Open Access Article. Published on 11 March 2026. Downloaded on 3/12/2026 12:02:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry C

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5tc04474j

Received 22nd December 2025,
Accepted 3rd March 2026

DOI: 10.1039/d5tc04474;

rsc.li/materials-c

1. Introduction

Electron transport through organic molecules™ is governed by

lonic gating of a meta-connected molecular

junction achieves a 10°> ON/OFF ratio

@ and Ali Ismael (2 %3¢

Faizah Almutairi,* Asma Alajmi, 7% Colin Lambert
Molecular architectures featuring stable radical centres and tunable m-conjugated backbones are well-
established platforms for investigating charge transport at the single-molecule level. In this study, we
examine the transport characteristics of three established connectivities para-connected, ortho-connected,
and doubly n-bridged ortho based on bis(triarylamine) organic analogues, in the presence of counter-ions
positioned at various locations around the molecular framework. These systems provide a platform for
assessing how structural connectivity governs quantum interference and how local electrostatic
perturbations influence the transmission spectrum. Building on these benchmarks, a new meta-connected
variant is proposed and its behaviour in the presence of counter ions is evaluated. In contrast to the para
and ortho arrangements, which display only modest variations under ionic perturbation, the meta
configuration exhibits a markedly enhanced response. Depending on the ion’s position, the transmission is
either significantly suppressed or strongly modulated by nearly five orders of magnitude producing an ON/
OFF ratio of ~10°. This pronounced switching arises from the destructive interference inherent to meta
connectivity and its susceptibility to local electrostatic fields. Overall, the results demonstrate that meta-
engineered molecular junctions offer a highly sensitive route for ion gated control of charge transport,

with promising implications for molecular scale electronic switching and sensing technologies.

electrons traverse multiple transmission pathways within a
molecule, whether through spatially separated routes or through
frontier molecular orbitals.>**” The relative phase relationship

quantum interference even at room temperature. Conse-
quently, interfering pathways available for electrons within a
molecular framework play a crucial role in determining the
efficiency and characteristics of charge transport.®™*? In recent
years, considerable attention has been directed toward exploit-
ing quantum interference (QI) effects as a strategy for modulat-
ing electrical conductance at the single-molecule level. At the
same time, m-conjugated molecular systems'*™° continue to
attract strong interest, as their delocalized electronic structures
provide a versatile platform for tailoring transport properties.
This growing focus reflects broader advancements in molecular
electronics and related research fields, where controlling elec-
tron flow with precision has become a central objective.

In a single-molecule junction (SMJ), the molecular backbone
acts as the principal medium for electron transfer between the
two metallic electrodes. Quantum interference arises when
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between these pathways determines whether constructive quan-
tum interference (CQI) or destructive quantum interference
(DQI) occurs, resulting in enhanced or suppressed conductance,
respectively. Charge transport in SMJs is influenced by several
molecular and interfacial factors, including the chemical nature
of the anchoring groups, the molecular length, the characteris-
tics of the spacer units, and the electronic structure of the n-
conjugated framework. Aromatic systems, particularly those with
para, ortho, or double-ortho connectivities®®* > are especially
sensitive to QI effects, as variations in connectivity reconfigure
the available phase-coherent pathways within the conjugated
network. Understanding these principles has enabled the design
of functional molecular devices,>***" including molecular
wires,*>*® switches,** and thermoelectric elements.*>™*° Substi-
tution patterns, conformational flexibility, and modifications to
anchoring geometries further influence the energy alignment
and interference patterns, thereby providing additional means to
control charge-transport behaviour in m-conjugated molecular
systems. Building on these developments, theoretical frame-
works such as density functional theory (DFT) and tight-
binding (i.e. Hiickel) models have become indispensable for
analysing charge transport in n-conjugated systems. By correlat-
ing electronic structure with observed conductance trends, these
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models play a central role in interpreting experimental measure-
ments and in predicting how targeted chemical modifications
can be used to control electron transport in single-molecule
junctions.

