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1 Introduction

Theoretical determination of electronic properties
of resorcinol and hydroquinone as building blocks
of molecular wires

Jhon S. Martinez,? Daniel Gallego (2 *® and Judith H. Ojeda S.(2*®

This study presents a theoretical and computational analysis of resorcinol and hydroquinone as potential
molecular wire components, employing the tight-binding Hamiltonian formalism within a real-space
decimation approach based on Green's functions. We investigated their electronic transport properties,
specifically electrical current and conductance, by varying key parameters such as the atomic site
energy, the coupling energy, and the electrode attachment configurations. We found a semiconductor
behavior in both molecules, reaching their maximum electron capacity at around 5 V. In addition, we
analyzed the substituent patterns of hydroxyl groups on the aromatic ring by comparing the results of
both molecules. Our findings highlight the critical influence of the aromatic ring’s inner coupling energy
and the hydroxyl groups’ atomic site energy on electronic transport. The strong inner coupling regime in
the aromatic ring demonstrated better transmission probability in accordance with the aromatic sp2
hybridization moiety. Due to the disubstitution pattern in resorcinol, the coupling between the hydroxyl
groups and the aromatic ring plays a crucial role in electron conductance in this system, as
demonstrated by the diminishing the polarization of electrons from the hydroxyl to the aromatic ring by
the weakening of the energy coupling. Notably, we observed a stark contrast between the two
molecules: resorcinol, characterized by meta-disubstitution, exhibits quantum interference effects, while
hydroquinone, with para-disubstitution, facilitates a more stable and efficient electronic flux.
Interestingly, comparing our results with those of previously reported aromatic conductors, such as
benzene and catechol, we found that for both systems (ie., resorcinol, hydroquinone), the voltage
threshold is lower, with hydroquinone a particularly promising system, reaching //lo = 0.45 atV =12V,
almost doubling the values of all the other compared systems. These results showcase resorcinol and
hydroquinone as promising candidates for molecular wire applications in electronic devices.

working life of electronic devices, and shrinks the waste volume
in their end of life.**Transistors are silicon-based materials that

During the last few decades, miniaturizing electronic compo-
nents, such as semiconductors and transistors, has attracted
research in materials development to improve energy efficiency,
increase processing speed, and decrease environmental
impact.’ Advanced applications, such as bio-sensing, artificial
intelligence, cloud computing, and quantum computing,
require enormous processing power.>**> Additionally, the large
volume of electronic waste from the electronics industry and the
physical limits of component miniaturization present signifi-
cant challenges. Reducing the sizes of transistors and semi-
conductors enables the construction of more powerful
processors capable of handling these workloads, increases the
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are the primary components of circuits condensed in small
areas, which frequently experience overheating, leading to
a decrease in their resistance. These issues are not limited to
transistors; they also impact semiconductors whose particle
size alters their physical properties. Thus, some problems arise,
including fluctuations in concentration, dopant surface diffu-
sion, alterations in charge transfer mechanisms, stress, limi-
tations on the maximum current per unit volume of conductive
material, heat dissipation, and decreased reliability.*™* Scien-
tists have sought novel materials and structures to overcome the
challenges in semiconductor research and optimize perfor-
mance in practical applications. Among those, molecular elec-
tronics is one of the alternatives due to the nanoscale
dimensions of individual molecules and the inherent self-
assembly properties of molecules for integration into elec-
tronic devices. For instance, electronic systems, such as wires,
switches, rectifiers, and memories, can be built up by utilizing
molecules as nanoscale unit blocks.”*** On the other hand,
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according to Biswal et al.*® “Usually, the organic molecules with
m-conjugated molecular systems and heteroatoms like oxygen,
sulphur and nitrogen show off electron transport property. The
electron transport property of the molecules is reinforced
further, depending on the nature of the substituent available in
the molecule.” This highlights the significance of specific
structural features in the electronic properties of organic
molecules, which is crucial for their application in electronic
devices.'® Aromatic molecules possess different functionalities
that make them interact intermolecularly and with their
surroundings, commonly known as -7, m-functional groups,
T-cation, and functional groups-surroundings.****** Thus, we
are interested in studying one of the shortest aromatic
compounds, composed of an aromatic ring and heteroatom
functionalities, to interact with metallic surfaces and under-
stand the electrical properties by evaluating the electron
transport along the chemical backbone. Hence, we focus on the
isomers of benzenediols, with the condensed chemical formula
Ce¢HgO,, known as catechol, resorcinol and hydroquinone
(Fig. 1), differentiated from each other by the substitution
pattern of both hydroxyl groups. Our interest in these molecules
relies on the fact that benzenediols are the smallest aromatic
building block of natural dyes such as anthocyanins and
flavonoids,"” which are larger m-conjugated systems; thus,
understanding the electronic behavior of these small entities
allows us to study larger molecules, such as natural dyes, eval-
uating their potential application as molecular wires.

