n]CPP series. Note that this contact resistance is much lower than 
amine terminated LPPs (47.5 kilohms) and alkanes (19.7 kilohms), 
and this fact contributes to the higher conductance of CPPs at 
shorter transport distance. It is also interesting to compare the con-
ductance of CPPs and LPPs using a “through-bond” distance, in 
which case, the conductance of CPPs is even larger and the  value 
is smaller (see fig. S6 for more details). Together, the [n]CPP series 
shows both remarkably high conductance in a relative short trans-
port length and large  value, two characteristics which typically do 
not coexist within one molecular system.

To better understand the unique size-dependent conductance 
properties, we turn to DFT-based calculations. We first optimize 
the junctions formed with the [n]CPP series using the Fritz Haber 
Institute ab initio molecular simulation (FHI-AIMS) package with 
a Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 
(see the Supplementary Materials for the detailed calculation methods) 

Fig. 3. Length-dependent conductance of [n]CPPs. (A and B) 2D conductance-displacement histograms of [5]CPP and [7]CPP. The vertical lines at the end of the mo-
lecular feature indicate the window (0.15 nm) for determining the conductance profiles shown in the inset. (C) Conductance of [5]CPP-[12]CPP determined from the 
profiles in the 2D histograms against calculated transport length (Au-Au distance). Conductance of amine-terminated LPPs and alkanes (measured in TCB solvent) against 
length are included for reference (47). The  value (obtained via data fitting) is ~7.4/nm for CPPs, ~4.0/nm for LPPs, and 8.3/nm for alkanes.
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(35–41) and find that the Au electrode binds to the phenylene unite 
in 2 fashion (Fig. 4A), similar to the ethylene-Au complex (42), and 
agrees with our analysis of CPP-Au bonding based on molecular 
orbital symmetry (Fig. 2C). We then calculate the binding energy 
between the [n]CPP molecule and the Au electrode (fig. S7), and 
find that the binding energy slightly decreases when the molecular 
size increases. This trend is expected since the decreased ring curva-
ture in the larger CPPs leads to decreased molecule-electrode affinity 
(32, 43). We next calculate the transmission functions of these opti-
mized geometries and plot the calculated transmissions against 
energy (Fig. 4B). We note that for this molecular series, the energy 
separation between HOMO and LUMO resonances decreases as the 
size of CPPs shrinks, in agreement with the HOMO-LUMO gaps 
determined by optical and electrochemical characterizations (10, 44). 
Since the HOMO and LUMO resonances are very sensitive to the 
computational method, we thus focus on the qualitative trends. Notably, 
the trend of HOMO-LUMO gap changes is opposite to that of linearly 
conjugated molecules, of which the gap narrows as the molecule 
becomes longer because of the extended conjugation (45, 46). In 
contrast, in radially conjugated [n]CPPs, by decreasing the size, the 
increased ring strain lowers the torsional angles between the phenylene 
units, thus facilitating the radial -electron delocalization. In addition, 
the increased bending of individual phenylene promotes antibonding 
interactions between orbital lobes on adjacent phenylene units. 
These effects together increase the radial -conjugation and narrows 
the HOMO-LUMO gap in the smaller CPPs (11, 15–18).

Further inspecting on the transmissions reveals that the electrode- 
molecule coupling strength, which is reflected by the width of reso-
nance, decreases as the size of [n]CPPs increases. The decreased 
coupling, along with the increased energy separation of HOMO and 
LUMO resonances, leads to an obvious decrease in transmission at 
EF from [5]CPP to [10]CPP. Moreover, we obtain the theoretical  
value of 7.94/nm by plotting the zero-bias transmission (at EF) 
against the transport length (see inset of Fig. 4B and fig. S8). This is 
in good agreement with the experimental result.

DISCUSSION
In conclusion, we have studied single-molecule conductance of a 
series of strained [n]CPPs (n  =  5 to 12) with radially oriented 

-orbitals using the STM-BJ technique. We have demonstrated that 
compared with the LPPs, the CPP series simultaneously shows much 
higher conductance at a relative short transport length and a larger 
tunneling attenuation coefficient similar to saturated alkanes. This 
size-dependent conducting feature indicates the possibility of achieving 
large conductance modulation range beyond that can be obtained 
in standard linearly conjugated systems. Through DFT-based calcula-
tions, we attribute this feature to the unique structures related to strain 
and radial -conjugation presented in CPPs. These results suggest that, 
beyond the standard linear -conjugation, radial - conjugation could 
be leveraged for achieving large modulation of molecular charge trans-
port properties. We anticipate these results will stimulate future work 
on designing new functional electronic materials and devices capi-
talizing on unconventional -conjugation patterns.

MATERIALS AND METHODS
STM-BJ measurements
All [n]CPP (n = 5 to 12) molecules were purchased from Tokyo 
Chemical Industry and directly used without further purification. 
Single-molecule conductance measurements were carried out using 
a custom-built STM-BJ platform. All the STM-BJ experiments were 
performed in ambient conditions and room temperature. Single- 
molecule conductance measurements were made in [n]CPP solutions 
(0.1 mM concentration), where TCB purchased from Alfa Aesar was 
used as the solvent. During the conductance measurements, the Au 
tip and the substrate coated with a gold layer were used as the two 
electrodes. Under an applied tip bias voltage of 100 mV, the Au tip 
was driven to move in and out of contact with the substrate depos-
ited with [n]CPP solutions to form and break Au-CPP-Au molecule 
junctions. During this process, the current was recorded continuously, 
and the conductance was calculated by the formula G = I/V. One- 
dimensional conductance histograms and the 2D conductance 
histograms were constructed by compiling thousands of collected 
conductance traces without any data selection.

DFT-based calculations
We attached two Au clusters containing four Au atoms to the 
two sides of the optimized molecular structure and relax the junc-
tion geometries using the PBE exchange-correlation functional im-
plemented by the FHI-AIMS packages (36, 37, 40). After relaxation, 
the 4 atom Au clusters were replaced by Au pyramids containing 
60 Au atoms in six layers, and the binding energy were calculated 
using the same basis for both gold and molecule. The Landauer 
transmission across the junctions were calculated using the non-
equilibrium Green’s function formalism.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk3095
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