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ABSTRACT: Ferrocenes are ubiquitous organometallic building
blocks that comprise a Fe atom sandwiched between two
cyclopentadienyl (Cp) rings that rotate freely at room temperature.
Of widespread interest in fundamental studies and real-world
applications, they have also attracted some interest as functional
elements of molecular-scale devices. Here we investigate the impact
of the configurational degrees of freedom of a ferrocene derivative
on its single-molecule junction conductance. Measurements
indicate that the conductance of the ferrocene derivative, which
is suppressed by 2 orders of magnitude as compared to a fully
conjugated analogue, can be modulated by altering the junction
configuration. Ab initio transport calculations show that the low
conductance is a consequence of destructive quantum interference
effects of the Fano type that arise from the hybridization of

- %Y
%’(r‘
] ¥
‘ B
3
A

L.

localized metal-based d-orbitals and the delocalized ligand-based 7-system. By rotation of the Cp rings, the hybridization, and thus
the quantum interference, can be mechanically controlled, resulting in a conductance modulation that is seen experimentally.

KEYWORDS: single-molecule junctions, destructive quantum interference, d—mu hybridization, ferrocene

M etallocenes are archetypical organometallic compounds
comprising a single metal atom sandwiched between
two cyclopentadienyl (Cp) rings. Since the discovery of
ferrocene in the 1950s"” (metal atom = Fe), a variety of
metallocenes and related sandwich organometallic structures
have been synthesized and investigated.”* One of the key
features of ferrocene is that the barrier for the rotation of Cp
rings is low (~0.05 eV).>® The easy rotation provides
flexibility for adsorption on metal surfaces, while also enabling
ferrocene-based molecular wires to potentially adopt a range of
geometries.” Remarkably, the impact of such conformational
degrees on electron transport across ferrocene-based wires has
not been demonstrated previously® despite their use as key
elements of rectifiers,”'® switches,'' or spin filters.'">"® The
consequences of the rotational flexibility of ferrocene on
transport characteristics have only been computationally
addressed recently.'"*™'® Variations in the conductance by
orders of magnitude have been predicted, which have been
attributed to the sensitivity of the molecular geometry to the
binding conﬁguration16 and/or to differences in Fermi level
alignment of several molecular conformations in the
junction.15

Here we undertake an experimental and theoretical study of
coherent charge transport through single-branched ferrocene-
based molecular junctions attached to gold electrodes. Using a
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series of model compounds, we find that single-molecule
junctions comprising a ferrocene moiety present complex
transport characteristics that can be attributed to quantum
interference related to the metal-based d-orbitals. Our
experiments show ferrocene derivatives have a lower
conductance than a conjugated organic analogue of similar
length while enabling a larger change of conductance upon
mechanical modulation. Although mechanical tuning of
quantum interference properties has been previously demon-
strated for 7—x stacked dimers;'”?° the rotational degree of
freedom of ferrocene provides here a predefined mechanical
deformation parameter that allows for controlled interference
switching employing a Fano resonance. Our work also
demonstrates the complexities of d-orbital-based interference
effects that are not seen in any other carbon-based systems.
We study the conductance of two ferrocene derivatives
consisting of a ferrocene unit terminated with two thioanisole
gold-binding groups installed on the same (1,3-Fe) or opposite
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(1,1'-Fe) Cp ring (Figure la). We measure their single-
molecule conductance using the scanning tunneling micro-
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Figure 1. Molecule structures and conductance histograms. (a)
Junction schematic and molecular structures of 1,1’-Fe (red), 1,3-Fe
(orange), and P3 (blue). (b) Logarithmically binned one-dimensional
conductance histograms for 1,1’-Fe (red), 1,3-Fe (orange), and P3
(blue) measurements. All histograms were built from 10 000
conductance traces without data selection measured at an applied
bias of 450 mV.

