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Abstract: Intermolecular charge transport plays a vital
role in the fields of electronics, as well as biochemical
systems. Here, we design supramolecular dimer junc-
tions and investigate the effects of charge state and
energy level alignment on charge transport under nano-
confinement. Incoherent tunneling caused by thermally-
induced vibrations is enhanced in positively charged
systems. The transition between coherent and incoher-
ent tunneling is associated with specific molecular
vibration modes. Positively charged systems with smaller
torsional barriers and vibrational frequencies result in
lower transition temperatures. Multiple thermal effects
have a great impact on the conductance in the off-
resonant tunneling, while thermally-induced vibron-
assisted tunneling contributes more to the transport in
the resonant tunneling. These investigations offer a deep
mechanism understanding of intermolecular charge
transport and facilitate the development of practical
functional molecular devices.

Introduction

Intermolecular charge transport plays a key role in
chemistry,[1] biology,[2] and organic electronics.[3] In partic-
ular, in the field of organic electronics, such as organic field-
effect transistors,[4] organic light-emitting diodes,[5] organic
photovoltaics,[6] and organic thermoelectrics,[7] the charge
state and orbital characteristics of molecules have a great

impact on intermolecular interactions that are intimately
associated with the device performance.[8] From the view of
a single molecule, a better understanding of the factors
affecting charge transport through adjacent molecules is
beneficial for the development of organic electronics.[9] To
this end, single-molecule junction (SMJ) techniques provide
useful tools for investigating intermolecular charge
transport.[10] Dynamic single-molecule junctions,[11] such as
scanning tunneling microscope break junction and mechan-
ically controlled break junction, have been used to inves-
tigate the charge transport mechanisms of π-stacked dimers.
The intermolecular stacking conformations of the dimer
could be manipulated by stretching the electrodes,[10c,12]

during which various physical properties, such as quantum
interference effect,[12b,c] have been observed. Further efforts
should be made to systematically investigate the intermolec-
ular transport mechanisms, especially the influence of
structural factors on charge transport behaviors. Indeed, the
molecular charge state, as a significant feature, enables to
control the mechanism of single-molecule devices, such as
rectifiers,[13] transistors,[14] and switches.[15]

Supramolecular assembly facilitates the formation of
stable dimers with well-defined molecular geometries and
separation distances, enabling the fabrication of reliable
dimer junctions for single-molecule electrical measurements,
which is beneficial for understanding the mechanism of
intermolecular charge transport.[16] For instance, host–guest
interactions, using cucurbit[8]uril (CB[8]) as a macrocyclic
host, have been applied to obtain dynamic single-molecule
junctions.[16d,17] In this work, using graphene-based static
molecular junctions as a stable measurement platform,[18] we
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construct dimer-based single-molecule junctions (SMJs)
containing positively charged units through supramolecular
host–guest interaction. Based on temperature-dependent
measurements, the intermolecular charge transport mecha-
nism of dimers is explored in terms of charge state and
energy level under nanoconfinement.

Results and Discussion

To investigate the relationship between supramolecular
structural characteristics and intermolecular charge trans-
port properties in dimers, three types of dimers with
different charge states and molecular frontier orbital ener-
gies have been designed to construct supramolecular dimer
junctions (Figure 1a). As shown in Figure 1b, both monomer
1 (M1) and monomer 3 (M3) contain a positively charged
pyridinium and differ in the degrees of conjugation, that is,
M1 has a fully conjugated anthracene unit while M3 shows a
broken conjugation with two pyridine units separated by
two methylene units. Monomer 2 (M2) is a control molecule
with a highly conjugated anthracene backbone and a neutral
phenyl group. The details relating to the molecular synthesis
and the formation of the host–guest complexes are provided
in the Methods section and the Supporting Information