Prior to this work, we modeled and studied catechol con-
nected to electrodes in different fashions.” In this work, we
focus on resorcinol and hydroquinone by attaching the hydroxyl
groups to metallic leads because this configuration is the most
favorable for interaction with the environment. To analyze the
electronic transport properties of both molecules, we employed
a tight-binding Hamiltonian formalism combined with a real-
space decimation approach using Green’s functions."®>* This
methodology allows us to determine the transmission proba-
bility, current, and conductance.’®**** We calculated the
transmission probability and the conductance through Green’s
functions. In contrast, we derived the current using the Lan-
dauer-Biittiker formalism, allowing us to establish a quantita-
tive relationship between electron transmission probability and
electrical conductance in mesoscopic systems. This framework

Electrical properties:
v Transmission
probability

v Current vs voltage

.9 Previous work | ¥ Conductance

HO\©/OH /©/OH
HO

Resorcinol

CL..
OH
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Fig. 1 Structures of the benzenediols isomers and electrical proper-
ties evaluated in these molecular systems.
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serves as the foundation for understanding and predicting the
electronic behavior of materials and devices on nanometric and
micrometric scales, with significant implications for the design
and development of advanced electronic technologies.*”*
Herein, we investigate the electrical properties of resorcinol and
hydroquinone, understanding how the transport processes vary
by the influence of certain factors such as coupling to the leads,
bond interactions, and the electrical injection potential.

2 Method and calculation
2.1 Theoretical model

We define our model as each benzenediol isomer anchored
between two electrodes linked through the hydroxyl groups
(Fig. 2). We label each atom as an atomic site to define the
system’s energy and the atomic interaction, represented by the
bonds, as coupling energies. Thus, the site energy of the carbon
atoms is E., while the site energy of the hydroxyl groups is Eox
(Fig. 3). Here t. describes the carbon-carbon bond coupling
energy, and w corresponds to the bond coupling energy between
the hydroxyl group and the aromatic ring.**3*829-3143

Within the framework of the tight-binding approximation,
a general Hamiltonian characterizing these systems is
expressed as follows:*333¢

H:HAR+HL+HI (1)

In our case, Hag represents the Hamiltonian associated with
the aromatic compounds (i.e., resorcinol and hydroquinone),
Hy, corresponds to the Hamiltonian of the leads, and H; is the
Hamiltonian of the interaction between the molecule and the
leads. The expression for Hag is given as follows:

HAR = ZZ < H—l) + C(1+1 ) + ZE,‘C?C,‘, (2)

where ¢; is the coupling between the atomic sites of the system,
E; represents the energy of the atomic sites and c; (cj) is the
creation (destruction) operator of the electron at atomic site i.
Conversely, the Hamiltonians of the leads (H;) and the
interaction between the leads and the molecule (H;) are

expressed as follows:**3%%*

Hy =Y e dl di + Y end] dig, (3)
ki, kr

13,30,31

a) Resorcinol: 1,3-dihydroxybenzene

el

b) Hydroquinone: 1,4-dihydroxybenzene

= HOOH =

Fig. 2 Molecular models of the (a) resorcinol and (b) hydroquinone
anchored between two electrodes. I'l and I'g refer to the functions of
coupling of the molecule to the left and right leads.
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Fig.3 Geometric models for (a) hydroquinone and (b) resorcinol, with
all energy sites and interactions in the system. Ec; and Ec;, are the
energy at each carbon for hydroquinone and resorcinol, respectively.

Hy =) Tudfc;+ Y Trdfen+he, 4)
ki kr
where dltm is the creation operator of an electron in a state ki g,
with energy Eky I'y(g) is the coupling between each lead with
the aromatic molecule, and %.c. is the Hamiltonian’s complex
conjugate. To make the analytical procedure computationally
practical, we conduct a decimation procedure for both mole-
cules, which undertakes all energy interactions and transforms
the Hamiltonian into an effective linear chain.

