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1. Introduction

Ferrocene is an organometallic compound with a unique
where an iron atom is coordinated

»sandwich” structure,'™
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In single-molecule junctions, quantum interference (Ql) effects manifest even at room temperature and
can be explained by simple quantum circuit rules (QCR), and a rather intuitive magic ratio (MR), theory.
These rules characterise how individual moieties contribute to the overall electrical conductance (G), of
a molecule and how the overall G can change when the connectivities between different moieties is
varied. Here we examine the electrical conductance of a single-ferrocene junction when the two metal
electrodes connect to both upper and lower cyclopentadienyl (CP) rings and compare this with the
conductance when both electrodes are contacted to only the upper CP ring. In the case of the former,
the angle of rotation 6 between the upper and lower rings could be changed by varying the distance
between the electrodes. The main aim of our investigation is to determine how QI within the ferrocene
core is affected by the length of linker groups, which connect the core to electrodes. We find that when
0 = 0, short and long molecules exhibit destructive QI (DQI) features within the HOMO-LUMO gap,
whereas as 0 is increased, the DQI is alleviated. However, DQI within the HOMO-LUMO gap is alleviated
at entirely different rotation angles of § >20° for the molecule with longer linkers, compared to >60°
for the shorter molecule. This shows that interference patterns within the ferrocene core are not simply
a property of the core alone, but are a holistic property of the molecule as a whole. We investigated
the Seebeck coefficients S of these molecules and found that S of the longer molecules can reach
250 pV K™%, which is significantly higher that the Seebeck coefficients of the shorter molecules.

molecule arrangement and electronic structure.'®™® Some stu-

dies illustrated that branched molecular junctions, especially
those containing ferrocene, display both constructive quantum
interference (CQI) and destructive quantum interference (DQI)

between two cyclopentadienyl (CsH;) rings. Ferrocene is known
for its high stability in aqueous and aerobic media.’”® Since its
discovery in 1951, ferrocene has attracted considerable
interest in molecular electronics, because of its distinctive
electrical properties and potential quantum interference effects
in molecular junctions.""™™ Quantum interference (QI), in
molecular junctions is a significant phenomenon that can
either boost or inhibit electron movement based on the
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effects. CQI can arise from symmetrically equivalent pathways
through the molecular branches, there facilitating electrical
conductance in some cases. On the other hand, DQI signifi-
cantly reduces electron transport, especially in meta-connected
systems.?*>* Several articles have investigated the mechanical
tunability of quantum interference in ferrocene-based single-
molecule junctions.?*”*? For instance, Camarasa-Gomez et al.'
recently demonstrated that the conductance of ferrocene deri-
vatives could be substantially adjusted by modifying the junc-
tion configuration, with DQI resulting from the hybridisation of
metal-based d-orbitals and the ligand-based n-system. This
mechanical regulation of quantum interference underscores
the potential for creating molecular devices with customised
electrical characteristics.

The integration of ferrocene into molecular wires has
demonstrated an increase in conductance by diminishing the
tunnelling barrier and aligning molecular orbitals with the
metal Fermi level. Lu et al.>® found that the electronic structure,
specifically the energy gap between the highest occupied
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molecular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO), is essential in influencing the charge
transport characteristics of ferrocene-containing systems. This
corresponds with the findings of Sun et al.>* who observed that
the incorporation of ferrocene into alkanes markedly enhanced
electron transport, which they ascribed to the advantageous
electronic interactions enabled by the ferrocene moiety. These
and related studies demonstrate that ferrocene’s stable redox
behaviour, conformational flexibility, and ability to facilitate
electron transfer make it a key component in charge transport,
catalytic processes, and energy storage applications.*>™** Theo-
retical investigations have clarified the spin-dependent trans-
port characteristics of ferrocene-based junctions.**™” For
example, Yuan et al.** examined the spin-filtering efficiency
in ethynyl-terminated ferrocene junctions, demonstrating that
the position of terminal group substitutions significantly influ-
ences the spin-dependent current-voltage characteristics. Their
findings indicate that modifying the molecular configuration
alters spin polarisation and electronic transport, highlighting
ferrocene’s potential for spintronic applications. Their study
also suggests that quantum interference can be exploited to
control spin states, providing a foundation for designing spin-
based molecular devices such as spin transistors and molecular
spin filters.

