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We present a study of the length-dependent charge transport properties of a homologous series of
oligo(phenylene—ethynylene) (OPE) molecular wires integrated with ferrocene units (Fe 1-Fe 5).
Theoretical analysis reveals a coherent, length-dependent transport mechanism governed by quantum
interference, with a distinct odd—even parity effect. Molecules with an odd number of ferrocene units
exhibit a characteristic transmission dip within the HOMO-LUMO gap, a signature of destructive
quantum interference (DQI), while even-numbered molecules show constructive quantum interference
(CQl). This demonstrates that the interference behaviour is a holistic property of the full molecular
length, not merely of the ferrocene core. The series exhibits efficient long-range tunneling, with a decay

constant of 8 = 1.1 nm™* over lengths from 1.98 to 3.47 nm. Furthermore, these structures also possess
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Accepted 18th February 2026 high thermoelectric potential, with calculated Seebeck coefficients exceeding 250 puV K. The ability to
switch between DQIl and CQI states through molecular parity, combined with low conductance

DOI: 10.1035/d6ra00084c attenuation and high thermopower, establishes this ferrocene-OPE architecture as a highly promising

rsc.li/rsc-advances

1 Introduction

Ferrocene, an archetypal organometallic compound discovered
in 1951, features a distinctive sandwich structure in which an
iron atom is symmetrically coordinated between two parallel
cyclopentadienyl (Cs;Hs) rings.™ This unique architecture
confers exceptional stability, allowing it to persist in both
aqueous and aerobic environments. Beyond its foundational role
in organometallic chemistry, ferrocene has attracted significant
interest in the field of molecular electronics.*™*° Its well-defined
redox activity and distinctive electronic properties make it
a promising candidate for constructing molecular junctions. A
key aspect of its behaviour in such circuits is the potential
manifestation of quantum interference (QI) effects.” QI is
a fundamental quantum phenomenon where constructive
interference can enhance electron transport, or destructive
interference can strongly suppress it, depending on the molec-
ular structure and electronic pathways within the junction. The
study of ferrocene thus provides a novel platform for exploring
and harnessing these quantum effects for next-generation elec-
tronic devices. Constructive quantum interference (CQI) typically
arises when electron waves traveling through different pathways
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platform for designing tuneable molecular electronic and energy conversion devices.

such as the two branches of a para-connected, conjugated
molecular structure exit the molecule in phase. Conversely,
destructive quantum interference (DQI) occurs when electron
waves become out of phase and destructively interfere, creating
a pronounced antiresonance feature in the transmission spec-
trum that suppresses electron transport. This effect is a hallmark
of quantum mechanics and is most famously observed in meta-
connected aromatic systems, where the molecular topology
inherently disrupts phase coherence. The unique value of ferro-
cene (bis(n’-cyclopentadienyl)iron) in this context lies in its
mechanical flexibility and distinct electronic structure. The
sandwich compound consists of two cyclopentadienyl rings that
can rotate relative to each other with a low energy barrier, making
the conformation specifically the dihedral angle between the
rings' substituents a mechanically adjustable parameter. This
rotational degree of freedom provides a direct handle for in situ
control of quantum interference phenomena.*>*

As demonstrated by Camarasa-Gomez et al, the electrical
conductance of ferrocene derivatives can be substantially
adjusted by mechanically manipulating the junction configu-
ration. Their research elucidated that DQI in these systems
stems from the precise hybridization between the iron atom's d-
orbitals and the 7t-system of the organic ligands. By altering the
molecular conformation for instance, by rotating the cyclo-
pentadienyl rings, the electronic coupling between these
orbitals is modulated. This tuning can either intensify the DQI
by, pushing the antiresonance dip closer to the Fermi energy, or
mitigate it to restore conductance, effectively turning the
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electron flow “off” and “on” through mechanical means. The
ability to precisely control electron transport at the quantum
level through a mechanical input paves the way for the devel-
opment of ultra-sensitive molecular sensors, interferometric
transistors, and non-linear circuit elements whose functionality
is encoded directly into their structure and quantum properties.
Ferrocene-based junctions, therefore, stand as a paradigm for
the active and dynamic control of quantum effects in molecular-
scale electronics.?'>>*