It is worth noting that although the molecular systems
selected in this study are relatively compact (i.e., resorcinol and
hydroquinone), the application of real-space renormalization
remains both appropriate and advantageous for analyzing
quantum transport. This technique does not involve any phys-
ical deformation or literal linearization of the molecular
geometry. Instead, it provides a mathematical transformation
of the system, governed by a tight-binding Hamiltonian (as
mentioned), into an effective one-dimensional chain. This
mapping retains the essential physical and electronic properties
of the original structure by embedding the molecular topology,
site connectivity, and inter-site couplings into the renormalized
site energies and hopping integrals.

This formalism has been successfully applied even in small
7 -conjugated molecules and biomolecular systems. For
instance, Zhouyin et al. developed a differentiable nonequilib-
rium Green’s function framework* that retains quantum
transport characteristics through effective parameterizations.
Similarly, Marie and Loos employed a similarity renormaliza-
tion group to derive effective Green’s functions for molecular
systems,* demonstrating the technique’s ability to preserve
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electron correlation and transport-relevant properties.
Furthermore, Lyu and Kawashima further confirmed the
robustness of three-dimensional real-space renormalization
methods with well-controlled approximations, even in reduced
systems.*®

In the specific case of molecular electronics, renormalization
offers a physically meaningful and computationally efficient
approach to evaluating quantum interference phenomena.
Even for small systems, quantum interference is not a size-
dependent phenomenon but a consequence of coherent elec-
tron propagation through multiple pathways within a conju-
gated molecular structure. These effects become particularly
prominent in systems with different substitution patterns, such
as meta vs. para-disubstitution, which modify the symmetry and
phase coherence of the conducting orbitals.

2.2 Decimation procedure

As mentioned above, we performed decimation to reduce the
computational and mathematical complexity of the system.
Using the geometric model shown in Fig. 3, we conducted this
procedure using Green’s functions. Specifically, we employ the
Dyson equation:

G=G"+ GG+ 2R)G, (5)

where G° is the bare Green’s function of the isolated molecule,
and X represents the self-energies of the left and right leads,
respectively. This approach, within a real-space renormalization
scheme, effectively transforms the two-dimensional geometric
model into a one-dimensional framework that integrates all
energy interactions.'*#2931:43

After applying the decimation process, we reordered each
molecule into an effective linear chain. Thus, we used the Dyson
equation to further simplify the planar structures of resorcinol
and hydroquinone, with two degrees of freedom, into a linear
system with a single degree of freedom (Fig. 4).Consequently, the
transmission probability (7(E)) can be determined using the
Fisher-Lee relationship, yielding the following expression:***3%*4

T (6)

i o >
[1+§rcg,N} + e

b)

Fig. 4 Effective models for (a) hydroquinone, and (b) resorcinol. The
colors of the atomic sites within each molecule correspond to an
atomic site characterized by an effective Green'’s function or energy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Here, the Green’s functions Gjy and Gy are analytically
determined for each molecule. Specifically, we obtained for
hydroquinone G;, and G,4, and for resorcinol G5 and Gss.
These functions represent elements of the retarded Green’s
function matrix. Thus, the equations for the transmission
probability for the hydroquinone (eqn (7)) and resorcinol (eqn
(8)) are shown as follows:

T(E) = : r (G214) = - )
{1 + %FG44:| + T(GM)Z

T(E) = . r (Gzls) - .. (8)
i) -

We present the results of the decimation process for each
molecule separately, following the geometric representation of
Fig. 3. For further details on the mathematical procedure, see SI.

2.3 Current and conductance calculation

We used the Landauer-Biittiker formalism to calculate the
electrical current values, establishing a relation between the
material’s electrical resistance and the scattering properties of
electrons. This approach determines the electrical current flow
in small electronic devices by accounting for quantum effects in
electron transport. Thus, electrons propagate through the
material while undergoing scattering at specific points. Conse-
quently, the Landauer formula explains how these scattering
events influence the material’s electrical resistance and its
ability to conduct current.?3"***

Hence, an electron scattered through the molecule repre-
sents the current between the leads in aromatic molecules
connected to electrodes. Applying the Landauer-Biittiker
formalism, the current is given by the following equation:*'*'%2°

©
—o0

HW:hJ(ﬁ—Aﬁme (9)

2e . . -,
where I, = W T(E) is the transmission probability that an

electron with an injection energy E reaches the output elec-
trodes, and fi(r) is the Fermi-Dirac distribution, given by the
following equation:***#2°

fL(R) = 1 ) .

