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The charge transport across a molecular junction formed by sandwiching
molecules between two electrodes in testbed architectures depends not only on
the work function of the metal electrodes and energy gap of the molecules but
also on the efficacy of the molecule–electrode electronic coupling. Insights into
such molecule–electrode coupling would help to understand the relation be-
tween the coupling strength and electron transport processes. With this aim,
the optoelectronic modulation across bacteriorhodopsin-based molecular
junctions has been studied using experimental current–voltage traces ob-
tained by conducting-probe atomic force microscopy under various illumina-
tions. The energy barrier e0ð Þ, molecule–electrode coupling (Cg), and other
transport parameters were determined utilizing the Landauer model with a
single-Lorentzian transmission function, transition voltage spectroscopy, and
the law of corresponding states in the universal tunneling model approach.
The findings reveal that the optoelectronic modulation of bacteriorhodopsin
molecular junctions originate from alteration of the molecule–electrode cou-
pling, which could originate from modulation of electronic states and the
electrostatic environment of retinal chromophores made of the protein under
dark and green or green–blue illumination conditions.
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INTRODUCTION

Bioelectronics is an emerging research discipline
lying at the interface between biology and electronic
science.1,2 Over the years, bioelectronic devices have
been developed focusing on the detection and anal-
ysis of biological signals utilizing electrical methods,
but rarely involving the incorporation of biological
materials into electronic devices. In the early 2000s,
the introduction of solid-state electronic transport
studies across protein monolayers utilizing nonde-
structive, soft-contact fabrication techniques and
further electronic conduction studies at a single-
biomolecule level with the scanning tunneling

microscopy technique opened the door to the incor-
poration of biomolecules as an active component in
electronic devices.3 The integration of photoactive
biomolecules with manmade electrode surfaces has
attracted great interest and holds significant pro-
mise from the perspective of bio(opto)electronics or
energy capture interfaces.2,4 In the work presented
herein, we explored the potential of self-assembled
bacteriorhodopsin (bR) protein monolayers as a
chip-integrable optoelectronic material. Bacteri-
orhodopsin is a light-driven proton-pumping mem-
brane protein with seven transmembrane helical
structures, usually found in crystalline purple
membrane patches (proteins embedded on lipid
layers). Utilizing the photoactive retinal cofactor
and proton transport channel, bacteriorhodopsin
protein can convert absorbed light into chemical
energy. Its dramatic light-induced structural effect,(Received March 30, 2020; accepted June 9, 2020;
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which leads to photoswitching and photochromism,
suggests that bR could serve as an excellent bioma-
terial for constructing bio(opto)electronic devices for
use in diverse technological areas, especially for the
development and application of optogenetics.

Electronic transport (ETp) across wild-type and
different variants of bR has already been studied in
dry monolayer form, either in its native purple
membrane environment or embedded in a partially
delipidated membrane, and the nonlinear current–
voltage (I–V) characteristic and photostimulated
enhanced conduction upon green light illumination
(k> 500 nm) have been reported.3,5,6 Large-area
measurements on purple membrane (PM) monolay-
ers from which the lipids were partially removed
(delipidated) confirmed that ETp occurs via the
protein, rather than via the lipid layer in which the
bR is embedded in the PM.

To enhance the electrical conduction across bR-
containing monolayers and the corresponding opto-
electronics modulation ratios at the nanoscale, we
have explored partially lipid depleted WT-bR (delip-
idated bacteriorhodopsin, dLbR), where � 70% of
the lipids were removed from the PM with the aid of
gentle detergent treatment. dLbR monolayers were
prepared by immobilization on the surface of highly
ordered pyrolytic graphite (HOPG) as a conducting
substrate, taking advantage of the p–p stacking
interactions between the hydrophobic HOPG sur-
face and the hydrophobic body of the protein that
was previously buried inside the PM. Utilizing
piezocontrol of the cantilever movement in conduct-
ing atomic force microscope, we developed an
instantaneous (bio)molecular junction between the
platinum-coated cantilever tip and monomeric dLbR
on the conducting HOPG substrate (Fig. 1a). This
HOPG-dLbR-Pt molecular junction configuration
also allows us to acquire information on the ETp
efficiency as a function of the tip force applied to the
monolayer. Optoelectronic modulation of the mono-
meric dLbR monolayer was explored by accruing the
I–V characteristics of the dLbR molecular junctions
under dark, followed by green (k � 562 nm) and

