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ABSTRACT: The development of catalysts with a built-in electric
field to catalyze and control complex chemical reactions under mild
conditions with exceptional stereo and regioselectivity remains a key
objective in synthetic chemistry. In this work, we demonstrate a novel
approach in which the intrinsic electric field within a break junction
nanocavity triggers and probes a substrate-selective, multistep cis-
azobenzene diborylation reaction in the dark at the single-molecule
level under ambient conditions. Our results combine the key aspects
of electric field catalysis and substrate recognition to drive reactions in
a nanoscale confined environment. The study further demonstrates
how the reactivity landscape for the “N�N” bond functionalization
and borylation reactions can be tuned by an oriented external
electrical field present within a nanometallic junction, opening a new
avenue in borylation chemistry. Furthermore, theoretical studies corroborate the experimental finding by revealing how the trans−
cis-azobenzene isomerization energy landscape can be reshaped in the presence of an electric field to facilitate a cis-azobenzene
selective diborylation reaction without the aid of a metal catalyst or external light irradiation.

■ INTRODUCTION
Molecular recognition is a cornerstone of biological function,
governed by the complementary paradigms of induced fit and
conformational selection, which together enable highly specific
stereochemical interactions between biomolecules.1 These
principles have profoundly influenced synthetic chemistry as
well, inspiring the design of stereoselective reactions and
catalytic pathways capable of achieving high yield and purity.2

Reaction strategies that emulate the organizational and
dynamic features of biological machinery often prove to be
the most efficient, echoing nature’s ability to direct chemical
transformations with remarkable precision. Chemists have long
appreciated the importance of nanoconfinement effects3,4 and
electrostatic field effects5−7 in enzymatic catalysis, where
structurally restricted active sites create unique microenviron-
ments that stabilize transition states and modulate reactivity.8

Developing synthetic analogues that replicate such substrate
specificity and catalytic efficiency of enzymes remains an
ongoing challenge.
In this direction, nanometallic cavities with a built-in electric

field created by the break junction techniques have emerged as
an analogue of enzymatic active sites, offering confined
geometries capable of selective substrate recognition and
catalysis.9−12 Although the break junction technique was
initially discovered for single-molecular charge-transport
studies, it is now a frontrunner in the field of electrostatic

catalysis.13,14 It allows a unique way of probing chemical
reactions in real time with single-molecular sensitivity and high
temporal resolution, outperforming any existing analytical
techniques.9,14−16 Moreover, the oriented electric field present
in the nanojunction is known as a smart, vectorial reagent
capable of driving complex, multistep transformations that are
otherwise inaccessible.17−22 Additionally, biological multi-
enzyme assemblies, such as cytochrome P450, which
selectively processes nitrogen- and sulfur-containing sub-
strates,23 and different transpeptidases with orthogonal
substrate specificities,24 highlight the power of sequential,
substrate-tailored transformations. Mimicking such complexity
at the nanoscale could greatly expand the synthetic capabilities
of nanoconfined environments created by the break junction
technique. However, the potential of the break junction
technique in triggering and detecting an electric field-catalyzed
multistep selective reaction has not been unveiled yet.
In this regard, borylation reactions are one of the important

classes of reactions and are vital for producing a variety of key
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chemical substrates.25−30 Moreover, borylation of azobenzene
provides a precursor for many organic molecules, including
different hydrazine derivatives.31 In general, the addition of a
boron reagent to an N�N double bond needs the aid of a
transition metal catalyst.31−33 Only highly reactive boron
compounds are known to undergo reaction without an external
agent. Recent works have achieved a metal-free borylation
reaction for azobenzene compounds using external light
irradiation.34 The reaction is highly specific to the cis-
azobenzene form, and the borylation is achieved under light
irradiation with a Lewis acidic diboron reagent. However, an
electric field-induced reaction pathway has not been identified
yet in the borylation reaction of N=N double bonds.35−37

With this aim, in this study, we discuss a novel method of
utilizing the break junction technique to trigger and probe the
same multistep cis-azobenzene selective diborylation in the
dark at the single-molecule level, thereby broadening the scope
of boron chemistry. Additionally, our study sheds light on how
an oriented electric field can reshape the relative energy
profiles of trans−cis-azobenzene derivatives and thereby

promote selective reaction pathways, demonstrating the
transition from electric field as “catalytic accelerator” to
“selective reagent”. In spite of extensive use as photoswitches
in molecular junctions,38 the identification of an electric field-
induced trans−cis isomerism of azobenzene in the dynamic
break junction technique under normal environmental
conditions remains unknown, yet achieving such control
could introduce new dimensions to azobenzene-based func-
tional materials as well. In this work, we have utilized the built-
in electrical field in the metallic nanopocket of the break
junction to induce geometrical isomerization of the azoben-
zene derivative, followed by inducing a catalyst-free cis-
azobenzene selective diborylation reaction in the dark (Figure
1).