3
B

(10)

. c g . ev
Here, the chemical potential is given by uy ) = er £ 0

represents the Fermi energy, kg is the Boltzmann constant, and
O is the equilibrium temperature.®*%182%43
By using the Landauer integral (i) given by:

= —J T(E)(E — Ep)" (%) dE (11)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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we calculate the electrical conductance (¢, with n = 0) by the
following relation:*31829:32-36:43
2¢?
¢ = ——to-

: (12)

3 Results

3.1 Transmission probability

After applying the decimation process to resorcinol and
hydroquinone, we evaluated the transmission probability (eqn
(7) and (8)), along with a numerical analysis of quantum
transport through these molecules. We considered two possible
molecule-electrode coupling scenarios (I'): weak and strong
coupling, based on the relationship between electronic trans-
mission probability within the molecule and the degree of
hybridization.***'#2%* Furthermore, several fundamental prin-
ciples govern charge transport in single-molecule junctions,
such as energy alignment and orbital broadening, which are
closely related to hybridization (see SI).** Therefore, we cover
the calculations at different coupling regimes to provide a more
comprehensive understanding of the system’s behavior. Thus,
we determined the transmission probability (7T(E)) in resorcinol
and hydroquinone as a function of the incident electron energy

a) 10
0.8

0.6 1

T (E)

0.4

0.2

0.0

b) 10
0.8

0.6

T(E)

0.4

0.2

0.0

E (eV)

Fig. 5 Transmission probability under weak (blue) and strong (red)
molecule—electrode coupling regimes for (a) hydroquinone and (b)
resorcinol.
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(Fig. 5) varying the coupling. Specifically, we defined the
parameters: I' = 0.2 eV for the weak coupling regime (i.e., I' <t,
w, blue line), I' = 2 eV for the strong coupling regime (i.e., I' > ¢,
w, red line), E; = E, = 0.0 eV, Eog =0.0eV,t=1.0eV,w=1.0eV.

Observing the results of the T(E) under a strong coupling
regime, we distinguish a significant interaction between the
aromatic molecule and the adjacent electrodes. This interaction
might happen via hybridization between the molecular states
and the continuum states of the contacts, leading to strong
coupling, as evidenced by the broadening of the molecular
states and suppression of some resonances in transmission
compared to the weak coupling regime. For hydroquinone
(Fig. 5a), this phenomenon becomes evident in two distinct
energy ranges: from —2 eV to 0.4 eV and from 0.4 eV to 2.5 eV.
Meanwhile, for resorcinol (Fig. 5b), this behavior is observed
across three energy intervals: from —1.5 eV to —1 eV, from —1 eV
to 0.5 eV, and 1.5 €V to 2.5 eV, approximately.

Fig. 5 presents a series of weak coupling regime resonant
peaks correlating with the eigenvalues associated with the
analyzed molecules. In the case of hydroquinone, those values
are at —2.17 eV, —1.48 eV, —1 eV, —0.31 eV, 0.31 eV, 1 eV,
1.48 eV, and 2.17 eV, while for resorcinol, the eigenvalues are at
—2.17 eV, —1.41 eV, —1.13 eV, —2.92 x 10 ' eV, —1.47 x
1077 eV, 1.13 eV, 1.41 eV, and 2.17 eV. This correlation vali-
dates the decimation process applied in both systems, sug-
gesting a strong influence of the molecular eigenstates on the
electronic transmission dynamics in this coupling regime.

Interestingly, the quantum interference (QI) phenomenon is
observable through the antiresonance peaks characterized by
the eigenvalues of both molecules. These antiresonances
represent the energy states where the transmission probability
diminishes its value through the system.'*'®***® This effect
arises from the destructive interference between electron waves
propagating through molecular orbitals in a single-molecule
junction, leading to the appearance of distinctive energy
peaks in the transmission probability curves. From a chemical
perspective, we can visualize the phenomenon of QI more
figuratively. In specific molecules, QI arises due to nodes in the
molecular orbitals correlated with the chemical reactivity of the
molecules. When the molecular orbitals generate nodes due to
destructive interference, it leads to a preference for the locali-
zation of electrons in the chemical backbone.'"*%*

As an example, the reaction known as electrophilic aromatic
substitution acts by the high electron density on the atoms,
particularly those in the presence of activating groups (ortho-
para directors). In such cases, electron-donating substituents
typically avoid reacting at the meta position of the benzene ring
due to the presence of a node, relative to the activating group, at
the Highest Occupied Molecular Orbital (HOMO) of the
molecular system.

