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Metallocenes are a wide family of organometallic compounds, in which two cyclopentadienyl ligands
“sandwich” a metal ion, M(>-CsRs),, and have considerable potential for use as components in molecu-
lar electronics applications. Here we have studied the electronic transport properties of the matallocenes
MCp, (M=V, Cr, Mn, Fe, Co, Ni, Ru; Cp=1°-CsHs) and MCp*; (M= Mn, Fe, Co; Cp*=n>-CsMes). Molec-
ular junctions have been fabricated using either two gold, or one gold and one graphene electrode(s),
giving rise to single-molecule conductance values of the order of -4 to -3 log(G/Gy)) depending on both
the nature of the metallocene and the electrode materials. Calculations on model junctions at the density
functional theory level of theory reveal significant charge transfer from the metallocene to the junction
electrodes and changes in the nature of the primary charge transport pathways in response to the nature
of the metal, supporting ligands, molecular oxidation state and electrode composition.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The concepts of an electronic technology based on molecular
sub-structures can be traced back to von Hippel’s expressions of
“molecular engineering” in 1956 [1], and which gave rise to the
earliest concepts of the field that we now recognize as molecular
electronics [2]. Almost 20 years later, Aviram and Ratner’s semi-
nal presentation of a molecular structure designed to serve as a
“molecular rectifier” began the process of linking chemical struc-
ture to tailored electrical properties [3]. Since then, various molec-
ular structures have been described that serve as mimics of con-
ventional electronic components, including switches [4,5], rectifiers
(diodes) [6] and transistors [7]. Electrode|molecule|electrode de-
vices, or “molecular junctions” have proven to be powerful tools
with which to explore charge transport mechanisms; for example,
by correlating the bias driven current flowing through the molec-
ular junction with chemical structure, phenomena such as inco-
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herent charge hopping, coherent tunnelling and quantum interfer-
ence effects can be identified and studied. In seeking to expand the
range of electrical responses offered by molecular junctions, atten-
tion has been increasingly drawn to metal complexes as functional
backbones and head groups [8].

The majorities of metal complexes incorporated within molec-
ular junctions have the common anchor-backbone-anchor struc-
ture, with the metal fragment within the backbone serving to tune
frontier orbital energies and modulate conjugation [9-11], and in-
troduce electrical response within the junction beyond wire-like
charge transfer, such as rectifying characteristics [12-15]. The sen-
sitivity of metal d-orbital splitting to the local geometry, the ba-
sis of which is broadly captured within the concepts of ligand-
field theory, leads to further opportunities for control of metal-
complex based molecular junctions through mechanical manipu-
lation [16,17]. The partial occupancy of the d- (and f-) orbitals also
engenders opportunities for introduction of spintronic behaviour
[18-21], and enhance thermoelectric effects [22], whilst the facile
redox properties associated with many metal compounds and com-
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plexes leads to potential for switching [23,24] and electrochemical
gating within the junction [25].

Against this background of the emerging role of metal com-
plexes in molecular electronics, the potential for metallocenes to
be used for the construction of MJs has been recognized [26-28].
Metallocenes are a general family of complexes composed of a sin-
gle metal atom (or ion) sandwiched between two cyclopentadi-
enyl (n°-CsHs, Cp) rings, and substituted derivatives. By varying
the metal atom and/or the peripheral substitution of the Cp lig-
ands, the redox properties of the isolated complexes and frontier
orbital energies can be fine-tuned, making them appealing com-
ponents for use in molecular electronics [29]. In addition, both
eclipsed (Ds;,) and staggered (Dsq4) conformations exist, with a rela-
tively small rotation barrier of approximately 0.05eV in the case of
the iron(Il) metallocene, ferrocene [30]. This facile rotation allows
the metallocene to adopt a series of different geometries within
the junction as the junction evolves in response to modulation
of the electrode separation, which strongly influence the junction
conductance [31-34]. However, as a result of this facile rotation,
metallocenes featuring 1,1’-substitution of the Cp rings with an-
chor groups can adopt ‘hairpin’ structures, with both anchors con-
tacting to the same electrode surface [35,36]. Nevertheless, fer-
rocene has emerged as a highly promising candidate for the de-
velopment of dynamic molecular switches and associated circuit
components, owing to its distinctive electronic and electrochemical
properties, configurational tunability, and well-established research
foundation across diverse applications [37].

