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MOLECULAR JUNCTIONS

Covalently bonded single-molecule
junctions with stable and reversible
photoswitched conductivity
Chuancheng Jia,1* Agostino Migliore,2* Na Xin,1* Shaoyun Huang,3* Jinying Wang,1
Qi Yang,3 Shuopei Wang,4 Hongliang Chen,1 Duoming Wang,4 Boyong Feng,3
Zhirong Liu,1 Guangyu Zhang,4 Da-Hui Qu,5 He Tian,5 Mark A. Ratner,6 H. Q. Xu,3†
Abraham Nitzan,7,8† Xuefeng Guo1,9†
Through molecular engineering, single diarylethenes were covalently sandwiched between
graphene electrodes to form stable molecular conduction junctions. Our experimental
and theoretical studies of these junctions consistently show and interpret reversible
conductance photoswitching at room temperature and stochastic switching between
different conductive states at low temperature at a single-molecule level. We demonstrate
a fully reversible, two-mode, single-molecule electrical switch with unprecedented
levels of accuracy (on/off ratio of ~100), stability (over a year), and reproducibility
(46 devices with more than 100 cycles for photoswitching and ~105 to 106 cycles for
stochastic switching).

R

apidly growing research in nanoscience has
implications for the development of computing devices, solar energy harvesting, chemical
sensing (1–4), photonics and optoelectronics,
biomedical electronics [such as cell-chip connections, cyborg cells (5), electroceuticals (6), and
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prosthetics], and biofuel cells (7). The development
of electronic devices based on controllable molecular conduction aims to meet the urgent demand
for further device miniaturization on one hand,
and the need to effectively interface organic and
inorganic materials for biomedical and nanoelectronic applications on the other. To this end,
diverse approaches to molecular nanodevices have
been proposed and have faced important issues of
reproducibility and stability (8).
Switches are basic components of almost any
electronic device. The manufacturing of reliable
molecular switches is a crucial test of the possibility to use molecules as pivotal components of
electronic devices. Molecular switches have been
intensively investigated for two decades (9–11),
but only a few studies have demonstrated unidirectional switching (namely, irreversible change)
in molecular conduction (12–14), while failing to
produce actual (bidirectional) conductance switching. In this work, we demonstrate a reversible
molecular electrical switch that consists of a single
diarylethene molecule in a junction comprising
graphene electrodes.
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dysfunction, can be reversed in aging by using a
nutritional intervention to boost NAD+ concentrations in SCs. Additionally, our findings suggest
that NAD+ repletion may be revealed as an attractive strategy for lengthening mammalian life span.

One of the most challenging issues in fabricating
reliable (namely, stable and reproducible) molecular switches is the lack of control of the properties of the molecule-electrode interface (15). In
particular, only unidirectional optoelectronic switching (from closed and conducting to open and nonconducting diarylethene) was observed for single
diarylethenes sandwiched between gold electrodes via Au–S bonds (12). This response was attributed to quenching of the excited state of the
open molecular form in the presence of the Au electrode. We have reported the opposite unidirectional
photoswitching of single diarylethenes (from the
insulating open form to the conducting closed
form) when they were used to bridge nanogaps
between carbon electrodes [either single-walled
carbon nanotubes (13) or graphene sheets (14)]
because the molecule remained locked in its closed
form as a consequence of the energy transfer from
the photoexcited molecule to the extended p-electron
system in the electrodes. This quenching effect resulted from the strong molecule-electrode couplings
produced by the covalent amide linkages, which
we originally used to enhance the device stability
(16, 17). These results have stressed the crucial importance of the molecule-electrode coupling strength
in determining the device performance.
To overcome this issue, in the present study we
have incorporated three methylene (CH2) groups
into each side of the molecular backbone (Fig. 1,
scheme S1, and fig. S1) (18) in order to decrease
the effective molecule-electrode coupling. Theoretical analysis suggests that this structural modification reduces the electrode-molecule coupling
to a level that may avoid the quenching of the
molecular excited state by the electrodes and moves
the system from the Landauer regime without
the CH2 groups closer to the Coulomb blockade
regime, in which the molecule is locked in either
the closed or open conformation. Our calculations show narrow resonance half-widths of the
transmission peaks [in correspondence to the perturbed highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO)
energies (fig. S2)] (18), which amount to interfacial graphene-molecule coupling on the order
of 1 meV in both open and closed forms—that
is, considerably weaker than those in previous
cases (14).
It was found that diarylethene-reconnected
molecular junctions with graphene electrodes reversibly switched at a single-molecule level in a
robust and reproducible way (Fig. 2); 46 devices
were successfully implemented and studied. The
on/off ratio was 107.1 ± 56.3 when light with different wavelengths was toggled back and forth (Fig.
2, A and B; figs. S3 to S7; and table S1) (18). The
assignment of the open and closed molecular forms
was further confirmed by means of low-temperature
inelastic electron tunneling spectroscopic measurements and related theoretical analysis (figs.
S9 to S12) (18).
Our theoretical analysis (supplementary materials, section S9.2) (18) shows that the HOMO of
diarylethene is the only molecular orbital with energy close enough to the unbiased electrode chemical potentials to enter the electrode Fermi window
1444
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Fig. 1. Schematic of a graphene-diarylethene-graphene junction that highlights the expansion of
the molecular bridge by methylene groups.