■ RESULT AND DISCUSSION
In this work, to probe the cis-azobenzene substrate-selective
diborylation reaction, we synthesized a simple azobenzene
unit, terminated with the −SMe groups to provide stable and
improved interactions with the gold electrodes used in single-

Figure 1. Detection cycle represents the light-induced cis-azobenzene selective diborylation probed by a mechanically controlled break junction
setup (detection cycle, left side). Borylation reaction does not occur with the trans isomer of azobenzene (step A), while converting trans-
azobenzene derivative to the cis isomer via photoirradiation (step B) leads to the formation of diborylated product (step C). The conversion and
detection cycle demonstrates the triggering of cis-selective azobenzene diborylation with the oriented electric field present within the nanopocket of
the break junction. The built-in electric field of the break junction nanocavity catalyzes the trans−cis-azobenzene isomerism (steps 1 and 2),
followed by triggering the selective diborylation reaction (step 3), which can be monitored in real time.
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molecular conductance measurements (see Supporting In-
formation Section 1 for the synthesis details). Subsequently,
the isomerization of trans-azobenzene to cis-azobenzene under
370 nm light irradiation is confirmed by UV−vis spectrosco-
py39 (Figure 2a and Supporting Information Section 2).
To benchmark the single-molecular charge-transport char-

acteristics of trans- and cis-azobenzene, we probed the
photoisomerization reaction using a custom-developed me-
chanically controlled break junction (MCBJ) setup.40 In the
break junction technique, to create single-molecular junctions,
two atomically sharp electrodes are created by breaking a single

gold wire mounted on a flexible steel plate.40 A nanometer-
scale gap is created between these electrodes to trap the
desired molecule and form a metal−molecule−metal junction
in solution under ambient conditions. The molecular junction
is characterized by measuring the current as a function of
electrode separation (Δz) under a constant applied bias, where
the voltage across the electrodes serves as the source of the
electric field, effectively transforming the nanojunction into a
nanoreactor with a built-in electric field.13 Figure 2b shows the
two-dimensional conductance−distance histogram created by
overlaying more than 1000 such current−distance traces

Figure 2. (a) Schematic representation of trans-to-cis isomerization under external light irradiation (b) 2D conductance−distance histogram
corresponding to trans-azobenzene and (c) cis-azobenzene. (d) Combined 1D conductance histogram corresponding to trans- and cis-azobenzene.
The corresponding plateau length histogram is shown as the inset. (e) 2D histogram of normalized noise power against the average conductance
corresponding to the trans-azobenzene and (f) cis-azobenzene. (g) Combined 1D conductance histogram for the trans-azobenzene measurement at
different applied bias (1D histogram, upper panel) and representative cluster data showing the trans- and cis-like features at a 58 mV applied bias
(2D histograms, lower panel). (h) Schematic representation of the electric field-induced trans-to-cis isomerization of azobenzene. (i) Trend in the
percentage of trans- and cis-like features within the overall data obtained at different applied potentials.
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obtained from the trans-azobenzene measurement. The higher
conductance region above 1G0 (G0 = 77.5 μS) corresponds to
the metal−metal contact, followed by a sharp drop
corresponding to the gold snap back (Δzcorr= 0.5 nm).41
Subsequently, the formation of a metal−molecule−metal
junction appears as a plateau in the current−distance
histogram (10−3 G0). Upon further pulling, the electrodes
separate, breaking the single-molecule junction, and the
current drops to the noise floor of the instrument (<10−6