Here we investigate the quantum transport properties of
four ferrocene-based derivatives by analysing their transmis-
sion coefficients to determine whether the quantum interfer-
ence is constructive or destructive. Using a combination of
computational quantum transport simulations and theoretical
models, we explore the role of molecular geometry, electronic
interactions, and substituent effects in electron transport.
These structures consist of a ferrocene unit, with two thioani-
sole gold-binding groups, linked to either on the same or
opposite cyclopentadienyl (Cp), rings." In particular, we inves-
tigate how QI through the ferrocene core is changed when the
length of the linkers is changed from the short linkers of 1 and
2, to the longer linkers of 3 and 4, as shown in Fig. 1 below. It
should be noted that our molecules (3 and 4) differ from those
studied in ref. 1 (1 and 2) in molecular length. Specifically,
compounds 3 and 4 incorporate two additional triple bonds

2 4
MeS Q O SMe MeSSME
Ol
b

Fig. 1 Chemical structures of four different ferrocene-based derivatives
in a different arrangement 1-4. All derivatives end with the same terminal
end group thioanisole (SMe).
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(-C=C-), extending their length by approximately 5 A com-
pared to 1 and 2.

2. Methods

To calculate electron transport through the ferrocene core, we
began by modelling the terminal SMe-Au binding energetics
and then relaxed each compound in the presence of fixed
electrodes. Using the density functional code SIESTA®® (for
more detail, see the geometry of isolated ferrocene in the SI),
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. S2). We used a double-zeta
plus polarization orbital basis set, norm-conserving pseudopo-
tentials, 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
conductance using the Gollum quantum transport code,®
(for more details see Section 5 of the SI).

3. Results and discussion

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-SMe), the
covalent bond distance is found to be 2.4 A, and the actual
bending energy of approximately 0.96 eV, as illustrated in
Fig. S7 (for more detail see the binding energy simulations in
the SI).

To obtain a detailed understanding of electronic properties,
the Frontier orbital of studied molecules: highest occupied
molecular orbitals (HOMO) and lowest unoccupied orbitals
(LUMO), along with their energies, were investigated. From
the symmetry of these orbitals, an orbital product rule (OPR)"®
suggests that the shorter molecules (1 and 2), and long ones
(3 and 4), exhibit a DQI at the most stable rotation angle
(6 = 0°), between the two Cp rings. This interference switches
to a CQI for 1 and 3 when the rotation angles change to § > 50°
and >10° for 1 and 3 respectively, as shown in Fig. S3-S6 and
summarised in Table S1.

Fig. 2a below, shows the ferrocene-based molecules 1 and 2
connected to Au electrodes. Fig. 2b shows that these junctions
exhibit similar transmission functions T(E) with a DQI trans-
mission dip close to the HOMO resonance. This result suggests
no significant difference in the conductance value specifically
at the DFT-predicted Fermi energy (Er — Ep' " = 0 €V) whether
electrons pass through the iron (Fe), atom that linked the two
cyclopentadienyl rings (1), or only through the upper CP ring
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Fig. 2 (a) Schematic illustration of 1 and 2 ferrocene derivatives attached
to two gold electrodes to form Au—ferrocene—Au junctions. (b) Zero bias
transmission coefficients T(E) against electron energy E for 1 and 2 of the
short ferrocene derivatives at their most stable orientation. For 2 this
corresponds to zero angle of rotation.

(2), as illustrated in Fig. 2b. Although both 1 and 2 manifest a
DQI, however, this feature occurs slightly away from the Fermi
level (ER*™), about 0.1 eV and this is why it has limited influence
on the conductance. This finding was reported in ref. 1.