Whilst molecular design strategies that allow the statisti-
cally favoured assembly of 1,1’-functionalised metallocene molec-
ular junctions remain a topic of interest [22,38-43], a grow-
ing body of work has been directed to molecular junctions
formed with the parent metallocenes, MCp, [44]. In these simple
electrode|MCp;|electrode junctions it has been proposed that the
electrodes make contact with either both Cp ring-systems [28,45]
or through one Cp ligand and the metal ion [46,47]. When con-
tacted to the electrodes through the w-face of the “top” and “bot-
tom” Cp ligands, the electrical behaviour of these metallocene
junctions is also sensitive to mechanical compression [48], and
near to resonant transport is observed when sufficiently strong
molecule-electrode coupling is achieved.

We were drawn to consider metallocene junctions featuring
metals with different formal valence electron counts formed on a
nickel-supported graphene electrode, with a gold STM tip serving
as top contact. The experiments were conducted under ambient
conditions and the tip bias was set to 0.3V for STM-I(s) measure-
ments. The amount of data collected in the experiments is pro-
vided in Tables S3 and S4 (Supporting information). To explore the
effects of the asymmetric electrode environment on the electrical
characteristics, reference data were also collected using a gold-on-
glass substrate via the STM-I(s) method [49] to avoid complications
that might arise from competing contacts to the metal ions ob-
served under STM-break junction conditions [36,47].

The electronic configuration of the d-orbital electrons, the en-
ergy level positions, and the ligand field effects of the metal cen-
ter directly influence the electronic transport properties of the
molecule. By comparing isostructural complexes featuring differ-
ent metal centers in their chemical composition, the influence of
metal atoms on the molecular orbital energy levels and charge dis-
tribution can be clearly elucidated. Moreover, the interaction be-
tween the metallocene and the electrode surface is a key factor
in determining single-molecule conductance. Different metal cen-
ters may modulate the charge tunnelling efficiency by altering the
surface electrostatics and interfacial barriers between the molecule
and the electrode.

Individual conductance traces measured by STM-I(s) method
and the corresponding 1D histograms obtained through the statis-
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tical analysis of these data for symmetric gold-gold and asymmet-
ric gold-graphene molecular junctions are displayed in Fig. 1. The
plateau regions in the distance-current curves correspond to events
where molecules are connected between the two electrodes. The
plateau regions of the I(s) traces feature pronounced “jump” or
sloped features, which indicate the transition of the metallocenes
between different junction geometries and binding sites as the
electrode separation is increased [50]. For the binning parame-
ters employed here, the plateau features arising from these junc-
tion configurations lead to an apparent double peak in the conduc-
tance histograms plotted from the gold-gold junctions formed with
CrCp, and CoCp,, the average of which is taken as an approxima-
tion of the ‘most probable’ molecular conductance. Each selected
conductance-distance profile is subjected to frequency histogram
analysis, resulting in a two-dimensional conductance-distance sta-
tistical map. In this representation, each point corresponds to a
one-dimensional conductance-distance curve, with the density of
points indicated by colour intensity. Deeper colour shades signify
a higher concentration of conductance values at specific distance
positions. The two-dimensional statistical map provides a compre-
hensive visualization of the molecular junction conductance distri-
bution. As illustrated in Fig. S1 (Supporting information), the con-
ductance distribution pattern in the 2D map aligns with that ob-
served in the 1D profiles. Additionally, the distance histogram re-
veals the distribution of molecular junction stretching lengths, of-
fering further insights into the system'’s characteristics. In the cor-
responding 2D histograms of conductance counts for Au|CrCp,|Au
and Au|CoCp,|Au two regions of high data density provide further
indications of the presence of multiple junction configurations.