As demonstrated by Lu et al.,*® the energy separation
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) is a critical
factor governing charge transport characteristics. Ferrocene,
with its low-lying, readily accessible HOMO energy level, acts as
a resonant gateway, enabling stronger electronic coupling with
metal electrodes and promoting coherent tunnelling. This
finding is strongly corroborated by the work of Sun et al.,”” who
observed that inserting a ferrocene unit into insulating alkane
chains resulted in a marked enhancement of electron transport.
They ascribed this effect to the advantageous electronic inter-
actions mediated by the organometallic ferrocene moiety,
which creates a conductive pathway through an otherwise
barrier-like chain. Beyond its favourable electronic properties,
ferrocene's utility in molecular electronics and electrochemistry
is multifaceted. Its stable and reversible redox behaviour
provides a reliable switching mechanism and a well-defined
energy state for electron transfer. These properties make
ferrocene suitable for a wide range of applications, including
molecular-scale charge transport, heterogeneous and homoge-
neous catalytic processes, and next-generation energy storage
devices such as redox-flow batteries and electrochemical
sensors.>®%¢

Theoretical investigations have significantly advanced our
understanding of electron transport in molecular junctions
incorporating ferrocene, a prototypical organometallic
compound. Systematically examined the spin-filtering efficiency
(SFE) in molecular junctions featuring ethynyl-terminated
ferrocene derivatives. Their work demonstrated that the
precise position of terminal group substitutions on the ferro-
cene core whether on the same or opposite cyclopentadienyl
rings exerts a profound influence on the spin-polarized current-
voltage (I-V) characteristics. This sensitivity arises because even
minor modifications to the molecular configuration can dras-
tically alter the electronic coupling between the ferrocene's
frontier orbitals (notably the highest occupied molecular
orbital, or HOMO) and the spin-polarised density of states in
ferromagnetic electrodes. The inherent quantum nature of
these ferrocene-based systems allows for the design of struc-
tures where QI effects are spin-selective, enabling exceptionally
high spin-filtering performance.’>”*°

In what follows, we presents a detailed theoretical investi-
gation into the quantum thermoelectric transport properties of
a series of ferrocene-modified oligo(phenylene ethynylene)
(OPE) molecular junctions. The primary objective is to deter-
mine if quantum interference (QI) is constructive (CQI) or
destructive (DQI) and to examine the evolution of electrical
conductance and thermopower as a function of molecular
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Fig. 1 Chemical structure of ferrocene-modified OPE molecule with
a variable number of repeating units (n = Fe 1 to Fe 5), and terminal end
group thiol (SH).

length. Some of the OPE-derivatives under investigation have
been synthesised** and consist of a central ferrocene unit,
functionalised with two terminal thiol groups for binding to
gold electrodes. The molecules contain integrated OPE-based
molecular backbones of varying lengths (denoted n = Fe 1 to
Fe 5 OPE), as illustrated in Fig. 1. To describe their transport
properties, we combine first-principles density functional
theory (DFT) with non-equilibrium Green's function (NEGF)
quantum transport simulations. This approach allows us to
calculate their energy-dependent electron transmission spectra,
T(E), which serve as the fundamental property for characterising
conductance. The analysis of the transmission function near
the Fermi energy (Eg) provides direct signatures of QI effects,
manifesting as either antiresonances (suppressed transmission
indicative of DQI) or resonances (enhanced transmission
indicative of CQI). In particular, this research addresses the
question: how does the quantum interference signature origi-
nating from the ferrocene moiety evolve when the molecular
bridge is extended from a short length (n = Fe 1) to a signifi-
cantly longer one (n = Fe 5)? We hypothesise that increasing the
length may not merely dampen the transmission uniformly, but
could selectively suppress specific interfering pathways, poten-
tially leading to a crossover between different QI regimes.

2 Methods

To calculate electron transport through the ferrocene core, we
began by modelling the terminal SH-Au binding energetics and
then relaxed each compound in the presence of fixed electrodes.
Using the density functional code SIESTA,** the optimum
geometries of isolated ferrocene derivatives were obtained by
relaxing the molecules until all forces on the atoms were less
than 0.01 eV A™' (see Fig. S1). We used a double-zeta plus
polarisation orbital basis set, norm-conserving pseudo-
potentials, the local density approximation (LDA) exchange-
correlation functional, and to define the real space grid, an
energy cutoff of 250 rydbergs. We also computed results using
GGA and found that the resulting transmission functions were
comparable*»** with those obtained using LDA. To simulate the
likely contact configuration during a break-junction experi-
ment, we employed electrodes constructed from 5 layers of Au
(111), each containing 30 gold atoms and further terminated
with a pyramid of gold atoms. After relaxing each molecular
junction in different orientations, we calculated the electrical
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conductance using the Gollum quantum transport code,"® (for
more detail see the SI). Electron transport properties were
evaluated in the linear-response (zero-bias) regime using the
GOLLUM code. This approach utilises equilibrium Green's
functions derived from the DFT-calculated Hamiltonian within
the Landauer-Biittiker framework to determine the trans-
mission coefficient rather than a self-consistent finite-bias
NEGF implementation.