scope (STM)-based break-junction technique’"** (see Meth-
ods for details) and compare the conductance features of the
ferrocene derivatives to those of 4,4”-bis(methylthiol) p-
terphenyl (P3, Figure la, blue schematic molecular structure).
Figure 1b shows one-dimensional logarithmically binned
conductance histograms created without data selection from
10000 individual conductance-displacement traces. The
conductances of 1,1’-Fe and 1,3-Fe are 2 X 1075 G, and
3.3. X 107° Gy, respectively, while the conductance of P3 is 1 X
107 Gy (G = 2e?/h, the conductance quantum). The two-
dimensional conductance-displacement histograms clearly
show that junctions of P3 and 1,3-Fe sustain the longest
elongations while those of 1,1’-Fe are the shortest (Figure S1).
This accounts for the different conductance peak heights as
also corroborated by a histogram of plateau lengths (Figure
S2). Additionally, the ferrocene histogram peaks are broader
near maximum and exhibit a tail that extends slightly beyond
107 Go. We hypothesize that the conductance difference
between P3 and the ferrocene derivatives as well as the
difference in the histogram peak widths result from the larger
range of junction geometries sampled by the ferrocene
junctions due to the easy rotation around the Cp rings.

To test this hypothesis, we calculated the electronic
transmission for model molecular junctions with all three
systems (see Methods and section III of the Supporting
Information for the computational details). We show in Figure
2a two views of the optimized junction with 1,1'-Fe.
Analogous figures for 1,3-Fe and P3 are in Figure S3. We
plot the energy-dependent transmission functions, T(E),
calculated at zero-bias for all three molecules in Figure 2b.
Sharp antiresonances indicative of destructive interference are
observed between the Fermi energy (Eg) and —1 eV for 1,3-Fe
and 1,1’-Fe junctions, which suppress transmission around Ep.
The origin of the antiresonances in both ferrocene-derived
transmissions is similar, arising from a destructive interference
from the Fano type. By contrast, the transmission function for
P3 shows clear evidence of constructive interference between
the molecular HOMO and LUMO, yielding a much higher
transmission around Eg. Focusing on 1,1’-Fe junctions, we
calculate its transmission for geometries with different relative
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Figure 2. DFT-based calculations. (a) Optimized molecular junction
structure for 1,1’-Fe employed in the transport calculation. (b)
Transmission functions for 1,1’-Fe (red), 1,3-Fe (orange), and P3
(blue). Compared to P3, ferrocene-based transmissions show sharp
antiresonances at around Ep, a signature of destructive quantum
interference. By contrast, P3 shows evidence of constructive
interference (see ref 23. and Figure S7 in the Supporting
Information), producing a significant increase of the conductance at
Ey.

angle between the two Cp rings (see inset of Figure 3a and
Figure S4 for the angle definition). The rotation occurs at low
activation energy (see Figure S6 in the Supporting
Information). Transmission curves calculated for geometries
with three different angles are shown in Figure 3a. They clearly
demonstrate that the antiresonance and its position can be
controlled by rotating one ring relative to the other.

To follow this evolution more carefully, we calculate T(E)
for a series of angles and compile these into a two-dimensional
plot (Figure 3b). The most prominent features are the blue
regions corresponding to angular and energy intervals with
strongly suppressed transmission (between 107* and 1077).
The sharp yellow lines of high transmission (>107") around
—0.5 eV are resonances that are also seen in Figure 3a. We
attribute these to weakly coupled localized, d-dominated
molecular orbitals. At large angles (¢ > 120°), the two
thioanisole phenyl rings begin to overlap and a broader blue
low transmission feature appears as a result of direct tunneling
between the thioanisole groups, bypassing the ferrocene unit.
This is detailed in Figure 3b, where we see that the presence or
absence of destructive interferences can change the con-
ductance at Ep by several orders of magnitude. Such
geometries represent a very small S—S distance and present
a large activation barrier (see Figure S6) and are highly
unlikely to be probed in our experiments.