From another perspective, Feynman’s path integral theory in
quantum mechanics exemplifies a node at the meta position;
with an electron moving between two points, in this case the
leads, it can explore all possible pathways simultaneously. The
probability of finding the electron at a specific point is deter-
mined by the complex sum of all these possible trajectories.
Thus, when a benzene ring links to two electrodes in a meta

44198 | RSC Adv, 2025, 15, 44194-44204
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Fig. 6 Benzene linked in a meta fashion to two electrodes, depicting
both path lengths 2d (red) and 4d (blue).

fashion, the Broglie wave vector of an electron at the Fermi
energy level is defined by the equation ik = m/2d, where
d denotes the spacing between the carbon atoms in the benzene
ring, which is 1.397 A.* The direct pathways through the ring
introduce a phase difference, leading to destructive interference
and a notably low likelihood of electron transmission at this
energy level. As a result, the paths through the benzene ring
cancel out in pairs, creating a node in the transmission prob-
ability at the Fermi level. Specifically, the direct paths through
the benzene ring have lengths of 2d and 4d (Fig. 6).These paths
exhibit a phase difference that causes destructive interference.
The accumulated phases of both paths enables us to determine
their phase difference as follows:

ePath = 2d
kex2d= 1 x2d=m (13)
F - 2d — Y
ePath = 4d
ke x 4d = 1 x 4d = 2. (14)

2d

Thus, destructive interference results from the 7 phase
difference. Hence, the transmission probability decreases at the
Fermi energy level by having these electron trajectories, result-
ing in a node that hinders the electron coupling at this
substituent’s configuration, leading to the low conductivity of
resorcinol (see infra). However, it is worth noting that quantum
interference in a molecule does not necessarily imply
a complete absence of conductivity. For instance, the waves
cancel each other out in destructive interference, potentially
reducing conductivity.****

In constructive interference, the waves can reinforce each
other, allowing conductivity to be maintained or even increased
more figuratively; resorcinol demonstrates quantum interfer-
ence due to its resonance structures, unlike hydroquinone
(Fig. 7). Since conductance quantifies the ability of electrons to
flow between electrodes through a molecule, resorcinol clearly
shows a lower conductance than hydroquinone by the QI
phenomenon. Hydroquinone shows a direct electron movement
through the aromatic ring, thus facilitating the electronic flux.
The charges represented on the M atoms in resonance struc-
tures without QI indicate the charge transfer between elec-
trodes, symbolizing efficiency in electrical conductivity. This
striking difference in the conduction behavior between hydro-
quinone and resorcinol focuses attention on larger m-conju-
gated systems with specific substitution patterns, such as those

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Resonance structures of (a) hydroquinone and (b) resorcinol
displaying where the quantum interference phenomenon (Ql)
occurs. M denotes any metal.

found in natural dyes.”” Depending on the application, one
might look for these systems. For instance, para-disubstitution
might lead to a more efficient system for electronic transport,

a) 1.0

0.0

b) 1.0
0.8

0.6

T (E)

0.4

M

I k

-3 =2 =1 0 1 2 3
E (eV)

————

0.0

Fig. 8 Comparison of the transmission probability at weak coupling
regime with t = 1 (black), and t = 0.5 (red) for (a) hydroquinone and (b)
resorcinol.
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Fig. 9 Comparison of the transmission probability at weak coupling
regime with w = 1 (black), and w = 0.5 (red) for (a) hydroquinone and
(b) resorcinol.

whereas meta-disubstitution might be suitable for systems
involving stepwise electron conduction.

We evaluated the influence of the internal couplings ¢ and w
on the electrical transport through the molecules in Fig. 8 and 9,
respectively. Specifically, Fig. 8a and 9a correspond to hydro-
quinone, while Fig. 8b and 9b correspond to resorcinol.

To validate our analysis of transmission probability, we
explored the weak coupling regime by varying the coupling
parameters ¢ and w. We found that the internal coupling within
the aromatic ring (¢) has a greater impact than the coupling
between the hydroxyl group and the aromatic ring (w). This
observation aligns with the principles of molecular hybridiza-
tion. Within the benzene ring, each of the six carbon atoms
adopts sp> hybridization, forming three sp> hybrid orbitals and
one unhybridized p orbital perpendicular to these hybrids.
These six p orbitals overlap laterally, creating a delocalized -
bonding system. Conversely, the oxygen atom in the hydroxyl
group exhibits sp® hybridization. Two of its hybrid orbitals form
sigma (o) bonds with the hydrogen and carbon atoms, while the
remaining two orbitals contain a lone pair of non-bonding
electrons.