The conductance values from across the series of metallocenes
MCp, examined here fall in a relatively narrow range in both gold-
gold (CoCpy: G=9.8nS; log(G/Gy)=-3.90. VCpy: G=32.5nS;
log(G/Gg)=-3.38) and gold-graphene (MnCp,: G=16.8nS;
log(G/Gg)=—3.66. FeCp,: G=39.8nS; log(G/Gy)=-3.29) junc-
tions. Nevertheless, sufficient differences are apparent over the
ca. 2-3 fold conductance range to determine that the molecular
conductance values are sensitive to both the nature of the metal
ion within the metallocene, and the electrode material combi-
nation (Table 1). In the broadest of terms, such variation can
be attributed to changes in the alignment of molecular frontier
orbital energies with the electrode Fermi levels, which convo-
lutes the redox state of the molecule within the junction, the
molecule-electrode coupling and most stable junction geometry
[51]. Although charge transfer magnitudes are comparable in
Aulferrocene|]Au and Au|ferrocene|graphene junctions, the dis-
tinct electrode properties induce markedly different electrostatic
environments. Consequently, in Au|ferrocene|Au junctions, the
Fermi level resides within the molecular gap, aligned closer to the
LUMO. In stark contrast, for Aul|ferrocene|graphene, the Fermi level
approaches the HOMO. This near-pinning of the HOMO to the
Fermi level significantly enhances conductance, accounting for the
order-of-magnitude difference observed between the two systems.
The origin of this electrostatic contrast lies in junction-dependent
interfacial dipoles, consistent with our prior work [52].

When comparing 1D histograms for Au||Au and Au||graphene
junctions (Fig. 1), the peak widths for Au||graphene junctions are
generally wider than those of the corresponding gold-gold junc-
tion, likely indicating a greater range of junction geometries and
hence molecule-electrode couplings at the graphene electrode. The
break-off distances determined by the STM-I(s) method are free of
the additional complications of the electrode snap-back [53], and
fall in a fairly narrow range for both the Au||Au (0.61-1.01 nm) and
Au||graphene (0.58-1.04 nm) junctions (Figs. S1 and S2 in Support-
ing information). Whilst these values are broadly consistent with
the geometry of “parallel” molecular junctions with the electrodes
contacting to the Cp rings, noting the Cpcentroid.--Cpcentroid dis-
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Fig. 1. STM-I(s) conductance traces and 1D conductance histograms of (a) VCp,, (b) CrCp,, (c) MnCp,, (d) FeCp,, (e) CoCp,, (f) NiCp,, and (g) RuCp, in Aul|Au electrode and
Aul|graphene electrode molecular junctions. (h) 2D histograms of the conductance of Au|VCp;|Au and Au|CrCp,|Au molecular junctions.

Table 1

The conductance values and calculated zero-bias charge transfer from the (decamethyl)metallocene to the electrodes in Au||Au (left) and Aul|graphene (right) junction.

MCp’ Charge transfer ~ Au|MCp’|Au

Au|MCp’|graphene

from metal (e~)
Conductance (nS)

from molecule

Charge transfer

Charge transfer

Conductance (nS)
from metal (e~) I —

Charge transfer
from molecule

Charge transfer
from metal (e™)

Exp. Calcd. (@) Exp. Calcd. (@)
Vanadocene (VCp;) -0.27 325 38.7 -0.71 -0.35 224 21.8 —0.46 -0.26
Chromocene (CrCp,) -0.43 20.1 17.7 -0.59 -0.36 18.8 134 —0.46 -0.54
Manganocene (MnCp,) 0.37 15.8 23.7 -0.61 0.29 16.8 17.8 —0.46 0.33
Ferrocene (FeCp,) 0.77 19.0 225 -0.49 0.69 39.8 58.6 -0.42 0.74
Cobaltocene (CoCp;) —-0.63 9.8 7.5 —-0.66 —-0.68 23.9 18.1 -0.48 -0.68
Nickelocene (NiCp,) 0.15 23.6 16.4 —-0.65 0.14 22.7 17.5 -0.49 0.18
Ruthenocene (RuCp,) 1.05 29.5 16.5 -0.43 0.95 36.1 25.1 -0.38 1.02
Decamethylmanganocene 0.43 23.2 18.9 -0.78 0.36 39.0 385 —-0.48 0.36
(MnCp*»)
Decamethylferrocene 0.83 16.7 16.3 -0.69 0.75 21.5 27.6 -0.39 0.76
(FeCp*2)
Decamethylcobaltocene -0.58 26.8 243 -1.02 -0.69 29.5 37.9 -0.86 -0.67
(CoCp*,)

tances in the metallocenes (0.33-0.41nm) and the Au.-Cp (ca.
0.2nm) or graphene---Cp (ca. 0.3 nm) contacts, there is no direct
correlation of the statistically averaged break-off distances to the
dimensions of the specific molecule in each junction, reflecting
the weak van der Waals contacts, the diverse junction geometries
and the variation in electrostatic contributions in each case. How-
ever, with the exception of the anomalously low conductance of
the Au|CoCp;|Au junction, the junction conductance generally de-
creases with increasing junction length (Fig. 2).