We analyze the contributions of the various orbitals of the
system (molecule and electrode Au atoms) to the anti-
resonances for 1,1’-Fe. In Figure 3c, we show states at energies
corresponding to the HOMO—3, HOMO, and LUMO orbitals
for the 30° structure (see Figure S8 for orbitals at other
representative angles and additional details in Orbital
symmetry analysis section of the Supporting Information).
These orbitals, which have contributions from the Fe d-states
with d,,, d_, and d,, symmetries, are delocalized across the
junctions as these d-states can couple to the Cp z-system.
They give rise to the dominant transport resonances and
participate in the rotation dependent quantum interference
properties. By contrast, HOMO—2 (with d,, symmetry) and
HOMO-1 (d,, symmetry) are strongly localized on the
central ferrocene unit at all rotation angles because the overlap
of hybridizing orbitals is small. They do not fit the nodal
symmetry of the Cp z-system. These orbitals manifest in the
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Figure 3. Transmission functions as a function of relative Cp ring angles for the 1,1’-Fe junctions. (a) DFT-based transmission functions for 1,1'-
Fe model junctions at 30° (gray), 90° (green), and 120° (gold). For 30°, an antiresonance is seen between the HOMO and LUMO resonances.
Coupled resonances (HOMO, HOMO-3, and LUMO) are marked by a solid bar on the top axis while the dashed bars mark the uncoupled
HOMO-1 and HOMO=-2 resonance. At 90°, the antiresonance shifts to lower energies (—0.8 eV). With an additional rotation of 30°, the
interference is no longer destructive. Inset: Schematic illustrating angle definition; see Figure S4 for further details. (b). 2D-transmission map of
1,1'-Fe junctions for angles between 24° and 180°. The areas associated with destructive quantum interference (blue) change with rotation. (c)
Scattering states at HOMO—3, HOMO, and LUMO for the 30° 1,1’-Fe junction. (d) Gas-phase HOMO and LUMO of 1,1’-Fe for 30° and 90°

angles. The nodal structure of the HOMO changes going from 30° to 90°.

transmission as sharp resonances between 24° and 120°
discussed above.

In order to explain how rotating the Cp rings modifies
interferences, we generalize a perspective formulated by
previous authors;** moreover, our results include but are not
limited to carbon-based molecules™ " or simple (“toy”)
models.”" Our argument embarks on the familiar trace formula
for the transmission T(E) = Tr(I',GI'RG").” It expresses T(E)
as the product of two Greens functions, G(E) which are sums
of a series of poles, where each pole represents a molecular
orbital.>> We thus have a representation

T(E) = Z T+ Z Tij

i i#] (1)
The first term in eq 1 sums the single-pole contributions which
are well parametrized as Lorentzians

T(E) = ——

(E-&) +r, )
where 7, r; denotes the broadening resulting from the
coupling of the ith orbital to left/right electrodes and y;
(v, + 7ir)/2- The second term in eq 1 includes the mixed
terms of the product, i.e., the interference terms, which are
effectively

T(E) = —2 cos %lf[;(E)lmn;.(E)ll“ 3)
The angle y; accounts for the relative phase of the tunneling
wave across the orbitals i and j. For well separated resonances,
Vs ¥; < | E; — EJ, Ty(E) is small irrespective of the type of
molecule considered. When y; = =, interference is con-
structive, while at y; = 0, it is destructive if E; < E < Ej.24
Importantly, the relative phase y; is a property inherent to the
molecule and thus can be inferred by looking at the molecular
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orbitals of the isolated molecule as long as the orbitals do not
reorder when the molecule is coupled to the electrodes.
Indeed, for the molecule with Cp rings at 30° relative angle,
the amplitude of both the HOMO and LUMO on the left and
right S atom have the opposite sign; hence, the relative shift
vanishes, y; ~ 0 and the interference is destructive (Figure
3d). For a 90° relative angle, the amplitude of the HOMO is
the same on each S atom, making the relative phase-shift y;; ~
7. The interference is constructive and leads to a transmission
with no antiresonance between the HOMO and LUMO
resonances, as observed in Figure 3a. Similar analyses can be
made with other pairs of orbitals. For example, HOMO and
HOMO-3 show evidence of constructive interference in the
30° junction for an energy range between the two orbitals.
To experimentally demonstrate this variation in transmission
with the rotation angle, we carry out modified STM-B]
experiments with 1,1'-Fe where we first form a molecular
junction, then modulate the tip—sample separation with an
amplitude of 2.4 A while measuring the conductance (Figure
4a). The distance of 2.4 A was chosen as this is close to the
change in the calculated junction length going from 30° to 90°.
In Figure 4b, we overlay all traces that form and sustain a
molecular junction during the modulation in a two-dimen-
sional histogram (1900 out of 4300 traces). We find that as the
tip—sample separation decreases, the junction conductance
increases significantly. The inset of Figure 4b shows line
profiles comparing the conductances when the junctions are
pushed together or pulled apart during the first hold segment.
The conductance increases on average by a factor of 6.7 when
pushed together by 2.4 A. By contrast, when the same
experiment is performed with P3, the conductance increases by
a factor of only 2.6. Although the highest conductance
measured for 1,1’-Fe is still lower than that of P3, the fact
that the conductance for 1,1’-Fe has a higher modulation ratio

