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ecular switching achieves 6-order
magnitude conductance change in OPE dimers
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Functional molecular devices have garnered significant research interest over the past ten years due to their

promising potential for applications in both non-volatile memory and novel computing architectures. In this

work, we investigate light-induced switching of electrical conductance in linear oligo(phenylene-ethylene)-

based (OPE) molecules that incorporate an azobenzene bridging unit to form OPE dimers. We demonstrate

that a light stimulus can cause electron transport through the molecule to switch from constructive to

destructive quantum interference through an E to Z (trans to cis) azobenzene isomerisation, leading to

an on–off conductance ratio of up to 6 orders of magnitude, which is comparable with the best

molecular switches obtained to date.
Introduction

Knowledge about charge transport through discrete chemical
compounds is crucial to enable the development of single-
molecule electronic devices.1,2 In the past two decades, many
molecular building blocks and assemblies have been studied as
channel materials for single molecule device applications3

including organic conjugated molecules exhibiting room-
temperature quantum interference (QI) effects.4–7 In a single-
molecule junction (SMJ), the molecules that form the back-
bone of the junction are the primary mediator of electron
transfer across the junction. Hence, the bond switching mech-
anism assumes that it is the change of these chemical bonds
that can be the tool to tailor the transmission of the electrons
through molecules. Charge transport through single molecules
placed between two metallic electrodes is governed by several
factors, such as the compositions of the anchor groups, the
length of the molecule, the properties of the spacers, and the
electronic structures of the aromatic subunits.8–10
, Lancaster, LA1 4YB, UK. E-mail: c.

er.ac.uk

nd Humanities in Al-Kharj, Prince Sattam

audi Arabia

Northern Border University, Arar, Saudi

assim University, Buraydah 51402, Saudi

London, London W12 0BZ, UK

for Pure Science, Tikrit University, Tikrit,

is work.

8–7963
Other critical properties are molecular conformation, the
energy gap between the HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular Orbital),11

the positioning of this gap with respect to the Fermi level of the
metal electrodes, and the coordination geometry at the metal-
molecule interfaces. Recent investigations of QI effects
present new opportunities for regulating charge transport
through single-molecule junctions.12–17 This highlights the
critical need to identify and assess novel approaches for the
effective modulation of QI.18 Control of QI on the sub-molecular
or molecular level would allow us to manipulate these
phenomena with precision. These basic building blocks,
comprising molecular switches that can controllably switch
between “on” (high conductance) and “off” (low conductance)
states, are vital towards developing molecular-scale computing,
sensing, and memory devices. This feature is fundamental as
switching mechanisms with high efficiency can lead to manip-
ulation of signals in electronic systems at the molecular level.19

Consequently, different approaches have been designed that
provide reversible and stable switching of the conductance of
a single molecule between two or more distinguishable states.
Studies have focused on exploring charge transport in con-
ducting channels formed by p–p stacking conformations. The
ability to manipulate the arrangement of the stacking20–23

structure adds a new feature of congurational control that is
critical for the design and fabrication of QI-based supramolec-
ular transistors. Other studies24 have shown that the manipu-
lation of electrode connectivity to phenyl rings leads to
switching QI patterns from constructive quantum interference
(CQI) to destructive quantum interference (DQI). They show
that bridging moieties across the biphenyl core effectively
controlled.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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In this work, we examine the switching ratio in OPE junc-
tions25 formed from a 1,4-bis(phenylethynyl)benzene (OPE3)
backbone, incorporating an azobenzene group as a bridging
unit connecting two OPE3 backbone molecules, with thio-
methyl (SMe) anchor groups, as schematically shown in Fig. 1.
The OPE3-based molecule has three phenyl rings (benzene
units) with ethylene (–C^C–) linkages, forming a p-conjugated
system.26,27 Azobenzene is a well-known functional group with
two phenyl rings connected by an azo (–N]N–) bond, which
serves as a key feature of its structure and functionality due to
its E/Z photoisomerisation.28,29 The SMe groups are used as
anchors to electrodes and consists of a sulfur atom attached to
a methyl group (–CH3). It is commonly used as a substituent in
organic compounds and is an essential component in organo-
sulfur chemistry30,31 (for more detail see Fig. S2 and S3). Using
the optimised structures, we employed the SIESTA code to
compute self-consistent geometries, ground-state Hamilto-
nians, and overlap matrix elements for the studied molecules,
as shown in Fig. S4. This study focuses on the electrical
conductance of the OPE3-based dimer, specically on congu-
rations where only two anchoring groups are connected tometal
electrodes, thereby enabling current to pass through the mole-
cule. As illustrated in Fig. 1, two possible anchor pairs of
connections are considered, as indicated by the yellow shading.
This is similar to molecules examined in our previous study,
shown in Fig. S1, which included a 1,4-diethynylbenzene group
as the cross linking bridge between the two OPE3 backbones
and showed switching from a high to low electrical conduc-
tance, with an on–off ratio of up to 3 orders of magnitude.25