combined green–blue (k � 562 nm and k � 405 nm)
illumination, similar to the photocycle of bR in its
natural environment. In the case of bacteri-
orhodopsin films, the variation of the electrical
conductance in the dark state and populated M-
state under green illumination is directly related to
the isomerization (trans to cis) process of the retinal
chromophore, which alters the electronic configura-
tion around the retinal pocket of the protein. In
optoelectronic modulation of dLbR junctions, multi-
ple successive measurements were carried out on a
single dLbR junction, without withdrawing the tip,
over illumination cycles with a period of 15–30 s.
This results in modulation of the junction conduc-
tance that is typically reproducible over three full
illumination cycles.

The photoisomerization of retinal chromophore
leads to experimental variations in the measured
current–voltage (I–V) characteristic even on the
nanoscale with a few bR molecules (� 100, as
estimated from its crystallographic structure
dimensions), correlating the structure–function
relationship of the biomolecule with its ETp effi-
ciency in the molecular junction. Quantum-mechan-
ical tunneling is the major transport mechanism in
molecular electronics, but this cannot be generally
described by a simple I–V relation. In general, the
ETp of molecular junctions depend on the highest
occupied molecular orbital (HOMO)/lowest unoccu-
pied molecular orbital (LUMO) levels of the mole-
cule used, the Fermi energy levels of the metal
electrodes (eL, eR), and the electronic coupling (CL,
CR) between the molecular energy levels and metal
electrodes (Fig. 1b). However, over the decades,
many theoretical models have been formulated to
produce simple, analytical I– V relations, as
described by the Simmons model, superexchange(-
mediated tunneling), or the Landauer model with a
single-Lorentzian transmission function. While the
resulting mathematical expressions are very differ-
ent, they fit fairly well to the experimental I–V
trace, yielding different values for tunneling trans-
port parameters such as the barrier height (e0). In

Fig. 1. (a) Schematic of (bio)molecular junctions between platinum-coated cantilever tip and monomeric dLbR on conducting HOPG substrate
with possible electron transport pathways. (b) Schematic energy levels of dLbR-based molecular junctions with HOPG and Pt electrodes,
showing that the intrinsic broadening of the molecular energy levels evolves via the molecule–electrode coupling.

Ramya and Mukhopadhyay1574



the work presented herein, we analyzed I–V traces
obtained experimentally from optoelectronic modu-
lation measurements on dLbR molecular junctions.
We extracted tunneling parameters, mainly the
energy offset/barrier height (e0), conductance (Geq),
and electronic coupling Cð Þ, and used these to
predict the origin of the optoelectronic modulations
across dLbR molecular junctions in the dark and
photoinduced M intermediate states.