In this study, we investigate how different connectivity
patterns within molecular systems shown in Fig. 1 govern
charge transport in single-molecule junctions. The para-
connected configuration Fig. 1(a) provides an extended contin-
uous m-conjugation pathway, which generally promotes phase-
coherent electron transport and is expected to lead to high
electrical conductance. In contrast, the single-bridge ortho-
connected system in Fig. 1(b) is expected to reduce orbital
overlap, thereby suppressing electron transmission. Incorpor-
ating a double-bridge ortho-connected system in Fig. 1(c) is
expected to improve electron transport compared with the
single-bridged ortho case Fig. 1(b). In what follows, we test
these expectations through detailed DFT-based transport calcu-
lations. Molecular connectivity plays a central role in control-
ling QI and charging transport in single-molecule junctions. In
n-conjugated systems, para- and ortho-connected architectures
typically support relatively robust transport pathways, whereas
meta connectivity introduces DQI that strongly suppresses
transmission near the Fermi energy. This interference-driven
sensitivity makes meta-connected junctions particularly respon-
sive to external electrostatic perturbations, such as nearby
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Fig. 1 Chemical structures of the studied molecular systems: (a) para-
connected, (b) ortho-connected, and (c) doubly n-bridged ortho.
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counter-ions. Ionic gating therefore provides an effective means
to modulate molecular conductance without modifying the
molecular backbone. Understanding the interplay between
connectivity-induced QI and ion-induced electrostatic effects
is essential for the rational design of molecular switches,
sensors, and thermoelectric devices.’*>*

2. Computational methods

Density functional theory calculations were performed using the
SIESTA package.>®>® The geometries of the isolated molecules
were fully optimised by allowing all atomic coordinates to relax
until the residual forces on each atom were below 0.01 eV A~ A
double-{ polarized DZP basis set was employed together with
norm-conserving pseudopotentials, and the real-space integra-
tion grid was defined using a cutoff energy of 250 Ry. Exchange
correlation effects were treated within the generalized gradient
approximation GGA. The geometries obtained from DFT optimi-
sations were then employed as input structures for the quantum
transport calculations. The fully relaxed molecular configura-
tions used in the transport analysis are presented in Fig. S2 of
the SI, highlighting the characteristic conformations of each
system. In addition, their electronic properties were evaluated
through frontier molecular orbital (FMO) analysis examining the
highest orbital molecule orbital (HOMO), lowest orbital molecule
orbital (LUMO), and adjacent orbitals as shown in Fig. S3-S5.
The frontier molecular orbitals provide insight into the spatial
distribution of amplitude and phase that governs charge trans-
port and QI phenomena. Each molecule incorporates two term-
inal methoxy groups as anchoring units. To evaluate their
transport properties, we employed the non-equilibrium Green’s
function (NEGF) Gollum quantum transport code. This frame-
work enables calculation of the energy dependent transmission
coefficient 7(E), which quantifies the ease with which an electron
of energy E can traverse the junction. The corresponding elec-
trical conductance is then obtained from the Landauer expres-
sion, G = GoT(Er)*”"® where G, is the quantum of conductance.
For all simulations, the molecules were connected between two
semi-infinite gold electrodes represented by six-layer Au(111)
slabs, each comprising 30 atoms. The methoxy anchors were
placed on the gold surfaces in their most energetically favorable
adsorption geometries to reflect experimentally realistic binding
configurations.

3. Results and discussion

3.1. DFT calculations

This section examines the electrical conductance characteris-
tics of three molecular systems: the para-connected analogue
Fig. 1(a), the single-bridge ortho-connected species Fig. 1(b),
and the ortho-connected double-bridge system Fig. 1(c). Using
DFT optimised geometries as input, we investigate how this
distinct connectivity pattern shape QI behaviour within the
molecular framework. We begin by analysing how each con-
nection pattern gives rise to DQI or CQI signatures in the

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc04474j

Open Access Article. Published on 11 March 2026. Downloaded on 3/12/2026 12:02:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

charge-transport pathways. We then assess their thermoelectric
properties through Seebeck coefficient calculations, highlight-
ing how CQI and DQI influence both conductance and overall
thermoelectric performance.

