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ABSTRACT: Biphenyl, as the elementary unit of organic
functional materials, has been widely used in electronic and
optoelectronic devices. However, over decades little has been
fundamentally understood regarding how the intramolecular
conformation of biphenyl dynamically affects its transport
properties at the single-molecule level. Here, we establish the
stereoelectronic effect of biphenyl on its electrical conductance
based on the platform of graphene-molecule single-molecule
junctions, where a specifically designed hexaphenyl aromatic
chain molecule is covalently sandwiched between nanogapped
graphene point contacts to create stable single-molecule
junctions. Both theoretical and temperature-dependent ex-
perimental results consistently demonstrate that phenyl
twisting in the aromatic chain molecule produces different microstates with different degrees of conjugation, thus leading to
stochastic switching between high- and low-conductance states. These investigations offer new molecular design insights into
building functional single-molecule electrical devices.
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From its very start, the great potential of molecular
electronics, where individual molecules are integrated

into electrical circuits, is to meet the increasingly urgent
demand for miniaturization of microelectronic devices and their
further functionalization.1,2 Toward this end, over the past
several decades, scientists from different disciplinary back-
grounds have devoted tremendous effort to develop various
molecular junctions with specific functions both theoretically
and experimentally, demonstrating a research focus on device
functionalization through rational molecular engineering.3−11

In addition to the future technological vision, the field of
molecular electronics is also of fundamental interest, enabling
us to probe and understand novel physical and chemical effects
at the single-molecule level.12−15

Considering both scientific significance and practical
application, electrical switches based on molecular junctions
have been intensely investigated. In general, specific stimuli-

responsive molecules are necessary to realize the switching
function in molecular junctions. For instance, photochromic
molecules have been used for implementing photoswitching in
single-molecule junctions, where photoinduced isomerization
occurs under proper light irradiation.16−21 In another set of
remarkable examples using molecules with specific redox
centers, the inherent electric field in the junctions can alter
the conductance states by changing either their charge states22

or conformations23,24 at appropriate bias voltages. In addition
to these, regarding mechanically controlled break junction
(MCBJ) and scanning tunneling microscope (STM) based
molecular devices, external mechanical control of the junction
gap can be utilized to alter the conductance state, which might
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result from the corresponding transformation of the molecular
orbital level,25 the change of interface coupling,26 the
stereoelectronic effect,27,28 or the stretching-induced spin
transition.29 Moreover, the fluctuation at gold−sulfur bonds30
usually leads to stochastic switching in traditional molecular
junctions based on metal electrodes. Toward real-world
applications, however, it is still crucial to develop alternative
switching mechanisms and operation for constructing reliable
molecular switches.
Aromatic chain, especially biphenyl as the elementary unit of

organic functional materials, has great potential of extensive
applications in organic field-effect transistors (OFET),31

organic light-emitting diodes (OLED),32 and solar cells.33,34

Both experimental and theoretical investigations have suggested
that the stereoelectronic effect of the biphenyl-based aromatic
structures, namely the variation of twisting angles and
corresponding π−π overlaps between phenyl rings, can
significantly influence the structure and photophysical proper-
ties of organic functional molecules35,36 (and thus the
performance of the corresponding devices37). In particular,
theoretical calculations have predicted the temperature-depend-
ent torsion of the biphenyl skeleton38 and conformation-
dependent charge transport through the biphenyl molecule.39

This prediction strongly suggests the potential use of realizing
the switching function with proper design of the biphenyl
structures.40 In the case of terphenyl, there are two different
dihedral angles between the outer two benzene rings at each
end: one is zero, while the other is almost two times as large as
that between the benzene rings in the biphenyl (Figure 1, top).

Intuitively, the π−π overlap in the former is larger than that in
the latter. On the basis of this assumption, we name the former
and latter cases as strongly-conjugated and weakly-conjugated,
respectively.41 In the present study, by taking advantage of such
stereoelectronic effects of the terphenyl, we aim to explore the
temperature-dependent biphenyl torsion and corresponding
conductance switching effect in the aromatic chain single-
molecule junctions.
Specifically, a hexaphenyl aromatic chain was designed with a

symmetrical terphenyl structure, where the medial biphenyl is
in a fluorene form to fix the dihedral angle, and amino
anchoring groups at two ends. By using nanogapped graphene
point contacts fabricated through a dash-line lithographic
method described in detail elsewhere,42 individual aromatic
chain molecules were covalently linked to the graphene
electrodes with amide bonds to form aromatic chain single-

molecule junctions (Figure 1, bottom; Figure S4). Because of
the good stability of both graphene electrode materials and
covalent amide linkages, the contacts of the fabricated junctions
are more robust than metal−sulfur bonds (such as Au−S
bonds) in traditional molecular junctions that have the problem
with the fluctuation interference,30 thus ensuring the
exploration of the device function from the intrinsic property
of the aromatic chain.
To reveal the inherent stereoelectronic effect of the central