3 Results and discussion

The electronic properties of the ferrocene-modified OPE mole-
cules (Fig. S1), were investigated through an analysis of their
frontier molecular orbitals specifically, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO). The energies and spatial distributions of
these orbitals, are detailed in Fig. S2-S6. The optimal binding
distance between the electrodes and the thiomethyl anchor
groups were obtained by calculating their binding energies as
a function of distance (Au-S), the covalent bond distance is
found to be 2.4 A, and the actual binding energy of approxi-
mately 1.9 eV, as illustrated in Fig. S7.

Fig. 2a below, shows the ferrocene-modified OPE molecules
Fe 1 and Fe 5 connected to Au electrodes (Fe 2,Fe 3 and Fe 4 are
not shown here; for more details, see Fig. S8). These molecules
consist of a rigid oligo(phenylene ethynylene) (OPE) backbone,
which serves as a molecular wire, functionalized with a redox-
active ferrocene moiety. Given the presence of a transition
metal centre (Fe) in the ferrocene-modified derivatives, spin-
polarised density functional theory (DFT) calculations were
necessary to accurately model their electronic structure. The
corresponding transmission functions for both spin-up and
spin-down channels are presented in Fig. S9 (SI). The results
reveal an absence of spin polarisation, as evidenced by the
identical transmission spectra for the two spin channels across
all five OPE derivatives.

Fig. 2b presents the corresponding quantum transport
characteristics for the five derivatives, revealing a mixed regime
of quantum interference behaviour. This is manifested in the
calculated transmission functions, T(E), which exhibit two
distinct profiles near the HOMO (Highest Occupied Molecular
Orbital) resonance energy: DQI is characterised by the presence
of a pronounced dip in the transmission function.

The zero-bias transmission spectra in Fig. 2b reveal that the
quantum interference (QI) in these junctions is molecule-
dependent. A distinct even-odd effect is observed: junctions
with an odd number of ferrocene units (Fe 1, Fe 3, Fe 5) exhibit
a characteristic dip near the HOMO resonance, a signature of
DQL. In contrast, junctions with an even number of units (Fe 2,
Fe 4) lack this dip, displaying a smoother profile typical of CQI.
The relationship between orbital symmetry and quantum
interference (QI) was evaluated by examining the product of
HOMO and LUMO coefficients at the connection sites. A posi-
tive product indicates constructive quantum interference (CQI),
enhancing electron transmission, whereas a negative product
signifies destructive quantum interference (DQI), which
suppresses conductance. This symmetry-based analysis
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Fig. 2 Structure and electron transmission of ferrocene-based
molecular junctions. (a) Schematic of a single-molecule junction
where an OPE-ferrocene derivative (illustrated with examples Fe 1 and
Fe 5) bridges two gold electrodes. (b) Calculated zero-bias trans-
mission spectra, T(E), for the five OPE-ferrocene molecules (Fe 1-Fe
5). The molecule-dependent shifts in the resonant peaks correspond
to changes in the frontier orbital energies.

provides a clear rationale for the transmission features observed
across the different molecular configurations. As discussed in
Section 1.2 of the SI, this odd-even effect is consistent with the
alternating symmetries of the HOMO and LUMO molecular
orbitals.™®

To quantitatively characterize the charge transport mecha-
nism across the ferrocene-based molecular junctions (Fe 1-Fe
5), we calculated the tunneling decay factor () using the
established relationship for non-resonant tunneling:

In(G(L)) = In(G(0)) — BL (1)

where G(L) is the simulated molecular conductance, L is the
effective tunneling length defined as the distance between the
sulfur anchoring atoms and G(0) represents the contact
conductance extrapolated to zero length. The measured
molecular lengths for the series are 1.98 nm (Fe 1), 2.37 nm (Fe
2), 2.72 nm (Fe 3), 3.11 nm (Fe 4), and 3.47 nm (Fe 5). The
observed linear relationship between In(G) and L unambigu-
ously confirms that electron transport occurs via a direct

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Tunnelling decay factor as a function of the molecular length
for the five OPE-ferrocene molecules (Fe 1-Fe 5).

through-bond tunneling mechanism (see Fig. 3). This is a direct
consequence of the significant energy barrier presented by the
ferrocene units, whose frontier molecular orbitals are energet-
ically misaligned with the electrodes’ Fermi level.