The delocalization of 7 electrons in the benzene ring favors
electrical conductivity and thus has a more significant effect on
electron transport than the ¢ bond in the hydroxyl group. This

RSC Adv, 2025, 15, 44194-44204 | 44199
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characteristic facilitates greater electron mobility along the
conjugated system present in the aromatic ring. Some resonant
peaks are suppressed in both molecules while the ¢ coupling is
varied. However, the effect is more pronounced in hydroqui-
none, thus illustrating that this coupling is directly involved in
the accessible electronic states for electron transport through
the molecules. The difference in symmetry in both molecules
relates to the effect shown in the molecules.

The transmission probability changes significantly for
resorcinol by lowering the coupling energy between the hydroxyl
group and the aromatic ring (w). It represents a weakening of
the interaction through the ¢ O-C bond, leading to more reso-
nance peaks in the transmission probability. Under this
coupling, the polarization effects of the electron density
diminish from the hydroxyl group to the aromatic ring. In other
words, decreasing the coupling energy lowers the interaction
between the electrons of the hydroxyl group and those of the
aromatic ring, allowing for a more discrete energy state.

To refine our model, we adjusted the atomic site energies to
better represent the intrinsic properties of the atoms within the
molecules. Specifically, we assigned a lower site energy to the
hydroxyl groups compared to other atomic sites, considering
factors such as electronegativity, hybridization, and interatomic
interactions that shape the electronic environment of the

a) 1.01
0.8

0.6

T(E)

0.4

0.2
0.0 uL

E (eV)

b) 1.0

o |

0.6

T(E)

0.4

"l e

-3 -2 -1 0 1 2 3
E (eV)

Fig. 10 Comparison of the transmission probability at weak coupling
regime with Ec = 0.0 eV (black), and Ec = 0.5 eV (red) for (a) hydro-
quinone and (b) resorcinol.
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Fig. 11 Comparison of the transmission probability with Eq = 0.0 eV
(black) and Eqon = —0.5 eV (red) for (a) hydroquinone and (b) resorcinol.

hydroxyl group. We systematically varied the site energies of the
carbon atoms (E(c)) to 0.5 eV (Fig. 10) and the hydroxyl group
(E(om) to —0.5 eV (Fig. 11). As shown in Fig. 11, modifying Eog)
resulted in a slight leftward shift of the bands, indicating
a reduction in the energy threshold required for electron
transmission through the molecule. In contrast, adjusting E(
(Fig. 10) caused a slight rightward shift of the bands, suggesting
that a higher energy is needed to initiate electron transmission.

3.2 Current

After analyzing the transmission probability, we were intrigued
by how the current in resorcinol and hydroquinone occurs.
Interestingly, we observed a direct correlation between the
normalized current (i.e., I/l;) and the applied voltage (Fig. 12)
under both coupling regimes (I' < t, w and I'" > ¢, w). The steps in
the current relate to the voltage reaching a molecule’s intrinsic
value, producing a jump in the electron injection energy. We
noticed that the molecular systems, either resorcinol or hydro-
quinone, under both coupling regimes, possess a typical semi-
conductor behavior. Additionally, when molecules reach their
maximum electron storage capacity (i.e., saturation), the stabi-
lization of the current occurs, as evidenced by a plateau of the
current. Even with a difference in the electrochemical potential,
this passivation starts at nearly 5 Volts for hydroquinone and
resorcinol, where the current amplitude is the highest.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(green) at ® = 300 K, evaluated under weak (solid) and strong (dashed)
coupling regimes.
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Fig. 13 Models used to calculate the electronic properties in benzene
(@: Model I; b: Model Il), and catechol (c: Model I; d: Model Il). Adapted
with permission from Ojeda et al (2013)** Copyright 2013 AIP
Publishing. Adapted from Soto et al. (2023).28 Available under a CC-BY
4.0 license. Copyright The Authors.

Comparing the current values with similar systems studied
previously, such as benzene and catechol linked in meta and
para configurations (Fig. 13a and b for benzene, and Fig. 13c
and d for catechol), the current conduction significantly varies
among these molecules (Fig. 14) due to their structural and
electronic differences.'®'® In addition, the conduction capacity
also depends on the link configuration of the molecule to the
electrodes and whether QI phenomena are present.