(Scheme S1 and Figures S1–S4). To predict the effect of
charge state and conjugation on the energy level alignments,
theoretical analysis has been carried out. The calculated
electrostatic potential maps (Figure 1b) demonstrate that
the entire M1 has a positive electrostatic potential. How-
ever, the positive charge tends to be dispersed on the
positively charged pyridinium unit instead of the neutral
region of anthracene. This phenomenon suggests that the
electrostatic potential distribution of positively charged
molecules relative to neutral molecules is not uniform, which
might lead to the corresponding dimers with distinct
characteristics. In addition, the structural characteristics
associated with the charge state and conjugation degree
make stacked ways of dimers different, further resulting in
diverse energy level alignments of dimers. Compared with
the guest molecules, the calculated energy level alignments
show that the HOMO–LUMO gaps of the corresponding
dimers (Figure 1c) reduce to some extent, which are
consistent with the results of UV/Vis spectra (Figure S4).
The theoretical results demonstrate that molecular engineer-
ing is an efficient tool to tune the molecular energy level
alignments, providing a basis for exploring the effects of
molecular characteristics on intermolecular charge transport
properties in dimers.

Figure 1. Supramolecular dimer-based SMJs and molecular characteristics. a) Illustration showing the device geometry, where the supramolecular
complex is covalently connected to graphene electrodes. b) Structural formula of host and guest molecules, and corresponding calculated
electrostatic potential maps. c) Calculated molecular energy levels and related molecular orbital diagrams (LUMO and HOMO) of monomers (left)
and dimers (right). EG is the work function of graphene.
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In this work, cucurbit[8]uril (CB[8]) is chosen as the host
molecule, and two guest molecules can be encapsulated
inside the host cavity through a controllable π-stacked way
to form a host–guest complex.[19] After assemblies of CB[8]
with guest molecules (M1, M2, and M3), the terminal amine
groups on guest molecules are covalently bonded to
carboxyl groups at the end of graphene nanogap
electrodes,[20] resulting in the formation of static SMJs,
namely SMJ-1, SMJ-2, and SMJ-3, respectively. It is worth
mentioning that three methylene (� CH2� ) groups are
incorporated into the molecular backbone of monomers,
which weakens molecule-electrode coupling and reduces the
interference of the electrodes on inherent states of central
dimers.[21] The detailed preparation steps for the dimer
junctions are given in the Supporting Information (Figur-
es S5 and S6). The successful preparation of single-molecule
junctions can be determined by comparing the current–
voltage (I–V) curves before and after connection of targeted
supramolecular complexes, which show “nA”-level currents

(Figure S7). The well-designed dimer systems provide the
foundation for studying the effects of charge and conjuga-
tion on intermolecular charge transport.

To explore the structure–property relationship of
supramolecular dimers, temperature-dependent measure-
ments were performed, which help to understand the
inherent transport mechanism from the change of molecular
conductance with temperature.[22] Temperature-dependent
I–V curves, with temperature scanning from 10 K to 300 K
under a bias range of �1 V, were performed under a high-
vacuum condition in the dark (Figures 2a–c and S8–S12). As
the temperature increased from 10 to 300 K, a large
enhancement of current at high temperatures and a slow
increase at low temperatures were observed for all three
SMJs. The conductance of SMJ-1 with the positive charges
shows a greater variation from 10 to 300 K, an increase
about 6-fold at 1 V, while that of the neutral SMJ-2 increases
about 3-fold (Figures 2a–c).

Figure 2. Temperature-dependent charge transport characteristics. I–V curves at different temperatures for a) SMJ-1, b) SMJ-2, and c) SMJ-3.
Arrhenius plots of ln (ID) versus 1/T for d) SMJ-1, e) SMJ-2, and f) SMJ-3 at different positive bias voltages with bias steps of 0.1 V. Bias-dependent
activation energies for g) SMJ-1, h) SMJ-2, and i) SMJ-3, where I and II represent the high and low temperature regions, respectively. Error bars are
obtained from three devices in each case.
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An in-depth analysis of the I–V characteristics was
conducted to gain a fundamental understanding of the
intermolecular charge transport mechanism. Arrhenius plots
of three representative SMJs obtained from the I–V curves
show two regions, i.e., (i) a high temperature-dependent and
(ii) low temperature-independent transport regimes (Figur-
es 2d–f). In the high temperature region, according to
thermally activated formulas:[22a,23]