To better explore the complex structure-property relationships
in these deceptively simple molecular junctions, model systems
were constructed from 35-atom gold pyramidal electrodes [38] and
5 x 5 monolayer graphene sheets. The junction structures were op-
timized until the forces went below 0.05eV/A. From these op-
timized molecular junctions, the electronic transport was deter-
mined using a non-equilibrium Green’s function (NEGF) formalism

included in Fireball, within the Fisher-Lee approach [54,55]. As a
general remark, the configurations leading to transmission curves
that best model the experimental data (Fig. 3) involve a weak cou-
pling between the metallocene and the gold electrodes. As an ex-
ception, in the vanadium case, there is a more pronounced inter-
action with the electrodes leading to a significant distortion of the
metallocene structure towards a C,, geometry (Fig. S3a in Sup-
porting information), and accounting for the relatively high single
molecule conductance of this species (Table 1). Model molecular
junctions formed with smaller electrode gaps and closer electrode-
molecule contacts gave transmission (and hence conductance) val-
ues one or two orders of magnitude greater than the experimen-
tal values obtained from the STM-I(s) experiments performed here,
but closer to the very high (0.1-0.25 Gg) values obtained from
break-junction measurements [44,56]. These data are consistent
with observations of mechanically gated molecular conductance in
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Fig. 3. Calculated electronic transmissions for the different metallocene junctions for (a) vanadocene, (b) chromocene, (c¢) manganocene, (d) ferrocene, (e) cobaltocene, (f)
nickelocene, and (g) ruthenocene. DFT-optimized configurations for ruthenocene molecular junctions between (h) Au||Au and (i) Au||graphene electrodes.

ferrocene-based junctions contacted to silver electrodes through
the Cp ligands [48].

A strong electrostatic dipole at the metallocene|gold interface
results in a charge transfer from the molecule to the electrode
(Table 1) [38]. The weaker van der Waals contacts to the graphene
electrode typically leads to a reduced charge transfer from the
molecule, and broader plateaus in the transmission function near
E - Eg=0eV. Plots of the calculated junction orbitals that domi-
nate electronic transport are shown in Fig. S6 (Supporting infor-
mation). For the earliest metal examples (VCp,, CrCp,), the Cp lig-
ands contribute strongly to the overall electronic structure of the
junctions near the Fermi energy, with the metal d-orbitals featur-
ing more significantly in the cases of MCp, (M=Mn, Fe, Ru, Ni).
However, in the case of the Au|CoCp,|Au junction the LUMO fea-
tures little molecular character. Assuming a predominantly elec-
tron (as opposed to hole) transfer based charge transfer mecha-
nism in these junctions, this may account for the low conduc-
tance observed in this case. This is reflected in the transmission
function T(E) near the Fermi level, which is ca. 2-3 times lower
than the configurations with other metals (Fig. 3). Compared with
previous studies on ferrocene-containing molecular junctions us-
ing break-junction approaches [45,57], the lower conductance ob-
served in these measurements likely arises from the greater min-
imum electrode spacing maintained in the STM-I(s) methodology,
which enforces fully extended conformations of ferrocene molecu-
lar units and limits electrode-Fe contacts, and blunter tips which
contact the w-face of the “top-contact” Cp ligand. This elongated