3.2. Connectivity analysis

As discussed above, the double-bridge design Fig. 1(c) partially
restores conjugation and is therefore expected to yield higher
conductance than the single-bridge ortho system Fig. 1(b), while
remaining less conductive than the fully conjugated para-
linked structure Fig. 1(a) (for more detail about the electronic
properties see Fig. S1-S5, in the SI). To evaluate these qualita-
tive predictions, we analyse the DFT-calculated transmission
functions for the bridged molecular systems. As a preliminary
step, binding-energy calculations were performed for the meth-
oxy (OCH3)-gold contacts.®®®® These results confirm that the
anchoring configurations are consistent across all molecules.
The optimised Au-OCH; bond lengths and binding energies
Fig. S6 confirm the formation of stable and reproducible
methoxy-gold junctions across all molecules. Binding energies
were evaluated using a pyramidal gold configuration to mimic
an STM or break-junction apex, while a planar model though
slightly underestimating the binding energy by ~0.8 eV
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provides a robust geometry for assessing the intrinsic transport
properties of the molecular backbone. Fig. 2(a)-(c) present the
electrode molecule geometries employed in the transport simu-
lations for the three systems. The corresponding T(E), are
shown in Fig. 2(d) as a function of electron energy relative to
the DFT-predicted Fermi level, ER*". For each connectivity, the
transmission curves represent averages over four different
counter-ion positions; the individual configurations and their
detailed analysis are provided in the SI. All three systems
exhibit smooth transmission functions within the HOMO-
LUMO gaps, which is a signature of CQI. The para-connected
molecule Fig. 2(a) displays the highest transmission coefficient
in the vicinity of the middle of the gap, reflecting the presence
of a strongly conjugated transport pathway. In contrast, the
ortho-connected structure Fig. 2(b) exhibits the lowest mid-gap
transmission, consistent with a less efficient m-conjugation
pathway. The doubly n-bridged ortho architecture Fig. 2(c)
shows intermediate behavior, with enhanced transmission
relative to the single-ortho system but remaining lower than
that of the para-connected analogue. This trend indicates that
the introduction of a second m-bridge partially improves
through-molecule coupling, although it does not fully recover
the high conjugation efficicy of the para configuration Fig. 2(a).

doubly ortho-bridged
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(a)—(c) Relaxed junction geometries of the para-connected molecule (a) single-bridge ortho-connected molecule (b) and doubly n-bridged

ortho-connected molecule (c) coupled to gold electrodes via terminal methoxy (OCHs) anchoring groups. (d) Zero-bias average transmission
coefficients, T(E), plotted as a function of electron energy relative to the DFT-predicted Fermi energy EP"". (e) average Seebeck coefficients, S(E),
plotted as a function of Fermi energy relative to the DFT-predicted Fermi energy EPFT.
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At the DFT Fermi energy, the average transmission coefficients
are 7.4 x 10~ for the para-connected system, 2.5 x 10~ ° for the
doubly n-bridged ortho system, and 7.7 x 10’ for the ortho-
connected system, confirming the expected hierarchy of con-
ductances. Additional details, including the full transmission
coefficient curves, are presented in Fig. S7-S9 of the SI. Further
details of the spin-polarized transport calculations and charge
transfer analysis, including the spin-resolved transmission
spectra (Fig. S19) and population analysis for different PFs
counter-ion positions (Table S1), are provided in the SI