Fig. 14 shows that benzene in a para-linked fashion (Model 2
Benzene) exhibits the highest current conduction capability of
all evaluated systems. This good conductivity is attributed
mainly to the symmetry of the linkage to the electrodes, facili-
tating an efficient electron flow. In contrast, the meta-linked
benzene displays a destructive QI in its molecular structure,
considerably reducing the conductivity capacity of this system
(Model 1 benzene). Although hydroquinone presented the para-
linked fashion to the electrodes, it shows lower conductivity
than benzene in this configuration. This behavior is associated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Current vs. voltage for benzene-derived aromatic systems at
# = 300 K, under a weak coupling regime. Data adapted with
permission from Ojeda et al. (2013).* Copyright 2013 AIP Publishing.
Adapted from Soto et al. (2023).1® Available under a CC-BY 4.0 license.
Copyright The Authors.

with the electronegativity of the elements comprising the
molecular system, where the oxygen in the hydroxyl groups is
more electronegative than hydrogen and carbon atoms,
inducing molecular polarization through charge distribution
differences. Thus, electrons tend to accumulate around the
oxygen, leading to reduced current flow. However, hydroqui-
none is more conductive than the other benzenediol isomers
(i.e., catechol and resorcinol) due to the para-configuration of
the hydroxyl substituents.

As shown in Fig. 12, resorcinol exhibits lower conductivity
than hydroquinone. This difference is associated with the
destructive QI phenomenon presented at resorcinol, with the
appearance of a node in the molecular orbitals at the meta
position, similar to meta-linked benzene. Interestingly, the
evaluated models of catechol, in para-linked configurations to
the electrodes, present the lowest conductivity of all systems.
Specifically, due to the hydroxyl groups at the ortho positions at
Model 1 of catechol, the electronic density polarization plays
a crucial role in lowering the conductivity. In contrast, even
though polarization is present, Model 2 of catechol presents
higher conductivity than Model 1 because one of the hydroxyl
groups favors polarization towards one of the electrodes in the
direction of the electric flow.

In summary, polarization and the linkage configuration to
the electrodes play a crucial role in the current passing through
the molecule from one electrode to the other. Benzene exhibits
the highest conductivity in para-linked fashion due to minimal
polarization effects and the absence of destructive QI. Hydro-
quinone, despite polarization effects induced by hydroxyl
groups, remains more conductive than resorcinol and catechol
due to the favorable arrangement of its functional groups at the
para position, reducing electronic density polarization effects.

Fig. 15 highlights a strong correlation between current,
hydroquinone-electrode coupling, and applied voltage. As the
coupling strength increases, the current becomes highly sensi-
tive to voltage fluctuations, particularly in the positive voltage
regime. This suggests that strong coupling enhances charge

RSC Adv, 2025, 15, 44194-44204 | 44201


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06041a

Open Access Article. Published on 12 November 2025. Downloaded on 1/19/2026 11:36:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

O v

05"

-5

Fig.15 Current as a function of hydroquinone—electrode coupling (I)
and applied voltage (V).

transfer efficiency, making the system more responsive to
external voltage biases. In contrast, weaker coupling results in
a less pronounced current response, indicating reduced charge
transport efficiency. This behavior stems from the alignment of
molecular energy levels with the electrode Fermi level. Strong
coupling improves this alignment, facilitating efficient electron
tunneling between the molecule and electrodes. As a result,
hydroquinone exhibits superior conductivity under strong
coupling and high voltage conditions, making it a promising
candidate for applications requiring dynamic current
modulation.

Unlike hydroquinone, the resorcinol system (Fig. 16) exhibits
a more gradual current response to changes in coupling
strength and applied voltage. This suggests that its conductivity
remains relatively stable across the range of evaluated param-
eters. The smoother current variation indicates that resorcinol
is less likely to be altered by external factors, leading to a more
consistent charge transport profile. Such stability is particularly
beneficial in applications that require reliable performance
despite voltage fluctuations. The behavior of resorcinol to
sustain steady conductivity makes it well-suited for devices
requiring stable charge transport, such as voltage regulators or
precision control systems where maintaining a constant current
flow is essential.

Bl

Fig.16 Currentas a function of resorcinol-electrode coupling (I') and
applied voltage (V).
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When comparing the 3D plots of both molecules for
coupling values of 1.0 eV or higher, the hydroquinone demon-
strates a remarkable ability to rapidly adjust its conductivity in
response to small voltage variations. This characteristic is
advantageous for electronic systems requiring dynamic
conductivity tuning, such as molecular switches or sensors
detecting subtle voltage shifts. Conversely, resorcinol maintains
greater conductivity stability under the same conditions,
making it ideal for applications where consistent performance
is critical. In precision control systems, ensuring steady
conductivity despite minor voltage changes is crucial for
optimal functionality.

