C. R. Chimie 15 (2012) 176-183

Contents lists available at SciVerse ScienceDirect

Comptes Rendus Chimie

www.sciencedirect.com

Full paper/Mémoire
Electron transport through molecular wires based on a face-shared
bioctahedral motif*

Vitesh Mistry, Vihar P. Georgiev, John E. McGrady *

Inorganic Chemistry Laboratory, Department of Chemistry, University of Oxford, South Parks Road, Oxford OX1 3QR, United Kingdom

ARTICLE INFO ABSTRACT

Article history:

Received 1 June 2011

Accepted after revision 3 November 2011
Available online 9 December 2011

Density functional theory in conjunction with non-equilibrium Green’s functions is used
to explore the electron transport properties of a series of molecules based on the face-
shared bioctahedral (M,Clg) motif. The metal-metal bond orders in the chosen molecules,
[RhyClg]?~, [RuyClg]®>~ and [Mo,Clg]?~ vary from 0 (Rh) to 1 (Ru) and 3 (Mo), and the
calculations indicate that there is a direct correlation between conductance and bond
order. The [Mo,Clg]*>~ case is particularly interesting as it is well known from
crystallographic studies to be very flexible, the Mo—Mo bond length varying over a range
of ~0.35A depending on cation. The upper limit of this range marks the point where
homolytic cleavage of the &, components of the triple bond is complete, and this has a
marked impact on electron transport. The localization of the metal-based orbitals means
that those on the left (source) and right (drain) sides respond very differently to applied
bias, giving rise to resonance effects at particular bias voltages, and hence to negative
differential resistance effects.

© 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

In the field of molecular electronics [1,2], nanoscale
analogues of macroscopic wires, diodes and transistors
are a central target. Conjugated organic systems [3],
where the 7 framework provides a natural pathway for
transfer of electrons, have been studied extensively but
molecules featuring chains of transition metal atoms have
received rather less attention. Nevertheless, their physical
resemblance to macroscopic wires has encouraged a
number of workers to explore their potential in electron-
ics applications. For example, both da Silva [4] and Sanvito
[5] have highlighted effective spin filtration by isolated
cobalt centers and Baranger and Yang [6] have extended
these ideas to show that a truly molecular cobaltocene

* In memory of Marie-Madeleine Rohmer, whose work on metal-metal
bonding was an inspiration.
* Corresponding author.
E-mail address: john.mcgrady@chem.ox.ac.uk (J.E. McGrady).

unit can act similarly as an efficient spin filter. Genuine
molecular ‘wires’ require rather more extended arrays[7],
and in this context the sandwich complexes [ML],, with
L = cyclopentadienyl [8,9,10], benzene [11], borazine [12],
borolyl [13] or cyclooctatetraenyl [14] have been exten-
sively studied. The interactions between metal ions in
such arrays offer a mechanism for controlling electron
transport through switching between ferro- and antifer-
romagnetic states, and in dicobaltocene the former has
been shown to be substantially more transparent than the
latter [15]. ‘Magnetic superatoms’ such as VCsg [16] also
provide a basis for significant spin filtering [17], as do
Single Molecule Magnets (SMMs). [18-23].

Molecules with direct covalent bonds between the
metals represent a fundamentally different class of cluster,
with more extensively delocalized molecular orbitals.
Electron transport through ‘bare’ atomic wires has been
discussed at length [24,25] but these offer limited potential
for control at the synthetic level. Amongst the few truly
molecular examples, Berber et al. have explored transport
through octahedral Mog clusters [26], while Huang et al.
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have shown that isomeric forms of a quintuple Cr-Cr bond
[27] can support large on/off current ratios [28]. The family
of Extended Metal Atom Chains (EMACs), based on helical
arrays of polypyridylamido ligands, provides a particularly
striking resemblance to a macroscopic wire, and their
electron transport properties prove to be highly dependent
on the identity of the metal ion. Thus, the measured
conductance G increases in the order Ni (0.006 uS) < Co
(0.021 S) < Cr (0.37 wS), the variation over two orders of
magnitude suggesting that electronic configuration plays a
critical role in controlling the flow of electrons. In recent
papers [29], we have used density functional theory in
conjunction with non-equilibrium Green’s functions to
establish a direct link between the electron transport
properties and underlying electronic structure in both
Cos(dpa)4(NCS), and Crz(dpa)4(NCS),.