configuration increases interfacial strain and reduces electron tun-
nelling efficiency relative to relaxed molecular geometries in dy-
namic junction techniques. Despite the presence of the periph-
eral methyl groups, the decamethylmetallocenes MnCp*,, FeCp*,
and CoCp*, all form both gold-gold and gold-graphene junctions
via the STM-I(s) method (Fig. S9 in Supporting information). As
might be expected, these more electron-rich permethylated sys-
tems give rise to even greater charge transfer to the gold elec-
trodes than the Cp analogues, and as with the Cp examples the
molecular conductance in the asymmetric gold-graphene junc-
tions is similar or somewhat greater than the gold-gold exam-
ples (Table 1), likely a consequence of the graphene-Cp* -stacked
contacts (Fig. S10e in Supporting information). An STM-BJ exper-
iment with FeCp, and gold electrodes revealed two conductance
features over a large conductance window (log(G/Gy)=1.0-10"6)
(Fig. 4). The higher conductance feature gave rise to a broad en-
velope in the 1D conductance histogram, with a most probable
molecular conductance of log(G/Ggy) = —0.81 (11,988 nS), which cor-
responds to the feature observed by Aragonés in a much narrower
conductance window (log(G/Gy)=1-10"2) [45]. The lower conduc-
tance peak (log(G/Gg)=—3.59; 19.6nS) is consistent with the junc-
tion formed by the I(s) method (Table 1, Fig. 1). To expand the
data set, STM-B] measurements of CoCp, were also made, reveal-
ing a series of high (H: log(G/Gg)=—0.8; 12,280 nS), medium (M:
log(G/Gg)=—3.50; 24.3nS) and low (L: log(G/Ggy)=—4.65; 1.7nS)
conductance features (Fig. 4). Clearly, the initial pre-assembly of
the metallocene on the thinning gold filament extruded between
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Fig. 4. 1D conductance histograms of: (a) FeCp, (in orange) and FeCp*, (in brown), (b) CoCp, (in blue) and CoCp*, (in indigo) collected from STM-B] experiments with
Au||Au electrodes. (¢) 1D conductance of Au|FeCp*,|Au generated from modified STM-B] measurements when the gold tip was allowed to hover for 100 ms after detection of

conductance signals log (G/Gy)=-3 to -5.

the STM tip and substrate can give rise to a junction in which
the metallocene is more strongly coupled upon rupture of the last
metal-metal bond to give atomically sharp tips [58,59]. Whilst this
arguably supports the critical role of electrode shape in the elec-
trical properties of the junction [28], conductance features aris-
ing from Cp-contacted junctions are almost invariably lower than
these high conductance features. Rather it appears that the initial
junctions formed in the break junctions likely involve at least one
Au.--Fe (or Co) contact [46]. In further support on this concept, it
is noted that efforts to form and measure the high conductance
single-molecule junctions from the peripherally substituted FeCp*,
(Fig. 4a) and CoCp*, (Fig. 4b) complexes, with the methyl groups
shielding access for the electrode(s) to the sandwiched metal atom,
by the STM-B] method failed. Subsequently, the STM-B] tip retrac-
tion routine was modified such that when the system detected a
conductance signal -5 < log(G/Ggy < -3 during the retraction step,
the motion of the tip was paused for 100 ms, allowing for equi-
libration of the junction formation processes. In this “hover” ex-
periment, a clear peak in the 1D conductance histogram is formed
from FeCp*, near log(G/Gy)=-3.68 (16.2nS), which matches the
feature observed in the I(s) data, and the same order of magnitude
as the lower conductance feature from STM-BJ experiments. These
observations are consistent with a model in which the atomically
sharp tips formed on cleavage of the metallic filament in the early
stages of the STM-BJ and at closest electrode separations form
junctions in which the MCp, metallocenes are contacted through
a Cp ligand and the more accessible metal ion, giving rise to a
high conductance state, which evolves on further separation of the
electrodes to the lower conductance “parallel” junctions in which
the electrodes contact the metallocene through the -faces of the
“top” and “bottom” Cp-ligands in a manner favoured by the STM-
I(s) junctions formed with blunter electrode tips. The steric crowd-
ing of the sandwiched metal ion by the Cp* ligands prevents the
initial high conductance contact in the STM-B] experiment. During
junction stretching, multiple conductance features are observed,
reflecting dynamic evolution of the junction geometry [60].

In the present work, we have studied both experimentally and
theoretically the electronic transport properties of metallocene-
based molecular junctions. Using either two gold electrodes or one
gold and one graphene electrodes, we have measured the elec-
tronic conductance of metallocenes through STM-I(s) experiments.
For a range of metallocenes, the most probable molecular conduc-
tance lies around 10-40nS. The introduction of a graphene elec-
trode breaks the symmetry and modifies the transmission levels,
but only subtly affecting the conductance value. These STM-I(s)
junctions are likely formed from contact between the electrodes
and the planar-faces of the Cp ligands whereby significant charge
transfer from the metallocene to the gold electrode(s) leads to an
electrostatic stabilization of the junction. These -contacted metal-

locene junctions are several orders of magnitude less conductive
than the initial junctions formed by the STM-B] method with gold
electrodes, which likely involve electrode contacts to the sand-
wiched metal ion. This work brings further insight into the forma-
tion, evolution and electrical characteristics of metallocene-based
molecular junctions and associated electronic transport properties,
highlight potential for further study and use in future molecular
devices.
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