EXPERIMENTAL PROCEDURES

A freshly prepared dLbR monolayer on HOPG
was characterized by noncontact-mode AFM imag-
ing with minimal applied force (average< 500 pN)
to confirm the formation of densely packed mono-
layers of dLbR protein from topographic images.
Details of the preparation of the dLbR sample from
PM solution and the monolayer formation process
on the HOPG substrate are discussed in Ref. 7.
Ultraviolet–visible (UV–Vis) absorption spectra of
the monomer dLbR monolayers and multilayers
revealed the characteristic absorption band of bR at
� 560 nm, suggesting that no major structure
alteration occurred even in the dry delipidated
monomeric configuration (see Supplementary Elec-
tronic Material Sect. S1 and Fig. S1). In electrical
conduction measurements, the HOPG substrate
was grounded and voltage was applied to the
conducting tip, applying the AFM probe with a
force of 4–7 nN to obtain stable I–V traces with high
signal-to-noise ratio and to avoid any change of the
protein secondary structure. During ETp measure-
ments, the electrical stability of each dLbR junction
was first probed by scanning from 0.5 V to �0.5 V at
a rate of 0.2 s�1 (see Supplementary Material Sect.
S6). At low voltages, the I–V traces appeared linear
(ohmic), but as the voltage was increased, they
acquired an S-like shape, which was indifferent to
the dark or light-adapted states of the dLbR
molecules (Fig. 2a). This behavior was remarkably
consistent considering the wealth of microscopic
variables that affect the molecular transport, such
as the energy alignment between the nearest
molecular energy level and the Fermi levels of the
metal contacts (barrier height, e0), the transport
distance dictated by the length of the molecule (L),
the coupling between the molecule and the contacts
(CL, CR), and the coupling between the different
molecular segments (amino acids and hydrogen
bonds between tightly bound water molecules).
The electrical quality of the junction was analyzed
based on only the symmetric nature of the I–V
traces along the voltage axis. Around 50 I–V traces
were acquired at a rate of 0.2 s�1 and statistically
averaged for each junction. Finally, traces with less
than 10% variation at ±0.5 V were considered for
further zero-bias ðVbias � �100 mVÞ electrical con-
duction and electron transport analysis using
MATLAB software.

The nonlinear I–V behavior of the dLbR junction
could be analyzed using a single-level transport
model as widely applied in the context of molecular
electronics with a single-level transmission function
in the Landauer formula.8 According to this model,
the transport through a single-molecule junction is
assumed to be dominated by elastic tunneling of
electrons through a single molecular level of the
energy barrier e0 coupled to the left (L) and right (R)
electrodes with a strength CL,R
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where N is the number of molecules involved in the
transport and a is the asymmetric factor/voltage
division factor, which is a dimensionless parameter
with a value of ½ for a symmetric potential. The
experimentally obtained I–V traces for the dLbR
junctions in dark and different types of illumination
were analyzed using Eq. 1 to obtain the variations
of e0 and Cg between the dLbR and contact electrode
under optoelectronic modulation. Details of the
fitting methods and an example of an optoelectronic
modulation set are presented in Supplementary
Material Sect. S2.

Another approach that we applied to explain the
origin of the optoelectronic modulation in dLbR
junctions is the universal I–V relation with a
parabolic approximation, which suggests that the
molecular conductance–voltage (G–V) trace should
have a roughly parabolic shape (see Supplementary
Material Sect. S3). In this approximation, the
nonlinear tunneling current across any molecular
junction Ið Þ is represented by a Taylor expansion of
the applied bias voltage Vð Þ
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V
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where Geq;V0 and S are the equilibrium conduc-
tance, scaling voltage, and asymmetry factor,
respectively. Differentiating Eq. 2 to obtain the
differential conductance yields

dI
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¼ G Vð Þ ¼ Geq 1 þ 2S

V
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: ð3Þ

Physically, the equilibrium conductance is the
value of the conductance at zero bias, which is
directly proportional to the number of molecules (N)
and exponentially inversely proportional to the
molecular length or tunneling distance (L) given by

Geq ¼ G 0Vð ÞN 	 e�bL: ð4Þ
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The scaling voltage refers to phase transitions
that are not related to the tunneling but depends on
the energy offset e0. The asymmetry factor is very
small, arising due to the asymmetric tunneling
considering the applied bias, i.e., in the case of an
asymmetric potential across the junction, which we
expect to originate from the different work functions
of the electrodes (HOPG and Pt) used here (Fig. 1b).
The polynomial coefficients in the Taylor expansion
presented above were computed from the value near
to zero bias utilizing the first and second numerical
derivatives of experimental conductance traces (see
Supplementary Fig. S3). The variations of these
coefficients were further analyzed to reveal the
origin of the modulated electronic transport across
the dLbR molecular junction under dark and illu-
minated cycle conditions along with different forces
applied on the dLbR monolayer by the AFM probe.