There are only a very few complexes which bridge the
divide between magnetically coupled and covalently-bonded
regimes. One classic example is the chloride-bridged dimer,
(Cp*RuCl),(m-Cl); which exhibits bond-stretch isomerism,
crystallizing in two distinct forms, one with a direct Ru-Ru
bond (Ru-Ru = 2.93 A) the other where the metal centres are
antiferromagnetically coupled (Ru-Ru=3.75 A) [30,31]. The
metal-metal bonding in face-shared bioctahedral [Mo,Clg]*",
where the Mo-Mo separations range from 2.53 A to 2.78 A
depending on cation [32], is similarly versatile. The orbitals
derived from the ty sets of the individual octahedra split into
a;’and ay” (cando*)and e’ and e’ (8., and 8, *) sets under the
prevailing D3, symmetry, the latter having 2/3 d and 1/3 7
character in a perfect bioctahedron. A detailed analysis of the
potential energy surface for the stretch along the trigonal axis
suggested that the range of accessible distances corresponds
to a transition from a triple covalent bond (~2.4 A) to a single
o bond (~2.8 A) where the remaining two electrons on each
centre are only weakly coupled [33]. Given the obviously
delicate balance between localization and delocalization of
the electrons in these systems in the solid state, a natural
question is whether a transition between the two could be
induced by an electric field in a putative electronic device, and
if so, what the consequences would be for electron transport.
We address this question in this paper using a family of three
compounds sharing the [M,Clg]®>~ structural motif:
[RhoClo?™, [RuxClo]?™, [MoyClo]>~. The first two (d®d® and
d>d>, respectively) are structurally and magnetically robust,
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Fig. 1. Face-shared bioctahedral structure of M,Xo.

and serve to establish the underlying transmission properties
of the MyClg unit and to provide a framework for
understanding the more complex molybdenum analogue
(Fig. 1).

2. Computational methods

The spin-dependent electron transport properties of the
[M,Clg]?>~ species were computed using the Atomistic-
Toolkit software package, ATK2010 [34,35]. The method-
ology combines a density functional theory treatment of
the electronic structure with the Keldysh non-equilibrium
Green’s function approach to simulating coherent trans-
port [36-38]. The scattering region, [Au;25]-M>Clg-[Auy2s5],
contains the bimetallic unit sandwiched between two
blocks of five layers of 5x5 Au (111) (the buffering
region). The electrodes are described by repeating units of
three 5 x5 Au (111) layers. The metal-metal axis was
aligned such that it also passes through a gold atom on the
surface layer of each electrode. The chlorine atoms were
located in hollow sites with a distance of 2.39 A between
the atoms and the Au surface. The geometry of the
[M5Clo]?>~ unit in the scattering region was generated by
optimizing the structure using ADF2009 [39] with the LDA
VWN functional and a triple-zeta + polarisation quality
basis of Slater-type functions (a full set of cartesian
coordinates for the two-probe system is provided in the
supporting information). In all cases the initial spin density
was polarized in such a way that equal and opposite spins
are placed on the two metal centres. Thus, a closed-shell
singlet (i.e. zero spin density everywhere) is not imposed
by the methodology, although such a situation can emerge
as the result of the self-consistent procedure if it is more
energetically favourable than the broken-symmetry alter-
native. In fact, a broken-symmetry solution emerges only
for [Mo,Clg]>~ at long separations. In the transport
calculations, the LDA functional with the self-interaction
correction of Perdew and Zunger [40] was used throughout
in conjunction with numerical basis sets of single-zeta (SZ)
quality on Au and double-zeta + polarization (DZP) on Mo,
Ru and Rh and Cl. Core electrons were described by norm-
conserving pseudopotentials [41]. The initial spin density
for the two-probe calculations was polarized to be
consistent with the net spin densities arising from the
electronic structure of the isolated molecules in the gas
phase. A 1 x 1 x91 Monkhorst-Pack grid was used for
Brillouin zone sampling, and a 125 Rydberg mesh cut off, a
finite temperature of 300K at the electrodes and the real-
space density constraint at the electrodes. At zero bias, the
conduction, G4 (0), is given by the expression:

di e?
G (0) — (W) —GTeEL0)

3. Results and discussion
3.1. Optimised structures and gas-phase electronic structure

Optimised structures for the three complexes in their
§=0 ground states, along with Mulliken spin densities (p;
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Table 1
Metal-metal separations, total energies and Mulliken spin densities, pq/g,
for [M,Clo]*~.

r(M-M)/A Energy/eV Pasp’
[RhyClo]*~ 3.17 -42.30 0.0
[Ru,Clo]*~ 2.73 -45.40 0.0
[Mo,Clo]*- 2.38 -51.52 0.0