G0) (see Supporting Information Section 3 for more details).
41

Corresponding to the single-molecular measurements of trans-
azobenzene, a clear single-molecular plateau is observed

around ∼10−3 G0 with a plateau length (ztrans = Δztrans +
Δzcorr) around 1.2 nm after correcting for the snap back
distance,41 confirming the single-molecular junction formation
with the trans-azobenzene derivative.
Further, to characterize the cis-azobenzene, we in-situ

irradiated the trans-azobenzene solution with a 370 nm light
source and carried out the single-molecular conductance
measurement. Figure 2c shows the conductance−distance
histogram corresponding to the cis-azobenzene where a single
plateau around 10−3.1 G0 with a smaller plateau length of 0.7
nm (zcis= Δzcis + Δzcorr) is observed. Although both cis and
trans showed similar conductance values, a clear difference

Figure 3. (a) Schematic representation of cis-selective diborylation and silaborylation achieved via external light irradiation. (b) 1D conductance
histogram corresponding to the measurement of B2Azo and (c) silaborylated product. (d) Schematic representation of electric field-induced cis-
selective diborylation. (e) 1D conductance histogram corresponding to the cluster showing the product signature at an applied bias of 1 V. (f) 1D
conductance histogram for the reaction at 18 mV. (g) Combined 1D conductance histogram corresponding to the measurement for blank B2Cat2
and the addition of azobenzene to the same setup. (h) Conductance correlation diagram for the measurement of in-situ diborylation reaction. (i)
Calculated transmission spectra corresponding to the trans-, cis-azobenzene, and B2Azo.
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observed in the plateau lengths of cis and trans confirms the
photoisomerization reaction in the MCBJ measurements
(Figure 2d), as trans form is longer than cis isomer.38 In
order to get deeper insight into the molecular junction
configuration and the nature of electrode−molecule inter-
action, we performed flicker (1/f) noise analysis for both the
isomeric forms. The scaling exponent extracted from the noise
power−conductance relationship, a metric reflecting the
balance between through-bond and through-space transport
pathways42,43 was found to be 1.3 for the cis isomer and 0.9 for
the trans isomer (Figure 2e,f and Supporting Information
Section 4). The observed flicker noise power value suggests
that in both isomers, the charge transport is dominated by a
through-bond pathway.
To rationalize the observed conductance trend, we

performed I−V spectroscopy measurements by holding the
molecular junction for 150 ms and sweeping the bias from
−1.5 to 1.5 V. By fitting the I−V using a single level model14,44
(Supporting Information Figure S5), the coupling parameter Γ
and the molecular orbital offset energy ΔE (energy difference
between the Fermi level and the nearest molecular orbital)
were determined to be 40 meV and 1.0 eV, respectively, for the
trans isomer. For the cis isomer, Γ decreased to 35 meV and
ΔE shifted slightly to 0.97 eV. Such a reduction in coupling is
sufficient to offset the expected increase in tunnelling
efficiency, thus rationalizing the similar conductance values
observed for cis form with a smaller plateau length than trans
form.45 Together, these findings explain the similar con-
ductance values for the two isomers despite their structural
differences.
Interestingly, we observed that even though the trans-to-cis

conversion is around 60% in the UV−vis studies (Supporting
Information Figure S3), the conductance measurements of the
cis isomer showed no significant current−distance traces
corresponding to the trans isomer. Initially, we hypothesized
that the trans−cis equilibrium is reshaped within the electric
field present in our nanojunction; in fact, the field stabilizes the
cis form of azobenzene more than the trans form due to the
dipole moment.11 To test our hypothesis, we subjected the
trans-azobenzene derivative to different electric field strengths
and monitored the corresponding changes by the single-
molecular conductance measurements. As shown in Figure 2g,
we observed almost no change in the conductance value after
driving the applied bias from 18 mV to 800 mV. Interestingly,
after clustering the data using principal component analysis
combined with k-means++ clustering,46,47 we observed that
within the measurement, there are conductance traces with
both higher and lower plateau lengths, indicating the presence
of a cis−trans mixture in the measurement medium, as shown
in the lower panel of Figure 2g. However, the NMR spectrum
of synthesized trans-azobenzene (Supporting Information
Figure S1) shows no signature corresponding to the cis
form, suggesting that the formation of cis-azobenzene is within
the measurement unit itself, indicative of a field-induced
transformation (Figure 2h). Further, we quantified the number
of trans- and cis-like features present in the data after clustering
the overall data set obtained at each applied bias (see
Supporting Information for the complete data, Figures S6−
S10). The resulting trend, shown in Figure 2i, clearly suggests
that with increasing bias, the presence of cis-like features
increases, confirming that the isomerization is driven by the
oriented electric field, as previously demonstrated under
ultrahigh-vacuum conditions.48−50