3.3. Seebeck coefficient

The Seebeck coefficient S(Eg) is particularly important because
a temperature gradient AT across a molecular junction can
induce an electrical potential AV according to AV = —S(Eg)AT.5* ¢
A large S(Eg) therefore indicates a strong ability of a molecule to
convert heat into electrical energy without the need for any
mechanical components. When the transmission function has
an approximately linear slope over an energy window on the
order of kgT around the Fermi level Eg, the Seebeck coefficient
can be estimated using the Mott relation:

kg’ T OIn T(E)

S(Er) = - 3e OE

E=FEf

For each molecular connectivity, the Seebeck coefficients
shown in Fig. 2(e) are averaged over four distinct counter-ion
positions; the individual configurations and detailed analyses
are provided in the SI. As shown in Fig. 2(d), the T(E) exhibit a
negative slope in the vicinity of the Fermi energy Er for all
connectivities. According to the Mott relation, this negative
slope implies a positive Seebeck coefficient, consistent with the
Seebeck trends observed in Fig. 2(e) and indicative of HOMO-
dominated transport.

Because the Seebeck coefficient is proportional to the energy
derivative of InT(E)evaluated at Eg, the Mott relation provides a
straightforward estimate of S(Ey) for each connectivity.®® Apply-
ing this relation to the calculated transmission slopes predicts
that the para-connected molecule Fig. 2(a) exhibits the smallest
thermopower, the doubly ortho-bridged structure Fig. 2(c)
shows an intermediate value, and the single-bridge ortho-
connected molecule Fig. 2(c) yields the largest Seebeck coeffi-
cient. Notably, this ordering is opposite to the corresponding
conductance trend: the lowest-conductance junction displays
the highest thermopower, whereas the most conductive struc-
ture exhibits the weakest Seebeck response. Additional details
and full Seebeck curves are provided in Fig. S10-S12 of the SI.

These trends are reflected in the computed thermopower
values for the molecular series. The ortho-connected junction
shows a Seebeck coefficient of approximately +600 uv K ', the
para-connected structure yields a smaller value of about
+160 puv K, and the doubly-ortho configuration falls between
them at roughly +300 uV K *. This behaviour highlights how the
connectivity-dependent interference pattern shapes the energy
profile of the transmission function, which via Mott formula,
then converts into the corresponding seebeck response.
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3.4. New suggested molecule, meta-connected

To further probe the role of connectivity, we extend our analysis
by constructing a meta-connected analogue shown in Fig. 3, in
which the phenyl ring in the centre of the bridge is meta-
connected to its neighbours (for more details about the electro-
nic structure of this molecule see Fig. $13-S15 in the SI).

The meta-arrangement interrupts the through-bond conju-
gation pathway and is expected to give rise to DQI, leading to a
markedly suppressed transmission within the HOMO-LUMO
gap. The calculated zero-bias transmission for the meta-
connected molecule reaches a minimum of approximately
4.7 x 1078 significantly lower than that of the para, ortho,
and doubly-ortho structures Fig. 2(a)—(c). This pronounced DQI
not only reduces the conductance but also steepens the energy
dependence of T(E), which results in an enhanced thermo-
power relative to the other connectivities. Consistent with the
large negative slope of In 7(E) at Eg, the meta-connected system
exhibits the highest Seebeck coefficient in the series, reaching
more than +750 pV K~'. This strong thermoelectric response
highlights how interference-driven suppression of transmis-
sion can amplify the Seebeck coefficient, in accordance with
the Mott relation. A complete depiction of the meta-connected
molecular geometry is presented in Fig. 4(a), while detailed
analyses including the optimised structures, frontier orbitals,
transmission spectra T(E), and corresponding Seebeck profiles
S(Eg) illustrated in Fig. 4(c), are provided in the SI (Fig. S16 and
S17). Together, these results demonstrate that even small
adjustments in atomic connectivity can profoundly alter QI
patterns and, consequently, the charge- and heat-transport
characteristics of n-conjugated molecular systems.