2.83 -51.28 +2.06

¢ Note in cases where the spin densities are zero this is a result of the
SCF procedure, and is not imposed by a spin-restricted protocol.

g) are summarised in Table 1. There is a progressive
decrease in metal-metal separation from Rh-Rh (3.17 A) to
Ru-Ru (2.73 A) to Mo-Mo (2.38A), consistent with an
increase in metal-metal bond order from O to 1 and then 3.
The molecular orbital diagram in Fig. 2 for [Mo,Clg]3"
confirms the depopulation of both the Mo-Mo ¢* and d..*
orbitals. We note that in all three cases the closed-shell
singlet structure is not imposed by the computational
methodology-the initial densities were spin polarised in
all cases and the closed-shell solution emerges as the
lowest energy alternative in the SCF procedure. The
relationship between the electronic structure of [Mo,Clg]>~
and its structural and magnetic properties has been
discussed at length in reference [33], specifically in the
context of the comparison with its [Cr,Clg]>~ and [WClo]?~

0.25

0.20

Energy / Hartree

0.15

congeners. As noted in the introduction, this triad forms a
textbook comparison of the influence of position in the
periodic table on metal-metal bond formation: in the W
species direct covalent bonding gives a very short W-W
bond while on-site exchange dominates in the Cr analogue,
giving a very long Cr-Cr separation. The Mo species is
midway between these extremes, with strong coupling in
the o orbital but only weak coupling in the &, set. The
result is a very flat potential energy surface that renders
the structure very sensitive to the identity of the
counteraction. The precise shape of the computed poten-
tial energy surface is very sensitive to computational
methodology, and the inclusion of gradient corrections in
the functional can lead to dramatic changes in equilibrium
structure. To highlight the relative flatness of the surface,
we have optimised the structure of the associated state
with S=2, where the 8. electrons are aligned ferromag-
netically but the o electrons remain spin paired. At the LDA
level, this state lies only 0.24 eV above the closed-shell
S =0 equilibrium structure (2.38 A), compared to a differ-
ence of 0.5 eV for the corresponding states of the tungsten
analogue. The optimised Mo-Mo separation of 2.83 A for
this S=2 state is consistent with a single bond. A single
point broken-symmetry (Ms=0) calculation performed at
this geometry gives an energy of +0.11 eV relative to the
closed-shell singlet ground state. The net spin densities
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Fig. 2. Frontier Kohn-Sham orbitals for [Mo,Cls]*>" at the equilibrium geometry. (Mo-Mo = 2.38 A).
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Fig. 3. Spin-a Kohn-Sham orbitals for [Mo,Cls]*>" at (a) Mo-Mo =2.38 A and (b) Mo-Mo = 2.83 A. The spin-f counterparts are the mirror images.

of +2.06 at the metal centres and the Kohn-Sham orbitals
shown in Fig. 3 confirm complete cleavage of the &
components but not the o orbital. The significance of the spin
density in broken-symmetry calculations has been exten-
sively debated [42]: in a singlet state spin density is zero at all
points in space, but the broken-symmetry ansatz allows for a
non-physical separation of spin-a and spin-3 density into
separate regions of space. The electron density distribution in
such a broken-symmetry does, however, reflect accurately
the localisation of electron density on individual metal
centres in an exchange coupled system. In summary, the
elongation of the Mo-Mo separation by up to 0.45 A from its
equilibrium value of 2.38 A incurs only a marginal energetic
penalty, a fact that is clearly reflected in the Mo-Mo
separations in the known crystal structures of [Mo,Clg]>",
which span 2.53 A-2.78 A. In the subsequent sections we
explore the potential impact of such a structural change on
the ability of the system to support current flow (Table 1)
(Fig. 2).

3.2. Electron transport properties

The link between the equilibrium electronic structure
of the isolated molecule and its zero-bias conductance, G, is
established through the transmission function, T(E). The
computed transmission spectra for each of [Rh,Clg]*",
[Ru,Clg]*~ and [Mo,Clg]3~ (each at its equilibrium geome-
try shown in Table 1) are collected in Fig. 4, where the
corresponding conduction channels (the eigenfunctions of
the Molecular Projected Self-Consistent Hamiltonian) are
also shown. In the case of [Mo,Cls]*~, a comparison with
the Kohn-Sham orbitals of the gas-phase species (Fig. 2)

confirms a 1:1 correspondence between the peaks in the
transmission spectrum and the electronic structure of the
isolated molecule.