aromatic chain, conformational characteristics of the hex-
aphenyl aromatic chain were investigated by using density
functional theory (DFT). Through structural optimization and
vibrational analysis, three distinct stable conformations (State 1,
State 2, and State 3) arising from the variation of the dihedral
angles between the phenyl groups were found (Figure 2 and
Tables S1−S2). Actually, State 2 can be viewed as a middle
state between State 1 and State 3, and the whole conformation
changing process is expressed as shown in Figure 2, where T-
State 1 and T-State 2 are the transition states between State 1
and State 2 and between State 2 and State 3, respectively. From
chemical intuition, a flatter conformation has a higher degree of
conjugation. An obvious difference of infrared and Raman
spectral features at the wavenumber range of 0−200 cm−1

(Figure S6) was observed for the three states. For each state, a
vibration mode at ∼80 cm−1 corresponds to the twisting of the
benzene ring (Figure S10). To clarify the thermodynamic
process of conformational changes, the electron energy,
enthalpy, and Gibbs free energy of different stable and
transition states were calculated, where each value of State 2
was used as the zero-point reference (Figure 2, Table S2). We
found that each energy parameter of the three stable states were
within ∼1 kJ/mol, while State 3 were relatively higher and State
1 lower. In kinetics, the energy barriers for conformation
changes among States 1−3 are determined by T-States 1 and 2,
which were predicted to be ∼7 kJ/mol. These calculations set
the foundation for the following conductance switching
investigation.
On the basis of the investigation of the current−voltage (I−

V) characteristics of hexaphenyl aromatic chain single-molecule
junctions, stochastic switching between two distinct con-
ductance states was indeed observed at 120 K when the bias
voltage swept from −0.12 to +0.12 V (Figure 3b). However,
within a large bias range this stochastic switching did not occur
(Figure S7), excluding the possibility of charge-trap-induced
switching.22 Another important fact we found is that the
occurrence of stochastic switching was highly temperature-
dependent. The I−V characteristics over the temperature range
from 100 to 140 K were shown in Figure 3. Clearly, it can be
observed that with increasing the temperature, the switching
frequency gradually increased and the current ratio between
high/low conductance states gradually decreased. In detail, at
100 K, the device only displayed the typical I−V curves, which
correspond to a high conductance state. When the temperature
rose to 120 K, stochastic switching between two conductance
states started to occur. The switching frequency tends to
increase with temperature. Till 140 K, the device nearly stayed
in the low conductance state. To gain more information on
stochastic switching, the mean dwell times of the high and low
conductance states at 120 and 130 K were further extracted out.
At 120 K, the mean dwell times of the high and low
conductance states were ∼11.4 and ∼5.3 s, respectively. In
contrast, at 130 K, the mean time of the device performing the
low conductivity remained similar (∼5.1 s) while the high-

Figure 1. Schematic of conformational transition of terphenyl units
between strongly-conjugated and weakly-conjugated states and
corresponding hexaphenyl aromatic chain single-molecule junctions.
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conductance lifetime decreased to ∼2.6 s, thus demonstrating
that the switching frequency of the devices increased with
temperature. Note that stochastic switching at positive biases is
stronger than that at negative biases. This asymmetric switching
might be due to the asymmetry in the two sides of graphene
contacts43 or other unknown reasons.
We found that the temperature threshold for the

conductance switching of molecular junctions was ∼120 K as
shown in Figure 3. This implies that above the effective
temperature threshold there is enough thermal energy to
induce phenyl rotation in the molecule, which ultimately
decreases the conjugation and the conductance of the

corresponding junction. Although the energy barriers between
transition states and stable states of the molecule (∼7 kJ/mol)
is higher than the thermal activation energy at 120 K
temperature (kBT, ∼1 kJ/mol), there is a small propability
for molecular rotation, which increases greatly with temper-
ature.44

As the π−π overlap in State 1 is larger than that in both State
2 and State 3, we hypothesize that the high conductance state
corresponds to State 1 of the aromatic chain while the low
conductance state corresponds to State 2 and/or State 3. To
support this prediction, the transport properties of single-
molecule junctions were calculated within the framework of

Figure 2. Electron energy diagram of three stable conformations (State 1, State 2, and State 3) and corresponding transition states (T-State 1 and T-
State 2) for the hexaphenyl molecule. The configurations for each conformation and transition state are given out with partial dihedral angles marked
out. The ended red parts represent the amide linkage (CONH).