The tunneling current across the dLbR junction is
nearly linear in the applied voltage in the zero-bias
regime, but behaves nonlinearly at certain applied
voltages where a transition from simple tunneling
to field emission occurs, which is defined as the
transition voltage Vtð Þ. We analyzed our experimen-
tally obtained dLbR optoelectronic modulated I–V
traces using the tunneling model proposed by
Fowler and Nordheim. The transport model was
developed for inorganic potential barriers, where
there is a transition from a trapezoidal-shaped
potential (normal tunneling) to a triangular poten-
tial (field emission) when the bias voltage exceeds

the energy offset of an insulator junction.9,10 The
transition voltage is nothing but the mathematical
minimum of the Fowler–Nordheim (FN) function,
i.e., ln I

V2

� �
in Fowler–Nordheim plots showing

ln I
V2

� �
versusV. The plots exhibit logarithmic

growth in the low-bias regime. In experimental
conditions, when the applied bias is near the barrier
height, field emission dominates, causing a transi-
tion from logarithmic growth to linear decay. This
transition corresponds to the transition voltage Vt.
The significant feature of this method is that it
properly accounts for the asymmetric potential
profile in the dLbR junction with HOPG and Pt-
coated AFM probes as electrodes. We plot the
experimental I–V traces of the dLbR junction as

ln I
Vk

� �
versusV in Fig. 2c and obtain the transition

voltage Vt by finding the mathematical minimum of

the function ln I
Vk

� �
by imposing the condition

@ I

Vk

� �

@ Vð Þ ¼ 0. Transport parameters such as

e0; a; andGeq were extracted based on Simmons’s
transport model for each experimental I–V trace,
utilizing the corresponding transition voltages
(Fig. S4b).

e0 ¼ qP
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þP 	 4

1�k�2ð Þ
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where the asymmetry factor is

Fig. 2. (a) Example of optical modulation I-V sets obtained with dLbR molecular junction, analyzed using the (b) differential conductance and (c)
normalized differential conductance method. (d) Representation of universal curves with theoretical LCS (yellow, thick line) under dark conditions
and various types of illumination (thin lines) (Color figure online).
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Due to the electrode work function asymmetry in
the dLbR junction, the FN plots also become asym-
metric, as reflected in the different magnitudes of
the transition voltage Vkþ 6¼ �Vk� for each bias
polarity (V< 0 or V > 0), where P andR are
expressed as R ¼ Vþ

k þ V�
k and P ¼ Vþ

k 	 V�
k

		 		.
Finding the accurate transition voltage for a

junction with an asymmetric potential is not trivial,
and the extraction of the transport parameters
largely depends on how accurately the transition
voltage can be found by fitting to experimental data.
To eliminate error in finding the accurate minimum
of the Fowler–Nordheim function used in transition
voltage spectroscopy as discussed earlier, we further
normalized our conductance data following the
normalized differential conductance (NDC) method
(see Supplementary Material Sect. S4 and Fig. S4a,
b). Mathematically, the NDC is nothing but the
ratio of the differential conductance to the conduc-

tance or the derivative of ln Ið Þ
ln ln Vð Þ, which is given by

NDC ¼ dI

dV

V
I :

Combining the parabolic approximation for the
tunneling current with the NDC, one obtains
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By setting NDC ¼ k in Eq. 8, the scaling voltage
and asymmetry factor can be expressed as
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Utilizing the above equations, we extracted the
scaling voltage, the asymmetry factor, and the
accurate value of k where the transition exactly
occurs for the dLbR molecular junction during
optoelectronic modulation applied on the dLbR
using AFM probes.