In [RhyCl]®>~ (Rh-Rh=3.2A) the absence of any
significant direct interaction between the metal-based
orbitals leads to a narrow band of occupied o, ¢*, 8., and
8," levels in a window between 1.0 and 1.5 eV below E.
Similarly a band ~1.2 eV above the Fermi level corresponds
to the 5 and 5™ levels derived from the octahedral e, set.
The complete absence of peaks in the region of the Fermi
level leads to a rather small zero-bias conductance of
2.3 uS. For the ruthenium analogue [Ru,Clg]*~ (Ru-
Ru=2.75 A) the increased interaction between the metals
displaces the o* level ~0.3 eV above the Fermi level of the
gold electrodes while its bonding counterpart is found at
E-Ef ~ 2.0eV. Similar basic features in the gas-phase
electronic structure have been noted previously [43]. The
intermediate bond length is not, however, sufficiently
small to allow significant overlap between the 8., and 8*
levels, which remain largely non-interacting and form a
narrow band at E-Ef~ —0.5 eV. Note that the upward shift
in these levels relative to [Rh,Cls]*~ is a direct result of the
reduction in effective nuclear charge on moving to the left
in the periodic table. The relatively close proximity of the
o* peak, which constitutes the dominant conduction
pathway, to Ey leads to substantially increased zero-bias
conductance (14.7 w.S). Turning to the [Mo,Clg]*~ case (in
its equilibrium geometry, Mo-Mo =2.38 A), the further
decrease in metal-metal separation induces a substantial
splitting of the o/c* levels and also now separates the 8./
3" manifold, such that the bonding and antibonding
combinations straddle Ey, lying 0.2 eV and 0.8 eV below and
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[Ru,Clo]*>~ and [Mo,Clo]*>~ (Mo-Mo = 2.38 A). Only plots for the spin-a manifold are shown: those for the spin-g channels are identical.

above it, respectively. The relatively large amplitude at Ef
caused by the tail of the &, channel leads to a further
substantial increase in zero-bias conductance (44.9 u.S)
relative to [Rh,Clg]>~ and [RuyClg]>~. The computed
current-voltage curves for these three systems shown in
Fig. 5 confirm approximately ohmic behaviour, at least up
to biases of +0.7V and moreover that
I(Mo) > I(Ru) > I(Rh). In their work on the Extended Metal
Atom Chain molecules Peng, Jin et al. have proposed a direct
correlation between metal-metal bond order and conduc-
tance [44], and such a correlation appears to be present in this
face-shared motif.

~

3.3. Effect of structural distortions on the electron transport
properties of [MoClg]*~

We showed earlier that stretching the Mo-Mo distance
from its equilibrium value of 2.38 A to 2.83 A carries only a
small energetic penalty, and moreover results in the
collapse of the 8./8,* manifold such that these electrons
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Fig. 5. Computed current-voltage curves for [Rh,Clg]*>", [Ru,Clg]*>~ and

[Mo,Clo]>~ (Mo-Mo=2.38 A).

are only weakly coupled. To explore the potential impact of
such a transition on the behaviour under bias, we have
repeated the two-probe calculation with the elongated
[MoxClg]?~ unit (Mo-Mo = 2.83 A) placed between the two
gold electrodes with the same contact geometry. The
calculation was initiated with a spin density polarisation
consistent with antiferromagnetic coupling between the
two metal centres, and the converged zero-bias spin
densities on Mo of 4+ 1.600 are again indicative of homolytic
cleavage of the 8. component of the Mo-Mo bond. For
comparison, the self-consistent two-probe density for Mo-
Mo = 2.38 A showed no sign of spin polarisation, even when
the initial guess was similarly polarised (Fig. 6).

The orbitals also confirm that the distinct symmetry
breaking in the 8, channels that was apparent in the gas-
phase persists in the two-probe architecture: although the
o and o* channels remain essentially delocalised, their 8,
counterparts become almost completely localised on the
source (spin-at) or drain (spin-f3) side of the device. In the
absence of significant overlap within the 3, set, we have
adopted the 8,,1/6,2 nomenclature rather than 8./, *.
The elongation of the Mo-Mo separations compresses the
o/c* gap somewhat (the orbitals lie at -1.1 and +1.4eV,
respectively) but these channels in the transmission
spectrum remain otherwise unperturbed by the structural
changes. In contrast, the localisation of the &, levels results
in a complete collapse of the corresponding peaks in the
transmission spectrum because the channels no longer
span both sides of the molecule. The zero-bias conductance
is accordingly reduced to only 7.0 uS, a value even lower
than that for [Ru,Clo]*~. The reduced conductance relative
to the structurally similar [Ru,Clg]>~, where a metal-metal
o bond is also present, arises simply because the dominant
o* channel (along with all other metal-based orbitals) is
relatively destabilised in the early transition metal
element, and so displaced further above Ey.