In the same study,' they demonstrated how the rotation
angle 0 (Fig. 3a) can alleviate the DQI. Fig. 3b shows the DQI dip
is at a lower energy when the rotation angle 0 is zero (red curve),
by increasing rotation angle the dip moves towards a higher
energy (grey, green and purple curves), then it vanishes in the
HOMO-LUMO gap at larger angles (i.e., 6 = 90° and 120°), blue
and orange curves respectively. The lower panel of Fig. 3b
shows that the transmission function is a smooth function of
energy within the HOMO-LUMO gap for 0 = 90° and 120°,
which is a characteristic of CQI within the gap. On the other
hand, both rotation angles produce a DQI feature at lower
energy (in the HOMO—1 to HOMO gap), at roughly E — Ep" " =
—0.5 eV, (shaded area). Therefore, rotating the Cp rings modi-
fies interference and creates an extra DQI feature outside the
HOMO-LUMO gap, while the DQI is alleviated inside the gap. It
should be noticed that the anti-resonance within the H-L gap
disappears completely at 0 = 60° for the short ferrocene (1).
These results agree-well with the OPR predictions (DQIs when
0 < 60° and CQIs 6 >60°), that shown in Fig S3 and Table S1.

We now investigate how this dependence on the rotation
angle changes when the molecular length is increased to
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Fig. 3 (a) Illustration of the ferrocene unit under rotation. (b) Zero bias
transmission coefficients T(E) against electron energy E for 1 as a function
of rotation of the ferrocene unit in different rotation degrees, T(E) curves
demonstrate the DQI move and vanish with rotation 0°, 30°, 40°, 55°, 90°
and 120°, in the HOMO-LUMO gap (Top panel). Bottom panel shows the
Fano-shaped resonance appear in the HOMO-HOMO-1 gap for 90° and
120° (reproduced result, see ref. 1).

include two extra triple bonds (-C= C-), which increases the
molecule length by ~5 A. The resulting ferrocenes 3 and 4 are
shown in the right panel of Fig. 1. Again, we attached both
ferrocenes 3 and 4 to gold electrodes as illustrated in Fig. 4a,
and then calculated their transmission functions. Fig. 4b,
shows that the transmission function for derivative 3 is much
lower than that for 4 and for a wide range of energy >2 eV and
the actual difference is approximately two orders of magnitude.
Furthermore, the DQI dip feature is moved towards a higher
energy (relative to the DQI-predicted Fermi energy), compared
to the shorter derivative (1), as shown in the red curve of Fig. 2b.
Similarly, the longer derivative 4 exhibits a dip, which is much
closer to Fermi level Ex — ERFT = 0 eV. Moreover, derivative 4
again presents a DQI feature within the HOMO—1 to HOMO
gap, at roughly Ex — ERF" = —0.2 eV, (shaded area) (Fig. 5).
The rotation simulations were repeated for the long ferro-
cene derivative (3), and again the DQI feature in the H-L gap
disappears at specific rotation angle. Remarkably, this critical
angle at which DQI switches to CQI is reduced to 6 = 20°,
compared to 60° for the shorter molecule. Remarkably, the
critical angle (0) at which destructive quantum interference
(DQI) transitions to constructive quantum interference (CQI)
decreases significantly to 20° in the longer molecule, compared
to 60° in its shorter counterpart. This substantial reduction

Mater. Chem. Front., 2025, 9, 3044-3050 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 4 (a) Schematic illustration of 3 and 4 ferrocene derivatives attached

to two gold electrodes to form Au-ferrocene—Au junctions. (b) Transmis-
sion coefficients T(E) against electron energy E for 3 and 4 of the longer
ferrocene derivatives.

highlights the pronounced sensitivity of quantum interference
effects to molecular length. These DFT results are also repro-
duced by a simple tight binding model (TBM), and showed
similar trend as shown in Fig. S9 and S11 of the SI.

To understand why longer molecules, enable transitions
between DQI and CQI to occur at smaller rotation angles, it is
useful to recall that QI effects can be regarded as arising from
quantum interference between contributions from different
molecular orbitals, as described in ref. 18. For example, an
orbital product rule states that if the HOMO and LUMO have
the same symmetry, then DQI occurs somewhere within the
HOMO-LUMO gap, whereas if they have opposite symmetries,
then CQI occurs. As discussed in ref. 18, this is only a qualita-
tive guide. More generally, contributions from levels such as
the HOMO—1, LUMO+1 and others should be included and the
effect of their interferences depends on the amplitudes of the
orbitals on the terminal groups of the molecule.