https://dx.doi.org/10.1021/acs.nanolett.0c01956
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Figure 4. Modulation of the tip/sample separation in 1,1’-Fe and P3
junctions. (a) Piezo displacement as a function of time showing the
modulation of the tip/substrate gap. (b) 2D histogram of 1,1’-Fe
traces obtained during tip/sample modulation. The conductance of
the junction increases (decreases) when the distance between tip and
sample is decreased (increased). The conductance changes by a factor
of ~7 upon modulation. Inset: Line-profiles taken at ~0.09 s (dark)
and 0.12 s (light) comparing the conductance between the maximal
and minimal elongation point. (c) Analogous data for P3 showing
that the conductance increase upon modulation is only a factor ~3.

with changing distance strongly supports that the 1,1’-Fe
junctions are conformationally more flexible and that such
conformational changes have a greater influence on 1,1’-Fe
junction conductance. We briefly discuss alternative effects that
are also known to induce conductance variations. First, the
linker-metal contact can reorganize,”*** especially due to the
flexibility of the thiomethyl end group. We do not believe this
effect to dominate the difference in the modulation observed
experimentally between 1,1'-Fe and P3 molecular junctions
because both molecules have the same linker. Second, the
conductance can be modulated because the gap between the
electrodes is changed upon elongation and compression of the
junction.”>*® Therefore, the through-space contribution to the
conductance is altered. This would also result in roughly the
same change for both molecules as the experimental protocol
applied is the same in both measurements. Third, the
difference in the modulation could be due to changes in the
molecular conformation induced by the mechanical modu-
lation.'”*°3%*” We believe this effect to be dominant in 1,1'-
Fe but much weaker in P3. On the basis of our ab initio and
model calculations, we interpret the conductance oscillations
as resulting from changes in the interference properties upon
Cp ring rotation in the 1,1’-Fe molecule.

We have shown that molecular junctions comprising
ferrocene derivatives with different substitution patterns
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exhibit destructive quantum interference effects produced by
the interplay of several localized and delocalized orbitals.
These interferences determine the transmission characteristics
and decrease the low-bias conductance while allowing the
conductance to be changed by modulating the electrode
separation. Our single-molecule conductance measurements
are corroborated by theoretical transmission computations
showing how interference features of the ferrocene derivative
(from destructive to constructive) evolve when the Cp rings
rotate relative to one another, a low-energy conformational
degree of freedom inherent to ferrocene.

B METHODS

STM-BJ Measurements. We measure the single-molecule
conductance using the STM-BJ technique with a custom-built
setup described previously.”” Briefly, we drive a Au tip in and
out of contact with a Au-substrate and record the junction’s
conductance as the tip is withdrawn. Upon rupture of the Au
contact, a molecule may bridge the gap as evidenced by an
additional plateau in the conductance versus displacement
trace. We collect 10 000 such traces, which contain 2000 data
points per nanometer of extension (40 kHz sampling rate) and
construct the (normalized) 1D and 2D conductance histo-
grams without data selection. All ferrocene derivatives studied
here were introduced into the setup in a tetradecane solution
with 0.1—-1 mM concentration while P3 was studied from a
1,2,4-trichlorobenzene solution.

DFT Calculations. Molecular junctions consist of mole-
cules bound to pyramidal Au electrodes; geometries are
optimized using density functional theory employing FHI-
aims’® with PBE functional.”’ Transport computations use
DFT with the nonequilibrium Green’s function formalism
(NEGF) as implemented in the package ATTRANSS;*>*" for
details, see section III in the Supporting Information.
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