Insights into the ETp across different molecular
junctions were obtained based on the conductance–
voltage characteristic, transition voltage spec-
troscopy, normalized differential conductance, and
single-level transmission function using the Lan-
dauer formula. All the analytical models enable us

to extract the energy offset (e0), asymmetry factor,
and electronic coupling strengths under the men-
tioned assumptions adopted during their develop-
ment. Therefore, finding a suitable tunneling model
for a specific type of molecular junction is crucial for
understanding the relationship between the chem-
ical details of the contact–molecule–contact system
and its electrical performance, where the prior
assumptions fit well with the design of the specific
molecular junction considered. We extended our
studies to the I–V traces obtained from dLbR
molecular junctions for dLbR optoelectronic
modulations.

RESULTS AND DISCUSSION

We assumed that tunneling is the dominant
mechanism in the electron transport process across
the dLbR molecular junctions. To provide further
support, we analyzed the experimentally obtained
I–V traces of dLbR junctions using different tun-
neling transport models along with the law of
corresponding states (LCS), which has been applied
to represent the electron transport across molecular
junctions in a universal manner (Fig. 2d). The LCS
provides a series of equilibrium properties describ-
ing the charge transport across a molecular junction
in the regime where the tunneling current is linear
in the applied bias. LCS analysis was specifically
developed for electron tunneling, as a unified the-
oretical model to describe the tunneling phe-
nomenon with a universal curve that characterizes
the experimental transport behavior of molecular
junctions. The LCS is expressed by a universal I–V
curve that is free of empirical parameters and
unaffected by stochastic fluctuations of the electron
transport in molecular junctions.

The LCS analysis starts from the universal van
der Waals equation of state for real gases, which
predicts that all fluids behave similarly at equilib-
rium. The critical values of pressure PCð Þ, volume
VCð Þ, and temperature TCð Þ are used to prove the

universality of gases at equilibrium in terms of
reduced parameters that obey the equation

pr þ 3
V2

r

� �
Vr � 1

3

� �
¼ 8

3Tr; where Pr, Vr, and Tr are

the reduced parameters given in terms of the
critical parameters as Pr ¼ P

PC
;Vr ¼ V

VC
; andTr ¼ T

TC
.

Similarly, the tunneling transport across molecular
junction can be analyzed using the law of corre-
sponding states based on experimental I–V traces
with the critical values of the bias voltage ðVCÞ and
current ðICÞ. Figure 2a presents a set of optoelec-
tronic modulations in the dLbR junction under
various illumination conditions in a successive
manner. Figure 2d presents a universal LCS curve
expressing the current and applied bias in terms of
the reduced quantities Vr and Ir. The reduced
voltage Vr ¼ V

VC
and current Ir ¼ I

IC
can be deduced

from each experimental I–V traces, after obtaining
the critical current ðICÞ and critical voltage ðVCÞ
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values for each individual I–V trace (see Supple-
mentary Material Sect. S5). The critical voltage VC

values of the individual I–V datasets are found as
the maxima of the curves obtained by plotting
V2=I
		 		 versus V, where V is the bias voltage and I
is the junction current which represents the tran-
sition from tunneling to field emission, character-
ized by the crossover between the linear and
nonlinear regime of the current versus applied bias.
The critical current ðICÞ values for the individual I–
V traces were found as the corresponding value of
current at the transition voltage VC in the plot of
abs:current versus bias voltage (see Supplementary
Material Sect. S5 and Fig. S5).

The reduced current–voltage characteristic pro-
vides a new parameter-free transport equation as

Ir ¼ 2Vr

3�V2
r
; which is shown by the yellow line in

Fig. 2d. The reduced transport graph coincides with
the individual reduced I–V traces near to zero
voltage but deviates at higher applied bias. This
can be attributed to the temperature-related retinal
vibration, which contributes to hopping transport
paths across the dLbR junction at high bias. Our
LCS analysis of the I–V traces in Fig. 2d validates
the theory of the unified law of corresponding states
for tunneling transport across dLbR-based molecu-
lar junctions. The transport parameters such as the
energy barrier and zero-bias conductance were
evaluated based on the critical values of the voltage
and the corresponding current

eVc ¼ 2e0ffiffi
3

p and Ic ¼ Ge0

ffiffi
3

p

e

� �
for individual I–V traces

in both the positive and negative bias regimes, as
listed in the comparison tables in the Supporting
Information.