At low biases, the current/voltage characteristics of
[MoxClg]?~ in its short (Mo-Mo = 2.38 A) and long (2.83 A)
geometries (Fig. 7(a)) can be readily extrapolated from the
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) for [Mo,Clo]?~ at equilibrium Mo-Mo separation (2.38 A) and at Mo-Mo =2.83 A.

zero-bias transmission spectra: both show approximately
ohmic behaviour with I(2.38A)>I(2.83 A). However,
whilst the current flow at Mo-Mo =2.38 A continues to
increase approximately ohmically beyond 0.7 V, a distinct
peak in the current at ~0.9V occurs for the elongated
structure. Negative differential resistance (NDR, a decrease
in current as bias is increased) effects such as this have
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been noted in a range of materials, and have been variously
ascribed to strain effects [45], resonant tunnelling [46],
charge redistribution [47], charging effects [48] and
conformational changes [49]. We can understand the
connection between the NDR and the spin polarisation in
this case by considering the bias dependence of the
transmission spectra and the corresponding eigenfunctions,
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Fig. 7. a: computed current-voltage curves for [Mo,Clo]>~ (Mo-Mo=2.38 and 2.83 A); b:voltage dependent transmission spectra (spin-a.); c: spin-o
eigenfunctions of the Molecular Projected Self Consistent Hamiltonian (MPSH). In Figure 7(b) successive transmission spectra (at 0.3 V intervals) are offset

by 0.1 unit for clarity.
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also shown in Fig. 7 (note only the spin-a spectrum and
eigenfunctions are shown). Each trace in Fig. 7(b) corre-
sponds to a 0.3V step in voltage, the weak 0V peaks at E-
E;=-03eV and +0.6eV corresponding to the strongly
localised 81 and 8,2 channels discussed in Fig. 6. As the
bias is increased the lower (occupied) 8,1 channel enters
the bias window and the electron density is therefore
depleted to some extent. The loss of electron density from
the molecular region is most pronounced in the spin-3
manifold, simply because it is the spin-3 component of 8,1
that is localised on the right-hand (drain) side of the device.
The net result is that all orbitals on Mog, including the vacant
8,2, are stabilised relative to those on Mo;. At 0.9V the
occupied 8.;1 channel on Mo, comes into resonance with the
vacant 8,2 channel localised on Mog, giving a completely
delocalised pathway very close to the Fermi level, and hence
aspike inboth T(E) (Fig. 7(b)) and I. The strong delocalisation
of the 8., channel at 0.9 V is apparent in the orbital plots in
Fig. 7(c).

4. Conclusions

In this paper we have shown that the behaviour of well-
defined bimetallic complexes in a putative molecular
device can be related directly to their gas-phase electronic
properties. The chosen complexes span a range of metal-
metal bond types from no net bond ([Rh,Clg]*>") through
single ([RuxClg]*>") and triple ([Mo,Clg]*>") bonds. The
increase in bond order leads to a higher density of states
in the region around the Fermi level of the electrodes, and
so there is a direct causal link between bond order and
conductance. The [Mo,Clg]*~ case is unique in so much as
the Mo-Mo bond is known to be very flexible: variations of
~0.35 A in the Mo-Mo bond length can occur depending on
the identity of the cation. This variance maps out a flat
region of the potential energy surface where the weaker 8.,
components of the bond are homolytically cleaved to
generate diradical configurations at the two metal centres.
In the context of electron transport, this localisation of the
metal-based electrons has important implications. First,
the loss of delocalisation reduces the conductance at zero
bias. More interestingly, the spatial localisation of the
orbitals means that the two metal centers respond
differently to applied bias: those on the Mo centre close
to the drain are stabilised relative to those attached to the
source. The relative shifting of levels as a function of bias
can lead to spikes in the transmission spectrum when
orbitals on the left and right-hand side come into
resonance, giving rise to negative differential resistance
in the current/voltage plots. The applications of transition
metal clusters in molecular electronics are only beginning
to be explored, but this work suggests that the innate
flexibility of metal-metal bonds may lead to unusual and
potentially useful features.
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