3.3. Conductance

Looking at the electrical conductance (Fig. 17), we observed an
identical behavior to transmission probability, displaying the
same number of resonant peaks at the same energy values. The
local minima for hydroquinone and resorcinol represent two
band gaps located around —2.2 eV:0.3 eV and —1.6 eV:1.0 eV,
respectively. These peaks are associated with destructive QI
between the molecule’s localized states and the electrodes’
delocalized states. The direct relation of the transmission
probability to the conductance is trivial since both properties
intrinsically relate to the ease with which the electrons pass
through the molecules (i.e., electrical current).

Fig. 17 provides a detailed overview of electron transport
through the molecules, revealing significant differences in their
electronic properties and electrode interaction. Resorcinol’s
conductance possesses pronounced conductance peaks around
—2.4eV,—-1.3¢eV,—-1.1€V,0¢eV, 0.4 eV, 1.8 eV, and 2.1 eV. The
high density and narrow distribution of these peaks suggest the
formation of multiple discrete energy levels that facilitate
electron transport. Moreover, the peaks close to 0 eV indicate QI
effects, where the molecule’s energy levels strongly interact with
the Fermi levels of the electrodes. In contrast, hydroquinone’s
conductance presents broader and fewer conductance peaks,
observable around —1.9 eV, —0.5 eV, 0.1 eV, 0.5 eV, 1.9 eV, and
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Fig. 17 Conductance vs. Fermi energy of resorcinol (green) and
hydroquinone (orange) in a weak coupling regime.
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2.3 eV. The broadening effect presented in the peaks for the
hydroquinone proposes a strong coupling between the mole-
cule and the electrodes, making electron transport more effi-
cient at specific energy ranges. Like resorcinol, hydroquinone
shows multiple peaks around 0 eV, indicating similar resonance
effects.

4 Conclusions

In this study, we demonstrated that the system with resorcinol
between the electrodes, characterized by a higher density of
narrow peaks, offers multiple discrete channels for electron
transport, enhancing conductance in systems operating across
various energy levels. However, resorcinol (ie., meta-di-
hydroxybenzene) exhibits quantum interference (QI)/
destructive interference leading to rapid fluctuations that may
compromise its stability, thus reducing its conductance. In
contrast, hydroquinone (i.e., para-dihydroxybenzene) exhibits
constructive interference, along with broader and fewer peaks,
indicating stronger coupling with the electrodes, thus
promoting more stable electron transport and efficient current
flow. These observations are consistent with both theoretical
and experimental literature. Indeed, Guédon et al. experimen-
tally demonstrated destructive interference in charge transport
through meta-connected molecules.”® Pan et al explored
molecular conductance orbitals to understand interference
patterns in aromatic frameworks,” while Chen et al. showed
that quantum interference could enhance the performance of
single-molecule transistors.> While the lower density and
broader distribution of peaks in hydroquinone may limit
conductance at certain energy levels, it contributes to a more
stable and predictable electron transport behavior. Conse-
quently, the selection between resorcinol and hydroquinone
depends on the specific requirements of the molecular elec-
tronic application. Resorcinol fits in applications demanding
higher conductance across multiple energy levels, whereas
hydroquinone is preferable for scenarios where stability and
efficiency at defined energy ranges are paramount.

Overall, we offered a novel perspective to study the electronic
transport and the ring-electrode coupling effects by combining
real-space decimation techniques with the investigation of the
QI phenomena in structurally distinct molecules: resorcinol
and hydroquinone. We showed that the coupling strength (I')
plays a crucial role in modulating the position and sharpness of
transmission resonances and influencing conductance
behavior. This result is in agreement with recent studies that
emphasize the impact of energy level alignment, orbital
broadening, and anchoring group chemistry on hybridization
and charge transport in molecular junctions,'>** as well as the
effect of electrode materials and interface properties in modu-
lating QI.>**” The decimation method allowed us to reduce
system complexity while preserving essential topological
features, making it particularly effective for small conjugated
molecules where subtle structural differences can lead to
significant variations in transport behavior. Our analysis
provides a valuable foundation for the rational selection of
molecular materials in the design of advanced electronic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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devices, emphasizing the importance of understanding and
controlling conductance properties at the molecular level.
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