Figure 3. I−V characteristics for a hexaphenyl aromatic chain single-molecule junction at different temperatures. (a) I−V curves at 100 K, which
show the high conductivity. (b) I−V curves at 120 K, where the stochastic switching starts to occur. The black and red curves are visual aids for the
low and high conductance states. (c) I−V curves at 130 K showing stochastic switching with higher frequency. (d) I−V curves at 140 K, where the
junction prefers the low conductance state. All I−V curves are recorded on a single device for at least three times.
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DFT in combination with a nonequilibrium Green’s function
method.45 Specifically, single-molecule junctions with three
different configurations were constructed according to State 1,
State 2, and State 3 of the aromatic chain (Figure 4 with

armchair-edged graphene electrodes and Figure S14a with
zigzag-edged graphene electrodes). From transmission spectra
of different junctions at the zero-bias voltage (Figures 5a, S13a,
and S14b), it can be observed that only perturbed highest
occupied molecular orbital (p-HOMO) transmission peaks are
close to the Fermi level, which means that hole transport based
on p-HOMO dominates at low bias voltages. Importantly, the
transmission coefficient at the Fermi level for State 1 under the
zero bias voltage was also much larger than those for State 2
and State 3 (Figures 5a, S13a, and S14b), again leading to the
higher conductance for State 1. In addition to these, the I−V
curves of the three different molecular junctions were also
calculated. From the calculated I−V curves as shown in Figures
5b, S13b, and S14c, it can be observed that the hexaphenyl
aromatic chain in State 1 is more conductive than those in State
2 and State 3. Therefore, the above-observed stochastic
conductance switching should be attributed to the conforma-
tional changes of the aromatic chain, which originates from the
torsion of terminal biphenyls at both sides. When the molecule
is in State 1, the device shows the high conductance and when

it transfers to State 2 or State 3, the conductance switches to
the low state accordingly (Figure 5d).
To deeply understand the temperature-dependent switching

behavior of molecular junctions, the thermodynamic and
kinetic processes of molecular switching were thoroughly
discussed. The switching between different conformations
consists of four elementary reactions, that is, transformation
from State 1 to State 2 and that from State 2 to State 3, and
their inverse reactions. The thermodynamic equilibrium
constant Kij and reaction rate constant kij for the reaction
from State i to State j can be expressed as Kij = e−ΔGij/kBT and kij
∝ e−Ea

ij/kBT, respectively, where ΔG is the free energy change, Ea

is the activation energy (free energy difference between the
stable state and the transition state), and T is the temperature.
At a low temperature (50 K < T ≤ 100 K), the molecule
remains in a low-enthalpy−energy state (State 1), because k12 is
too low to promote the conformation switching (although the
positive ΔG12 is favorable to the transition from State 1 to State
2). When the temperature reaches 120 K, the thermal energy
(∼1 kJ/mol) is large enough for each reaction (G21 = 0.41 kJ/
mol, and G23 = 1.04 kJ/mol) (Table S2). In the aspect of
kinetics, Ea and kBT start to be at the same order of magnitude
in energy, so both the reaction rate constants of the switching
from State 2 to State 1 and from State 2 to State 3 begin to
jump (Figure 5c). Correspondingly, the conformation changes
among States 1, 2, and 3 are observed as demonstrated by
conductance switching in I−V plots, and the low conductance
state is attributed to State 2 and/or State 3. As the temperature
keeps increasing (T ≥ 140 K), the kBT gradually surpasses the
absolute value of each ΔG, and the conformational switching
becomes so fast that the system reaches its equilibrium quickly.
Neither dominating state nor switching process can be
experimentally observed at high temperature, and we can
only obtain the statistical average results of all three states with
averaged conductance.
To support the mechanism discussed above, we also

designed and synthesized a control molecule based on a
terphenyl structure, in which the neighboring phenyl groups are
locked in a fluorene form (Compound 2 in Scheme S2). As
demonstrated by theoretical calculations (Figure S15), the
three phenyl groups are fixed in a planar conformation.
Therefore, on the basis of the investigation of the current−
voltage (I−V) characteristics of this control terphenyl single-
molecular junctions under the same measurement condition,
we did observe only one conductance state (Figure S16). This
is consistent with the explanation of stereoelectronic effect-
induced conductance switching observed in hexaphenyl
aromatic chain single-molecule junctions.
In conclusion, we presented here a reliable approach to

reveal and understand the stereoelectronic effect on molecular
conductivity in a specifically designed hexaphenyl aromatic
chain molecule. When the aromatic chain molecule was
covalently linked to graphene electrodes to form robust
single-molecule junctions, we demonstrated a temperature-
dependent stochastic conductance switching originating from
thermally-induced random twisting of the phenyl group, which
led to strongly conjugated (high conductance) and weakly-
conjugated (low conductance) states, as demonstrated both
experimentally and theoretically. Such stereoelectronic effect-
induced conductance switching investigations provide a fresh
perspective for constructing future practical functional single-
molecule devices. In addition, these results will also help to

Figure 4. Three different configurations of hexaphenyl aromatic chain
single-molecule junctions constructed according to State 1, State 2,
and State 3.
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design biphenyl-based high-performance organic functional
materials for electronic and optoelectronic applications.
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