Light-induced conductance switching is an important topic
in molecular electronics. Some commonly studied photo-
chromic molecules include azobenzenes,32–36 dihydroazulenes37

and spiropyrans.38 Light has many advantages compared to
other stimuli, such as remote application, fast response time,
tuneable energy and non-invasive nature.39 When irradiated
with light, the photoresponsive portion of these molecules
Fig. 1 Schematic representation of an OPE3-based dimer, comprising
of two OPE3 backbones linked via a conjugated azobenzene-con-
taining bridge and terminated with thiomethyl (SMe) anchor groups.
The molecule is designed to facilitate photoinduced isomerization
about the azo double bond and quantum interference effects in
single-molecule junctions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
typically undergoes either bond cleavage (open) or bond
formation (closed), thereby reducing or enhancing conduc-
tance, respectively.40–44 The two distinct minimum energy values
provide evidence that the molecule can stably exist in both
congurations, suggesting the potential coexistence of these
states under appropriate conditions45–47 as shown in Fig. 2.

Methods

All theoretical simulations were conducted using the density
functional theory (DFT) SIESTA code.48 The optimised geome-
tries of the isomers of the OPE3-based molecule were obtained
upon relaxing the isomers until the atomic forces became
<0.01 eV Å−1 (see optimised DFT structures of isolated cong-
urations in Fig. S4, SI) We employed a double zeta plus polari-
zation orbital basis set, norm-conserving pseudopotentials, and
local density approximation GGA exchange–correlation func-
tional, with a real space grid dened by an energy cut-off of 250
Rydberg. Furthermore, we performed calculations while using
the generalized gradient approximation GGA, obtaining very
similar structures as in the LDA case.49–51

Results and discussion

Upon light irradiation, the OPE3-based molecule isomerises
from an E to Z conguration, referred to A and B, respectively,
with their structures shown in Fig. 2. Fully relaxed congura-
tions of both isomers were obtained by allowing the systems to
reach their minimum energy geometries, as shown in Fig. S9. To
conrm their relative stability, we computed the total energies
of both structures, enabling a comparative analysis of their
energetics. Our DFT simulations demonstrated that both
structures are stable, with a total energy difference of only
0.04 eV between the two isomers.

In a study by Jia et al.,52 the authors investigated a single-
molecule junction applied with a photoactive diarylethene
unit designed with three methylene groups to generate weak
connections to graphene electrodes. Upon exposure to UV light,
the diarylethene molecule switches from an open conforma-
tion, which has low conductance (off state), to a closed
Fig. 2 Schematic illustration of the OPE3-based molecule in an E or Z
isomer under light stimulus, labelled A and B, respectively. A total
energy difference of 0.04 eV is calculated between the fully relaxed
geometries of the two isomers.

Nanoscale Adv., 2025, 7, 7958–7963 | 7959
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conformation with high conductance (on state). Conversely, it
returns to the open state under exposure to visible light. In this
current study, we investigate the electrical properties of an
OPE3-based structure incorporating an azobenzene bridge,
aiming to evaluate switching characteristics and potential for
use in molecular electronic devices. Fig. 3(a) shows the two
isomers of the OPE3-based molecule with arrows showing the
thiomethyl groups the electrodes are connected to, which are
either meta- (le) or para-connected (right) due to the azo-
benzene photoisomerization. We calculated the transport
properties with two different pairs of contacts to electrodes for
each of the two isomers. The HOMO, LUMO, and their neigh-
bours (i.e., HOMO+1, LUMO+1 etc.), along with their energies
are shown in Fig. S5 and S6 (SI). Fig. 3(b) shows the trans-
mission coefficient of the meta-connected E isomer (orange)
switching from a destructive QI to the constrictive para-con-
nected Z isomer (light blue). The photoisomerization of the
azobenzene group, results in the rotation of the second OPE3
backbone.53–55 These reversible changes in azo-bonding are
ideal for the conductance switching behaviour between on and
off states. We investigated the role of connectivity in leading to
high and low electrical conductivity associated with CQI and
DQI.56 In particular, we found that DQI emerges when the
transport path contains one or more meta-connections. The
photochromic azobenzene allows the molecule to be isomerized
Fig. 3 (a) Schematic illustration of the two OPE3-based structures
meta- and para-connected (E and Z on the left and right). Dark orange
arrows indicate meta-connection, while the light blue is para-
connection. (b) Transmission coefficient T(E) of both junctions against
electron energy E. Shaded area shows the comparison area.

7960 | Nanoscale Adv., 2025, 7, 7958–7963
between on or off states, with an on/off transmission ratio of
between 5 and 10 orders of magnitude over a wide range of
energy >1.5 eV, as indicated by the shaded region in Fig. 3b.
This demonstrates that light-induced switching can produce
on–off ratios that are signicantly larger than published ratios
for similar molecules.14,57–60 This large ratio arises, because
transport through the le junction in Fig. 3a takes place via
a meta-connected phenyl ring in the right OPE3 backbone,
leading to DQI. Whereas transport through the right junction in
Fig. 3b takes place via a para-connected phenyl ring, leading to
CQI.