Our experimental results reveal that azobenzene isomer-
ization in solution can be triggered by a low applied bias under
ambient conditions. The observation and its interpretation
become plausible when considering the dipole moments of the
two isomers: the cis isomer, possessing a finite dipole moment,
can be stabilized more effectively under an external electric
field than the trans isomer, which has a near-zero dipole
moment.11,51 At this point, we realized and envisaged that
carrying out a cis-azobenzene selective diborylation reaction
under dark conditions and tracking the product signature can
be turned into a perfect probe for identifying the field-induced
trans-to-cis isomerization, if the single-molecular conductance
signature for the diborylated product is distinctly different
from the reactant azobenzene.
Further, we set out to probe the intended cis-azobenzene

selective diborylation reaction by using the break junction
technique (Figure 3a). We have previously reported the
photoinduced cis-azobenzene selective diborylation reaction,34

and the same reaction is carried out to obtain the pure
diborylated product (B2Azo) for single-molecular character-
ization (see Supporting Information Section 7 for the synthesis
details). When trans-azobenzene was reacted with bis-
(catecholato)diboron (B2Cat2) in toluene for 12 h under
370 nm light irradiation in a nitrogen atmosphere, the
diborylated product (B2Azo) was obtained. The same reaction
with trans-azobenzene in the absence of light failed to produce
the diborylated product, suggesting the selective reactivity of
the cis form. Similarly, as a control, a silaborylated azobenzene,
which is more stable than the diborylated form, was obtained
on reac t ing t r ans - a zobenzene wi th s i l aborane ,
(dimethylphenyl)silylboronic acid pinacol ester (PhMe2Si-
Bpin), under 370 nm light irradiation (Figure 3a) (see
Supporting Information Section 8 for the synthesis details).34

Figure 3b shows the one-dimensional (1D) conductance
histogram corresponding to the B2Azo measurement with a
clear conductance peak at 10−4 G0.
Figure 3c shows the 1D conductance histogram correspond-

ing to the silaborylated product. The conductance value is
similar to that of the diborylated product, which further
confirms the trapping of the borylated product between the
electrodes.
As our previous experiments suggested an in-situ trans-to-cis

isomerization in the absence of light, we carried out the
diborylation reaction within MCBJ to trigger the same cis-
azobenzene selective diborylation reaction using the oriented
electric field (Figure 3d). Envisaging a higher chance of
conversion (trans−cis isomerism) at higher applied voltages,
we carried out the reaction in our MCBJ setup at an applied
potential of 1 V. To our delight, after classifying the overall
data into clusters, we could observe the 10−4 G0 feature, similar
to the conductance plateau obtained for the diborylated
product (Figures 3e and S15). It further implies that the cis
form of the azobenzene is getting formed in the nanojunction,
and in the presence of B2Cat2, it is getting converted into the
diborylated product, similar to the photoirradiated reaction.34

To verify that this is, in fact, the scenario, the reaction is done
in the dark at a lower applied bias inside the break junction
setup. Figure 3f shows the 1D conductance histogram
corresponding to the reaction at 18 mV, and we clearly
observe a peak at 10−4.1 G0 (Figure S16). This result fits well
with our observation of the occurrence of trans-to-cis
conversion at both lower and higher applied bias (Figure 2i).
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To confirm that the 10−4 G0 feature originates as a
consequence of diborylation reaction and not from any sort
of B2Cat2 interaction with the gold, we conducted the
conductance measurement for only the B2Cat2 solution and
found no conductance feature, as shown in Figure 3g.52

Further adding azobenzene to the same setup resulted in the
appearance of the peak corresponding to the expected product,
which reinforces the occurrence of the reaction in our setup in
the dark (Figure 3g). Additionally, the correlation diagram
shown in Figure 3h confirms that the features present at 10−3

G0 and 10−4 G0 are negatively correlated, i.e., they originate
from different species present inside the solution. All of the
above experiments solidify the catalyst-free electric field-driven
cis-azobenzene selective borylation reaction in the break
junction setup, which is otherwise driven by external light
irradiation.34