3.5. On-Off ratio

To evaluate how local electrostatic perturbations influence
charge transport, we performed simulations on all four of the
above molecular junctions in the presence of PFs counterions.
For molecules Fig. 2(a)-(c), the presence and position of the
counterions produced only minor variations in 7(E), indicating
that these architectures are relatively insensitive to local gating
due to their robust n-delocalisation and CQL®”~”> In contrast,
the meta-connected molecule is highly sensitive to counterion
perturbations that break symmetry within the n-system. These
results reveal a pronounced switch-like ON/OFF response in the
meta-connected system. Depending on the location of the
counterion, Fig. 5 shows that two clearly separated transmis-
sion regimes are identified. In the low-conductance state, the

o~ o~

jsa oSN sast
O (0]
| |
Fig. 3 Chemical structure of the meta-connected configuration.
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corresponding average Seebeck coefficient S(E).

transmission is strongly suppressed, with T(E) reduced by
several orders of magnitude relative to the transmission in
Fig. 4 (i.e. in the absence of counterions). This suppression
arises from ion-induced perturbations of the molecular electro-
nic structure that reinforce DQI, thereby inhibiting electron
transport. In contrast, the high-conductance state exhibits a
substantial enhancement of transmission, approaching an

a
b
10 | (!
o
— Y‘
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& 10—6
-10 . .
10 0 >
E — ERFT(eV)
Fig. 5 (a) Schematic of the corresponding locations. (b) Transmission T(E)

of the meta-connected molecular for 20 counter-ion positions. Methoxy
near the anchors suppress transmission (OFF), while central placement
enhances it (ON), giving an ON/OFF ratio of ~10°.
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(@) schematic of the meta-connected junction. (b) average transmission T(E)of the meta-connected molecular for four ion positions. (c)

increase of approximately five orders of magnitude. This
enhancement reflects a partial lifting of DQI and an improved
effective conjugation across the junction, driven by ion-induced
shifts in the energy alignment between molecular orbitals and
the electrode Fermi level. As shown in Fig. 5(a), the coexistence
of these two transmission levels demonstrates that the meta-
connected architecture functions as an electrostatically gated
interference switch, in which modest spatial variations in ion
position toggle the junction between OFF and ON states. Such
pronounced sensitivity is absent in the other molecular con-
nectivities studied, highlighting the meta pathway as a uniquely
promising platform for molecular switching, electrostatic gat-
ing, and charge-sensing applications.”>”*

Conclusion

In conclusion, this study demonstrates that the meta-connectivity
inradical-based molecular junctions provides a uniquely sensitive
platform for electrostatic gating, in stark contrast to more robust
para and ortho arrangements. By exploiting the inherent destruc-
tive quantum interference of the meta backbone, the strategic
placement of a single counter ion enables modulation of the
transmission spectrum by nearly five orders of magnitude, achiev-
ing an impressive ON/OFF ratio of ~10°. This pronounced switch-
ing behavior underscores the critical role of molecular
connectivity in determining interference patterns and their
susceptibility to local electrostatic perturbations. These findings
establish meta-engineered architectures as highly promising can-
didates for applications in molecular-scale electronic switches
and ultrasensitive chemical sensors.
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In this work, we use the following codes: Siesta code used to
predict the Hamiltonian of each system used in this study,
which is located in https://gitlab.com/siesta-project/siesta/-/
releases. GOLLUM software is used to find the website’s trans-
mission coefficient. https://www.gollumcode.com/. Conduc-
tance, Seebeck, and other parameters are calculated using the
own Fortran code available upon request.

Supplementary information (SI): The SI provides Optimised
DFT structures of isolated molecules, Binding energy, Trans-
mission coefficient T(E), Seebeck coefficient S, New suggested
meta-connected molecule, Spin-polarized calculations and
Charge transfer analyses. See DOI: https://doi.org/10.1039/

d5tc04474;.
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