The thermoelectric performance of a molecular junction is
captured by the Seebeck coefficient (S), which quantifies the
voltage generated in response to a temperature difference
across the junction. At the molecular scale, the Seebeck coeffi-
cient is governed by the electronic transmission spectrum, 7(E),
which describes the probability of an electron at energy E
tunneling through the molecule. The relationship is given by
a derivative of the transmission function at the Fermi energy
(Eg) of the electrodes:

S =

kT (d ln(T(EF))> 2)

3|€| dEp

This equation reveals that the Seebeck coefficient is
proportional to the logarithmic derivative of the transmission
function, d In T(E)/dE, evaluated at Eg. Physically, this derivative
reflects the slope of the transmission function around the Fermi
level. A positive Seebeck coefficient (p-type behaviour) arises
when the slope <0 at Ey.

This is typically occurring when the is close to the HOMO,
creating a steep “downward slope” in T(E) at the Fermi energy.
Conversely, a negative Seebeck coefficient (n-type behaviour)
occurs when the Fermi energy lies just below the LUMO. In this
study, the calculated Seebeck coefficients for the studied
molecules are all positive at the DFT-predicted Fermi energy (Eg
— ERFT = 0 eV), as shown in Fig. 4.

This HOMO-dominated transport is consistent with the
electronic structure of ferrocene, whose ionization potential
places its occupied states near typical electrode Fermi levels.
The positive Seebeck coefficient thus confirms the p-type char-
acter of these molecular junctions and shows that thermoelec-
tric transport is governed by hole conduction via the HOMO-
dominated pathway. While standard DFT tends to underesti-
mate fundamental energy gaps due to self-interaction errors
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Fig.4 Calculated Seebeck coefficient as a function of electron energy
for the OPE-ferrocene series (Fe 1-Fe 5).

and the lack of derivative discontinuity, these effects are
systematic across our consistent computational framework.
Because our focus remains on relative trends induced by
structural functionalization and electrode coupling rather than
absolute orbital energies, the comparative conclusions
regarding electronic transport and level alignment remain
qualitatively robust. The observed interference effects originate
from quantum phase coherence between multiple electron
transmission pathways through the m-conjugated backbone of
the molecule. Constructive interference occurs when electron
waves propagating along different conjugation paths accumu-
late phases that are in-phase at the electrode-molecule inter-
faces, leading to enhanced transmission near the Fermi level,
whereas destructive interference arises when these pathways
acquire a phase difference close to m, resulting in transmission
suppression and anti-resonances. The even-odd effect is
a direct consequence of the parity of the molecular backbone (or
the number of repeat units), which determines the symmetry of
the frontier molecular orbitals and the relative phase of the
wavefunctions at the anchoring sites. In even systems, the
electrode coupling occurs through orbitals with opposite phase
at the two contacts, favouring destructive interference, while
odd systems preserve phase continuity and therefore support
constructive interference.

4 Conclusions

The systematic investigation of charge transport through the
ferrocene-based molecular wire series, Fe 1-Fe 5, reveals that
their electrical properties are governed by a coherent interplay
of molecular length and quantum interference. We observed
a clear parity rule: molecules with an odd number of ferrocene
units exhibit a pronounced conductance dip within the HOMO-
LUMO gap, indicative of destructive quantum interference.
Conversely, even-numbered molecules display constructive
interference, evident in a smooth transmission function across
the gap. This clear odd-even effect demonstrates that quantum
interference is not an intrinsic feature of the isolated ferrocene
unit but a holistic, emergent property dictated by the entire
molecular conjugation pathway.
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The efficient long-range transport in these wires is further
confirmed by the relatively low tunneling decay constant (3 ~
1.1 nm™") obtained across the length series (1.98-3.47 nm).
Furthermore, the molecular architecture also exhibits excep-
tional potential for energy conversion, with calculated Seebeck
coefficients surpassing 250 uV K™ ' near the Fermi level. The
synergistic combination of tuneable quantum interference, low
conductance decay, and high thermopower establishes this
ferrocene-OPE platform as a highly versatile foundation for
next-generation molecular-scale devices, including quantum-
interference transistors and high-performance molecular
thermoelectrics.
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