To rationalize our experimental findings, we performed
theoretical calculations and obtained transmission spectra
corresponding to the trans and cis isomers of azobenzene
and the diborylated product (Figure 3i). The spectra show a

similar conductance trend, corroborating our experimental
results. The transport calculations were performed using
density functional theory (DFT) with the generalized gradient
approximation (GGA) and the Perdew−Burke−Ernzerhof
(PBE) functional in combination with nonequilibrium Green’s
functions (NEGFs) as implemented in TranSIESTA.53 The
Au(111) electrodes with pyramidal Au tips were attached to
the molecules’ termini to build molecular junctions. Details of
the simulations are given in the Supporting Information
Section 13. As shown in the transmission in Figure 3i, we find
that low-bias transport through the trans and cis configurations
is dominated by a LUMO-related resonance (for the molecular
orbitals of the three species, see Supporting Information Figure
S28). We have extracted the zero-bias conductance from the
transmission at the Fermi energy, EF = 0, via G = T(EF)G0.
Consistent with experiment, the trans configuration exhibits a
slightly higher conductance of 5.7 × 10−2 G0 than the cis
configuration (1.3 × 10−2 G0), while the product state shows a
markedly reduced conductance of 2.7 × 10−5 G0 arising

Figure 4. (a) Stacked boron NMR spectra corresponding to B2Azo (green spectra), B2Cat2 solution in the presence of gold (black spectra) and ex-
situ reaction in the presence of gold (blue spectra) under the dark. (b) 1D conductance histogram corresponding to the in-situ diborylation reaction
in the presence of the radical scavenger DPE. (c) 1D conductance histogram for the in-situ diborylation reaction of stilbene in the dark. (d) 1D
conductance histogram for the light-induced reaction mixture after 30 min. (e) Single-point calculations of dipole moment and (f) relative energies
of geometry optimization calculations of cis-, trans-, and B2Azo structures. The energies are shown relative to the energy of the trans structure at
zero electric field. (g) Energy difference ΔE between cis and trans azobenzene in electric field, calculated from geometry optimization calculations.
(h) Schematic illustration of the cis-azobenzene-specific diborylation reaction triggered by electric field.
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primarily from the weak coupling of its molecular resonances
to the electrodes.
To rigorously establish that an interfacial electric field drives

the reaction, we investigated the mechanistic aspects. Apart
from the involvement of the electric field, the reaction could
proceed via two alternative pathways. (1) gold catalysis and
(2) a radical species-mediated pathway. First, to eliminate the
possibility of gold catalysis, we carried out the diborylation
reaction ex-situ in the presence of gold. Figure 4a shows the
boron NMR signature corresponding to the expected
diborylated product (green spectrum). We examined the
B2Cat2 11B NMR spectra in the presence of gold, as shown in
the black line, the characteristic peak corresponding to the
B2Cat2 species without any shift was observed. The blue
spectrum corresponds to the diborylation reaction performed
in the presence of gold, which also shows an unreacted B2Cat2
species (see the Supporting Information, Section 10 for the
details of the reaction). Additionally, previous reports show
that the adsorption of azobenzene on a gold surface induces no
structural changes in the molecule, thereby eliminating the
possibility of gold catalysis.48−50,54−56

To check the possibility of a radical-mediated pathway in the
presence of an interfacial electric field, we performed the in-situ
reaction in the presence of a radical scavenger, 1,1-diphenyl-

ethylene (DPE), where we again observed the product
formation (Figure 4b). Furthermore, if it is a radical pathway,
the stilbene derivatives are also expected to react with B2Cat2
to form the diborylated product. However, no new peak was
observed in the case of an in-situ reaction carried out with the
stilbene instead of azobenzene (Figure 4c). These experimental
results suggest that the reaction is solely induced by the electric
field present in the molecular junction. To see whether we can
capture any possible intermediate formed during the reaction,
we measured the reaction mixture after 30 min of external
reaction; however, we observed no new conductance feature
(Figure 4d). It is also possible that even if an intermediate is
formed, the associated conductance difference is too small to
be resolved within our experimental resolution, as the
intermediate formed can be electronically very similar to the
product.
Further, dipole moments were computationally calculated in

the presence of an electric field ranging from 0 V/nm to 11.31
V/nm with steps of 0.514 V/nm on three structures of cis-,
trans-, and diboryl azobenzenes as seen in Figure 4e. We note
that, owing to limitations of the model, the applied electric
fields and induced dipole moments are higher than those
typically achievable under experimental conditions. Addition-
ally, we have computationally optimized the cis-, trans-, and