Fig. 2. Reversible photoswitching of graphene-diarylethene-graphene junctions. (A) I-V characteristics of individual diarylethenes in open (black line) and closed (red line) form at gate voltage VG = 0 V. VD,
drain voltage; ID, drain current. (B) Real-time measurement of the current through a diarylethene molecule
that reversibly switches between the closed and open forms, upon exposure to ultraviolet (UV) and visible
(Vis) radiation, respectively. VD = 100 mV and VG = 0 V.

in the bias range explored, thus enabling conduction. Assuming a charge-hopping transport mechanism, for the closed-ring molecular bridge at
room temperature, our analysis establishes that
the threshold bias voltage for the onset of appreciable current is in the range 0 to 0.38 V [as
shown in supplementary materials, section S9.2
(18), this range is narrowed to 0 to 0.23 V if the
computational uncertainties in the HOMO and
reorganization energy are limited to the respective standard deviations]. Moreover, our theoretical analysis predicts a minimum threshold bias
voltage of 1.2 V for observing appreciable conduction through the open molecular form. The
theoretical predictions for both closed and open
molecular forms are in agreement with the experimental current-voltage characteristics reported

in Fig. 2A, where the onset of the current through
the closed molecule occurs at ~0.3 V, whereas no
appreciable conduction through the open molecule
is observed up to 1 V. Assuming that tunneling
mediated by a molecular level is at play and using
the elegant theoretical approach by Bâldea et al.
(19), we again find that the offset of the HOMO
from the electrode Fermi level is significantly
larger for the open form than for the closed form
of the diarylethene bridge (fig. S8) (18).
If resonant tunneling (as is described by the
Landauer-Büttiker formalism) is assumed as the
dominant conduction mechanism, as was recently done for other diarylethene junctions (20), the
threshold bias voltage for the onset of appreciable current is located in the range of 0.3 to 1.0 V,
which is still compatible with the characteristics
sciencemag.org SCIENCE
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This work shows that molecules with suitable
conductive properties and amenable to anchoring to solid-state electrodes can be key components
for future nanoelectronics. Molecular engineering
aimed to modulate the molecule-electrode coupling
strengths has been the key to our success in constructing fully reversible, two-mode, single-molecule
electrical switches.

Fig. 3. Temperature-dependent stochastic switching of graphene-diarylethene-graphene junctions. (A) I-V characteristics of a single diarylethene junction in the closed form screened at 140 K for at
least three times, which do not show stochastic switching. (B) Stochastic switching between two
conductive states at 180 K. (C) I-V characteristics at 240 K. The stochastic conductance switching starts
to disappear at this temperature. (D) Real-time recording of stochastic conductance switching at 180 K,
with a source-drain bias of ‒0.8 V and a gate voltage of 0 V. The full details of the temperature-dependent
stochastic conductance switching are provided in figs. S13 to S21 (18).

in Fig. 2A. A reliable discrimination between
the hopping and resonant tunneling mechanisms
for conduction requires further experimental
and theoretical analysis (table S4 and its discussion) (18). In either mechanism, the energy gap
between the molecular HOMO and the graphene
Fermi level plays a crucial role in determining
the threshold bias voltage for conduction, also
because of the relatively small reorganization
energy, which we have calculated to be l = (0.27 ±
0.02) eV.
In addition to the photoinduced switching (Fig.
2B), systematic measurements over a wide temperature range revealed stochastic switching of
the closed junction between two conductive modes
(Fig. 3). This phenomenon was observed only for
the closed form in the temperature range of 160 to
240 K (figs. S13 to S21 and tables S2 and S3) (18).
Although the detailed mechanism of this behavior
cannot be decided yet, some conclusions can be
reached from our observations and theoretical
analysis. This analysis indicates that neither the
SOMO (singly occupied molecular orbital) of the
molecular cation nor the LUMO of the neutral
molecule are involved in this stochastic switching
because these levels are much lower and higher in
energy, respectively, than the unbiased graphene
Fermi level (21, 22). In either the hopping or the
resonant tunneling model (23), the stochastic
switching may be caused by a diarylethene conformational change, possibly driven by transient
SCIENCE sciencemag.org

molecular charging—that is, changing occupation
of the molecular HOMO—which is similar to that
recently observed in organometallic single-molecule
junctions with a redox center that is weakly coupled to the electrodes (24). Such a conformational
change can lead to a bistable free-energy surface,
with relative stability determined by entropy
(number of microstates involved) and therefore
sensitive to temperature. The current-voltage
(I-V) characteristics in figs. S14 and S20 (18) are
consistent with this picture if the two locally
stable conformations have different conductions.
In a simple model for such behavior—the polaron
model of Galperin et al. (23)—the entropic term
results in a temperature-dependent molecular
electronic (free) energy, and the relative stability
of the two conductive states predicted by the
model is inverted as the temperature increases
(fig. S27) (18). The current measurements do not
rule out the possibility that stochastic conductance switching similar to that in Fig. 3 may be
observed for the open-form molecular bridge at
higher voltages for which the open-form HOMO
enters the electrode Fermi window.
Both the photoswitching (Fig. 2) and the stochastic conductance switching (Fig. 3) were consistently observed in many devices for many switching
cycles (more than 100 cycles for photoswitching
and ~105 to 106 cycles for stochastic switching).
Furthermore, the photoswitches produced in this
work have been stable for over a year.
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Stable molecular switches
Many single-molecule current switches have been reported, but most show poor stability because
of weak contacts to metal electrodes. Jia et al. covalently bonded a diarylethene molecule to graphene
electrodes and achieved stable photoswitching at room temperature (see the Perspective by Frisbie). The
incorporation of short bridging alkyl chains between the molecule and graphene decoupled their
pielectron systems and allowed fast conversion of the open and closed ring states.
Science, this issue p. 1443; see also p. 1394
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