In the differential conductance approach, the
numerically computed conductance dI

dV
versusV is

obtained from the I–V traces based on the polyno-
mial relation in Eq. 3. Transport parameters such
as the scaling voltage and asymmetric parameters
can be found for each I–V trace under dark and
various illumination cycles, as summarized in Sup-
plementary Tables SI–SV.

Similarly, transport parameters such as the
energy barrier, asymmetry factor, and equilibrium
conductance can also be obtained from the optoelec-
tronic modulated I–V traces utilizing
transition voltage Vtð Þ and NDC analysis, following
Eqs. 6, 7, and 8. Because of the asymmetric nature
of dLbR molecular junctions, we first found
k the factor of quality of tunnelingð Þ for the individ-

ual traces using the NDC method i:e:
dI
dV
I
V

versusV

plot (Supplementary Fig. S4a). The transition volt-
age Vtð Þ at which the transition from tunneling to
field emission occurs was found by plotting

ln I
Vk

� �
versusV individually (see Supplementary

Fig. S4b). Since we utilized an average of � 50
experimental I–V traces, the smoothing factor

played an important role in our NDC analysis.
Depending on the shape of the plot, the smoothing
factor varies under various conditions such as dark
and different types of illumination. We restricted
the analysis to different smoothing factors for each
I–V trace with minimum deviations (Supplemen-
tary Fig. S4a, b). The experimental I–V traces
obtained from dLbR molecular junction in the dark
and under various types of illumination were fit
using a single-level transport model, i.e., Landauer
approach, and the energy offset (e0), asymmetry
factor (a), and coupling strength (Cg) between the
molecules and electrodes were computed from the
fitting parameters.

Figure 3a summarizes the conductance modula-
tion of the dLbR molecular junction in the dark
state and under green and green þ blue illumina-
tion in successive cycles as computed using the
parabolic approximation (GV), transition voltage
spectroscopy (TVS), and law of corresponding state
(LCS) analysis, where Ggreen > Ggreenþblue > Gdark.

These findings suggest that green illumination
indeed excites the retinal chromophore in dLbR
monomers and that the resulting enhancement in
the junction conductance could be associated with
the formation and accumulation of the photochem-
ically induced M-like dLbR intermediate (absorbing
at around 410 nm) (Fig. 3a). The modulation of the
conductance with successive cycles rules out junc-
tion heating upon illumination as the cause of the
conductance changes. Additional blue light with

Fig. 3. (a) Conductance variation of dLbR molecular junction under
optical modulation as obtained from calculation. (b) Variation of
computed energy barrier and coupling strength of dLbR junction
during an optoelectronic modulation cycle.
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green illumination decreases the junction conduc-
tance, as the blue light mainly excites the M-like
intermediate, accelerates its conversion back to the
initial dark dLbR state by shortening its lifetime,
and thus decreases its fraction in the mixture of the
M-like intermediate and ground (dark) state.

Earlier, optoelectronic modulation findings on PM
monolayers in macroscopic junctions and also with
conducting-probe atomic force microscopy (CP-
AFM) measurements (with an applied tip force of
12 nN to 15 nN) in the dark and under green
illumination inducing the M-like state were
explained based on the stronger H-bonding network
in the M-state than in the dark dLbR state, which
may lower the activation energy for transport.
Interestingly, when we analyzed the experimental
I–V traces using transport models, the variation of
the computed energy offset or barrier (e0) for the
dLbR molecular junctions lay within � 50 meV with
illumination modulations. Obvious correlations
between the modulated conductance of the dLbR
junction and the corresponding energy offset were
not found from our calculations (Fig. 3b), whereas
the variation in the computed coupling strength Cg

exactly replicated the junction conductance modu-
lation profiles as examined over �30 junctions
(Fig. 3a, error bars show the variation among
junctions).