Figure 5. 1D conductance histogram for the in-situ reaction in dark at an applied bias of (a)18 mV, (b) 58 mV, (c) 100 mV, (d) 300 mV, (e) 800
mV, and (f) 1 V. (g) Trend in percentage of product formed at different applied biases. (h) UV−vis spectra corresponding to the back-conversion
of cis-azobenzene to trans-azobenzene at 45 °C. (i) Plot for the mole fraction of cis form versus time at different temperatures.
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B2Azo structures in the presence of an electric field in the z-
direction ranging from −11.31 V/nm to 11.31 V/nm with
steps of 0.541 V/nm, as shown in Figure 4f. As the dipole
moments of the cis- and B2Azo structures are more strongly
affected by the electric field than that of the trans structure, the
energies of the cis- and B2Azo structures are lowered more
than that of the trans structure, in the low-field limit consistent
with E = −μ⃗*E⃗, where μ⃗ is the dipole moment. From these
calculations, the energy difference between the cis- and trans-
azobenzene structures indicates that, at sufficiently high
electric fields, the cis configuration becomes more stable
than the trans configuration (ΔE = Ecis − Etrans < 0), as shown
in Figure 4g. The B2Azo structure follows the same trends as
the cis structure. All calculations were done in Orca 6;57,58 for
the single-point dipole moments, a PBE059,60/aug-cc-pVDZ61

level of theory was used, and for geometry optimizations, a
CAM-B3LYP62/6−311G**63 level of theory with the Tight-
Opt criterion was used.
These results clearly indicate that the trans-azobenzene is

getting converted to the cis isomer within the biased
nanojunction. Further, the boron reagent attacks the cis
isomer of the azobenzene and forms a charge-separated
species, leading to the product formation as reported in the
literature34 (Figure 4h). We believe that the charge-separated
intermediate is getting stabilized in the presence of the electric
field, and the reaction is driven forward. These results confirm
the electric field-driven trans−cis isomerization of azobenzene,
followed by the triggering of cis-azobenzene selective
diborylation reaction (Figure 4h).
To further extend the study, we looked at the efficiency of

the reaction at different applied biases. Figure 5a−f
(Supporting Information Figures S21−26) clearly shows that
the amount of product is decreasing with increasing the
applied bias (Figure 5g). This trend is opposite to what we
expected, as we observed an increase in the cis-like feature with
an increase in bias during the conductance measurement of
trans-azobenzene, as shown in Figure 2i. To understand the
effect of joule heating at a higher applied bias14,64 on the cis−
trans isomerization reaction, we first probed the temperature-
dependent back-conversion of cis to trans isomerization using
UV−vis spectroscopy and observed a decrease in the half-life
of the cis isomer at higher temperatures (Figure 5h,i).
However, we realized that the continuous electric field across
the junction can prevent this back-conversion effect, portraying
the efficiency of the nanojunction in driving the reaction
efficiently and probing them simultaneously. These observa-
tions led us to conclude that the decrease in the diborylated
product may be due to the low stability of the product at
higher applied voltages.

■ CONCLUSION
To summarize, our study combines the effect of substrate
recognition and electric field catalysis at the single-molecule
level to drive a cis-azobenzene selective diborylation reaction.
Although the break junction technique has already been shown
to probe a wide range of chemical reactions, our study extends
the scope of its capability in detecting and inducing multistep
substrate-selective reaction pathways. Beyond molecular
switching, this work opens new directions for borylation and
silaborylation chemistry. To our knowledge, no previous study
has demonstrated diborylation reactions mediated by an
external electric field. Our findings, therefore, reveal an
unexplored reactivity landscape for N�N bond functionaliza-

tion and expand the range of electric field-driven synthetic
transformations. Considering the broad utility of the borylation
reaction, this study paves the way for designing catalyst-free,
energy-effective synthetic protocols for diborylation.
Additionally, given the broad utility of azobenzene, our

findings further show that photoexcitation can be functionally
substituted with an external electric field. In azobenzene-based
functional materials, the electric field represents an additional
stimulus for molecular switching under normal environmental
conditions. Notably, in devices incorporating two or more
photochromic units, an applied field may act as an orthogonal
trigger that operates without perturbing neighboring compo-
nents, an opportunity that could be exploited in molecular
logic architectures. Additionally, azobenzene motifs are widely
integrated into nanoscale molecular machines, where reversible
switching is typically achieved through light or thermal input.
Our results indicate that these units also respond directly to
electric fields, introducing a third independent mode of
actuation for future device designs.
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