DE ¼ � ð1=kBÞ½dðlnIÞ=dð1=TÞ� (1)

where kB is the Boltzmann constant and T is the temper-
ature, the activation energy (ΔE) of the temperature-
dependent regime are extracted as �70 meV, �20 meV and
�50 meV for SMJ-1, SMJ-2, and SMJ-3 at 0.1 V, respec-
tively. This phenomenon suggests that the introduction of
positive charges leads to an increase in the activation energy,
which might result from the Coulomb interaction between
transporting electrons and positively charged molecules. It is
worth noting that the bias-dependent activation energy of
SMJ-1 drops from �70 meV to �20 meV when the bias
voltage changes from 0.1 V to 1 V, while that of SMJ-2
fluctuates at 20 meV with a small drop at high bias voltages
(Figures 2g–i). These results indicate that the positively
charged systems show a greater dependence on bias voltage,
for the reason that the charge transport process of the
positively charged system is more sensitive to the bias
voltage. The calculated activation energies of the transition
states with adding an electron to the positively charged

dimer (D1) and the neutral dimer (D2) are � 0.78 eV and
� 0.19 eV (Figure S13), respectively. The larger activation
energy leads to electron tunneling away from the sand-
wiched molecule as a rate-determining step. Therefore, the
positively charged system is more sensitive to the bias
voltage. In contrast, the activation energies of three SMJs at
low temperatures are all less than 1 meV with no obvious
bias-dependent features. Therefore, it is clear to conclude
that in dimer systems, the transport transition is from
temperature-independent coherent tunneling at low temper-
atures to thermally activated incoherent transport at high
temperatures (Figure 3a).[24] In addition, positively charged
units show a great ability to enhance the incoherent trans-
port process.

The transition temperature from coherent to incoherent
transport is a key parameter to understand the structure–
property relationship of intermolecular charge transport
mechanisms.[22a] Figure 3b shows the representative Arrhe-
nius plots at 0.1 V, in which the extracted transition temper-
atures are about 92 K, 122 K, and 64 K for three SMJs based
on positively charged (SMJ-1), neutral (SMJ-2), and weakly
conjugated (SMJ-3) structures, respectively. From the bias-
dependent analysis (Figure 3c), it is found that transition
temperatures of the three SMJs have less dependence on the
bias voltage. Specific molecular vibration modes are sup-
posed to contribute to transport transition.[22] Apparent
vibration peaks at 55 cm� 1, 87 cm� 1 and 34 cm� 1 for M1, M2,
and M3, respectively, can be observed from the calculated
vibration spectra (Figure 3e), which are related to the

Figure 3. Mechanism for the charge transport transition. a) Schematic mechanism of the charge transport transition. b) Arrhenius plots of ln (ID)
versus 1/T at 0.1 V with marked transition temperatures. c) Transition temperatures of the charge transport transition under different bias voltages.
d) Activated vibration modes (up) and rotation mode (bottom) of M1. e) Calculated vibration spectra of M1, M2, and M3. f) Potential energy as a
function of rotation angle of the phenyl rings for M1, M2, and M3.
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vibrational modes of aromatic rings (Figure 3d and Ta-
ble S1). It is demonstrated that the calculated molecular
vibrational energies are consistent with the thermal energies
of the experimental transition temperatures (Table S2).
Therefore, the incoherent transport mechanism involves
thermally-induced vibration-assisted tunneling,[25] where
thermal energy excites vibrations of molecules that couple
with the transporting electrons. Notably, SMJ-3 shows the
lowest transition temperature because the vibration mode
between the phenyl rings occurs at low frequency in the
weakly conjugated system. The transition temperature of
SMJ-1 (80–105 K) is lower relative to that of SMJ-2 with a
neutral system (100–126 K), which indicates that the pos-
itively charged unit is beneficial for phenyl vibrations with
lower excitation energy. The reason could be that the
delocalization degree for the positively charged M1 is
enhanced due to the uneven distribution of electrostatic
potential, which makes the vibration modes of the phenyl

ring more easily excited with smaller thermal energy. From
the view of the molecular rotation potential, at small
rotation angles, the lowest potential of M3 indicates that the
thermal energy at the low temperature enables to excite the
rotation of pyridine ring (Figure 3f). Significantly, compared
with M2, M1 exhibits a lower rotation potential of aromatic
rings, which suggests that molecular rotation will lead to the
transition of charge transport mechanism. In addition, the
introduction of positive charge can reduce the rotation
potentials, thus lowering the transition temperature of
charge transport.