To realise the above switching experimentally, we envisage
starting from the E isomer in the “off” position, bound to the
substrate by the lower SMe group. As an STM or conductive AFM
tip approaches the E isomer from above, it will rst encounter
the SMe group at the position of the yellow arrow and therefore
measure the low “off” conductance. Aer withdrawing the tip,
shining light onto the trans molecule causes it to ip to the Z
isomer (Fig. 3a, le to right). As an STM or conductive AFM tip
approaches the Z isomer from above, with a high probability, it
will rst encounter the SMe group at the position of the blue
arrow and therefore measure the higher Z conductance.

In real scanning tunneling microscopy (STM) break-junction
experiments, in the Z form, it may be possible to connect to the
molecule at the points indicated by the green arrows in Fig. 4a,
whose resulting transmission coefficient is shown in Fig. 4b.
Within the HOMO–LUMO gap (indicated by the shaded area)
Fig. 4 (a) Schematic illustration of the two OPE3-based structures
with E and Z conformations. (b) Transmission coefficient T(E) of both
junctions against electron energy E, obtained when electrodes are
connected to the SMe groups indicated by arrows.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the cis transmission coefficient is again signicantly greater
than the that of the trans molecule and therefore a large
conductance ratio is still expected when E–Z isomerisation is
induced.

Conclusion

We have demonstrated that photoisomerization of the azo-
benzene linker in an OPE3-based dimer can cause the electron
transport to switch from DQI, (corresponding to a low-
conductance off state) to CQI (corresponding to a high-
conductance on state). In the off state, the transmission coef-
cient T(E) is between 5 and 10 orders of magnitude smaller
than that of the on state over a large energy range within the
HOMO–LUMO gap, and therefore the electrical conductance

G ¼ 2e2

h
TðEFÞ is between 5 and 10 orders of magnitude smaller

than that of the on state, depending on the precise value of the
Fermi energy EF. This large on–off conductance ratio opens new
avenues for creating molecular-scale devices, with favourable
switching characteristics.
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N. Agräıt and N. Mart́ın, Incorporating single molecules
into electrical circuits. The role of the chemical anchoring
group, Chem. Soc. Rev., 2015, 44(4), 920–942.

3 X. Li, Y. Zheng, Y. Zhou, Z. Zhu, J. Wu, W. Ge, Y. Zhang, Y. Ye,
L. Chen and J. Shi, Supramolecular Transistors with
Quantum Interference Effect, J. Am. Chem. Soc., 2023,
145(39), 21679–21686.

4 Y. Li, M. Buerkle, G. Li, A. Rostamian, H. Wang, Z. Wang,
D. R. Bowler, T. Miyazaki, L. Xiang and Y. Asai, Gate
controlling of quantum interference and direct observation
of anti-resonances in single molecule charge transport,
Nat. Mater., 2019, 18(4), 357–363.

5 B. Huang, X. Liu, Y. Yuan, Z.-W. Hong, J.-F. Zheng, L.-Q. Pei,
Y. Shao, J.-F. Li, X.-S. Zhou and J.-Z. Chen, Controlling and
observing sharp-valleyed quantum interference effect in
single molecular junctions, J. Am. Chem. Soc., 2018,
140(50), 17685–17690.

6 A. K. Ismael, I. Grace and C. J. Lambert, Increasing the
thermopower of crown-ether-bridged anthraquinones,
Nanoscale, 2015, 7(41), 17338–17342.

7 A. K. Ismael and C. J. Lambert, Molecular-scale
thermoelectricity: a worst-case scenario, Nanoscale Horiz.,
2020, 5(7), 1073–1080.

8 T. Sendler, K. Luka-Guth, M. Wieser, K. L. A. Lokamani,
J. Wolf, M. Helm, S. Gemming, J. Kerbusch, E. Scheer and
T. Huhn, Light-induced switching of tunable single-
molecule junctions, Adv. Sci., 2015, 2(5), 1500017.

9 M. L. Perrin, E. Galán, R. Eelkema, J. M. Thijssen, F. Grozema
and H. S. van der Zant, A gate-tunable single-molecule diode,
Nanoscale, 2016, 8(16), 8919–8923.

10 M. Alshammari, A. A. Al-Jobory, T. Alotaibi, C. J. Lambert and
A. Ismael, Orientational control of molecular scale
thermoelectricity, Nanoscale Adv., 2022, 4(21), 4635–4638.

11 E. Leary, B. Limburg, A. Alanazy, S. Sangtarash, I. Grace,
K. Swada, L. J. Esdaile, M. Noori, M. T. González and
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