The symmetries and amplitudes of such levels are particu-
larly sensitive to external perturbations when levels are almost
degenerate. This can happen when continuous changes in
some structural parameter, such as a rotation angle cause

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 3044-3050 |
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Fig. 5 (a) Illustration of the ferrocene unit rotation. (b) Zero bias transmis-

sion coefficients T(E) against electron energy E for 3 as a function of
rotation of the ferrocene unit in different rotation degrees, T(E) curves
demonstrate the DQI move and vanish with rotation 0°, 10°, and 20°, in the
HOMO-LUMO gap. It also shows the Fano-shaped resonance appear in
the HOMO-HOMO-1 gap for 20°.

energy levels to cross or almost cross. Furthermore, typical
level spacings tend to decrease as the size of a conjugated
molecule is increased, the change in the structural parameter
needed to shift energy levels by typical level spacings and cause
such a crossing is smaller for larger molecules. This means that
the change in the structural parameter needed to cause levels to
cross and to experience changes in quantum interference is
smaller for larger molecules.

The tendency for level crossing to occur at smaller rotational
angles for the longer ferrocene 3 is demonstrated by the Fig. 7,
which show that the HOMO—1 (H—1) crosses the HOMO (H) of
the larger molecule 3 at a rotation angle of approximately 10°,
compared with approximately 28° for the shorter molecule 1.

The Seebeck coefficient (S) is a fundamental parameter in
molecular junctions, serving as a key indicator of their thermo-
electric performance. It quantifies the magnitude and sign of
the thermally induced voltage, providing critical insights into

short molecule 1 long molecule 3
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Fig. 6 Frontier molecular orbital energies versus rotation angle for mole-
cules 1 and 3.
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Fig. 7 Seebeck coefficients S as a function of the energy of molecules 1-
4. Shorter molecules (1 and 2), exhibit approximately zero S, whereas the

long ones (3 and 4), show a high S around DFT-predicted Fermi energy.
(Note S is calculated at 0 = 0° for all molecules).

two essential aspects: (i) the junction’s potential for energy
harvesting applications, and (ii) the relative alighment between
the electrode Fermi level and the molecular frontier orbitals
(HOMO and LUMO). This alignment directly influences charge
transport mechanisms, making S a vital metric for designing
efficient molecular-scale thermoelectric devices. We also inves-
tigated the Seebeck coefficients of molecules 1 to 4. Fig. 6 shows
how extending the molecular length leads to a significant
enhancement in value of the Seebeck coefficient around DFT-
predicted Fermi energy. As shown by the purple and green
curves (3 and 4), predicted enhancement is more than
250 puv K ' around the DFT-predicted Fermi level. Transmis-
sion curve calculations above indicate a shift of the electrode
Fermi level towards the HOMO as shown in Fig. 2b and 4b. This
S enhancement is explained by the higher slope in the trans-
mission function near the molecular resonance (HOMO/LUMO)
region, as S is determined from Mott’s formula:

S~ k3T (dIn(T(Er))

4. Conclusions

In summary, we have studied the electrical conductance
ferrocene-based molecular wires involving a Fe bridging atom
between two cyclopentadienyl (CP) rings. For molecules 1 and
3, whose rotation angle 0 can be varied by changing the spacing
between the electrodes, we find a that the length of the linkers
plays a significant role in the angle-dependence of their elec-
trical conductance. In particular DQI within the HOMO-LUMO
gap is alleviated at entirely different rotation angle (0 > 20°,
compared to >60° for the shorter molecule). This shows that
interference patterns within the ferrocene core are not simply a
property of the core alone, but are a holistic property of the
molecule as a whole.

We also found that the Seebeck coefficients of the longer
molecules 3 and 4 reaches 250 pvV K ! around the DFT-
predicted Fermi level, which is significantly higher that the
Seebeck coefficients of the shorter molecules (1 and 2). These
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finding open the way to designing new nanotechnology devices
with potential practical applications.
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