Energy level alignments play an essential role in
regulating the charge transport mechanisms.[26] The differ-
ential conductance diagrams for SMJ-1 and SMJ-3 at 10 K
show two distinct conductance regimes (Figure S14), i.e.,
region I (blue shading) with a conductance plateau and
region II (yellow shading) with an increasing conductance,
which indicates that the molecular orbitals enter into the

Figure 4. Energy level-dependent charge transport mechanism. Zero-bias voltage transmission spectra of a) SMJ-1, and b) SMJ-3. Gray shading
shows the conductive window. The red and black triangles mark out the transmission peaks of p-HOMO and p-LUMO. Mapping of dI/dV versus
VD and T for c) SMJ-1, and d) SMJ-3. Dashed lines represent the division of resonant and off-resonant tunneling regions. Charge transport
mechanism for e) resonant, and f) off-resonant tunneling. Red region represents the thermal-induced Fermi level broadening of the electrodes.
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conductive window. Notably, the transition voltages for
molecular orbitals entering the conductive window of SMJ-1
is about 0.33 V at positive voltages, which is smaller than
that of SMJ-3 (about 0.78 V, Figure S14). According to the
theoretical calculations, it is found that the perturbed lowest
unoccupied molecular orbital (p-LUMO) of SMJ-1 and
SMJ-3 presented in transmission spectra is close to the
Fermi level, which reveals that p-LUMO is the main
conductive channels for electron transport (Figures 4a and
b). In addition, compared with SMJ-3, the p-LUMO of SMJ-
1 with highly conjugated backbone is closer to the Fermi
level (Figures S15–S17), indicating that a small bias voltage
is sufficient for SMJ-1 to achieve resonant transport, which
is consistent with experimental results.

Based on off-resonant and resonant charge transport,
temperature-dependent charge transport mechanisms are
further explored. From the temperature-dependent mapping
of dI/dV versus VD for SMJ-1 and SMJ-3 (Figures 4c and d),
at the low bias region, corresponding to off-resonant
tunneling, a continuous change of conductance with temper-
ature is observed for both SMJs in the low temperature
region (Figure S18). Since molecular vibration modes could
not be excited at low temperatures, this temperature-
dependent conductance change might be caused by ther-
mally-induced Fermi level broadening. Specifically, the
increased temperature leads to the molecular energy levels
closer to the broadened Fermi level, thus contributing to the
increase of molecular conductance.[27] For off-resonant
tunneling in the high temperature region, the conductance
of SMJ-1 and SMJ-3 enhances with the increase of temper-
ature, which might be the result of the combined action of
thermally induced vibron-assisted tunneling and the thermal
broadening of the Fermi level of the electrode (Figure 4f).
For resonant tunneling under high bias voltages, the temper-
ature-dependent dI/dV spectra for highly conjugated SMJ-1
show a change in conductance at high temperatures because
of the effect of thermally-assisted vibron-tunneling (Fig-
ure 4e). Nevertheless, at low temperatures, no apparent
conductance increase of SMJ-1 is observed, indicating that
the thermal broadening of the Fermi level has little effect.

Conclusion

A series of stable dimer single-molecule junctions with
different charge states and energy levels have been con-
structed through supramolecular assembly using graphene-
based static molecular junctions. A transition from temper-
ature-independent coherent tunneling to temperature-de-
pendent incoherent transport is observed, which is caused
by thermally-induced specific molecular vibration modes.
Significantly, the introduction of positive charge enables to
enhance the incoherent transport with increased activation
energy. Multiple thermal effects have been demonstrated to
play a different role in regulating molecular conductance in
off-resonant and resonant charge transport regions. Ther-
mally-induced vibron-assisted tunneling play a partial role
during the off-resonant transport and has a dominating
impact on resonant transport. The in-depth understanding

of the relationship between the molecular structures of
dimers and the intermolecular charge transport at the single-
molecule level provides fundamental guidance for develop-
ment of desired functional organic materials and devices.
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