In dLbR, tightly bound water molecules in the
retinal pocket bridge two negative moieties D85 and
D212 of the retinal Schiff base through hydrogen
bonding. These two negative moieties and the
bridging water molecule form a pentagonal hydro-
gen-bonding network. These water molecules are
involved in the light-induced protonation process
and retinal photoisomerization. Molecular dynamics
simulations [utilizing the ab initio multiple spawn-
ing (AIMS) method] of light-induced retinal (in the
form of charge) modified protonated Schiff base with
complex counterion supported that the positions of
the D85 and D212 residues as well as the hydrogen-
bonding network at the retinal binding site remain
as close as possible in the native dark state, but are
reorganized in the excited state dynamics.11–13

Analysis of the methylated, long-carbon-chain (up
to unreduced) retinal models suggests a two-state,
two-mode mechanism for the retinal photoisomer-
ization process, where two modes (first skeletal
deformations then torsions about the reacting dou-
ble bond) characterize the molecular motion along
the photoisomerization path and two states are
involved in the photoinduced wave packet dynam-
ics.13,14 Thus, the retinal photochemistry plays a
crucial role in determining the environmental elec-
trostatics of the retinal pockets. The different
(covalent or ionic) electrostatic nature of the dark
ground states and light-induced excited states
determines the different energy landscape of those
states, regulated by the overall photoisomerization
mechanism, photochemical efficiency, and reaction
selectivity.

The results of our theoretical analysis of the
experimental optoelectronic modulation (I–V traces)
are in good agreement with the molecular dynamics
simulation of the retinal chemosphere and its
interaction with electrodes. In solid-state electron
transport across dLbR monolayers, retinal plays a
crucial role, and the nature of its electronic states
and electrostatic environment determines the over-
all electronic coupling of dLbR-based molecular
junctions. The ionic nature of the protonated Schiff
base in the light-induced M-state enhances the
electronic coupling of the HOPG–retinal–metal
junction, which manifests as efficient transport,
i.e., higher current at given bias in comparison with
dark states.

CONCLUSIONS

We explored the potential of monomeric bR as an
efficient optoelectronic material by extracting it
from its membrane environment. Under an applied
force of 10 nN (via the CP-AFM probe), dLbR
molecular junctions were stable within the ±1 V
bias regime with current< ± 10 nA, at room tem-
perature and in a controlled atmosphere (4% to 20%
RH, N2 environment). It was also observed that
large-area (with � 1010 mol) biomolecular junctions
were stable even at low temperatures (� 80 K),
where the sudden decline of the junction current
observed above 320 K may originate from biological
decomposition.15 To demonstrate the practical via-
bility of nanoscopic biomolecular junctions using 10
to 102 molecules as probes, their temperature-
dependent transport and junction stability must be
explored. In summary, in a molecular junction, the
dLbR monomer in its photoinduced intermediate M-
like state is a more efficient electron transport
medium than in its dark-adapted ground state. The
efficiency of electronic transport is dominated by the
electronic states and electrostatic environment of
retinal resulting from the charge distribution over
the protonated Schiff base. We suggest that alter-
ation of the electrostatic environment facilitates the
variation of the electronic coupling between retinal
and electrodes, which manifests as optoelectronic
modulation of the dLbR junction. In conclusion, we
explored different transport models to analyze the
optoelectronic modulation of dLbR molecular junc-
tions. The findings provide fundamental insights
into the optoelectronic properties of dLbR junctions,
which can be considered as a photoswitchable
biomaterial for solid-state current-carrying elec-
tronic elements to integrate with bioelectronic
device structures.
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