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Nanotechnology crucially depends on new molecular-scale materials with tunable
properties. In molecular electronics, building blocks have been reduced to single

molecules, while connectors have largely remained at the mesoscopic scale. As a result, the

behaviour of such devices is largely governed by interface effects and hence, currently,
attention is focused on finding suitable molecular-scale alternatives. In this paper we
discuss a new generation of one-dimensional inorganic nanostructures aimed at to
replacing the mesoscopic connectors currently used in the electronics industry. We
demonstrate how chemical functionalisation of nanowires consisting of molybdenum,

sulphur and iodine in conjunction with very low concentrations of molecular mercury

leads to one-dimensional systems which can be easily connected opening up new pathways

to controlled deposition and interface formation.

1. Introduction

One-dimensional nanotubes and nanowires show potential
for playing an important role in future nanotechnological
applications, e.g. in areas ranging from molecular-scale
logic elements' to advanced sensors.> However, there are
many hurdles that need to be overcome in order to efficiently
progress in this area of research. For example, the efficiency
of such molecular devices strongly depends on the quality
of the contacts between individual building blocks, on the
ability to self-assemble following well controlled routes,
allowing the formation of large circuits and more importantly
on their recognitive ability to connect to diverse materials
(i.e. gold metal surfaces for connections to outside world;
biomolecules for nano-sensors, nano-electrodes and molecular
switches). Long thought to be ideal candidates for the
scope due to their remarkable electrical and mechanical
properties,® carbon nanotubes (CNTs) ultimately have shown
to have limited application in this field. Along with a lack
of electronic uniformity, difficult liquid-phase processing
in low-boiling point media* and challenging spontancous
structuring into larger circuits (mainly due to the fact that
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CNTs are usually very entangled and exist in a broad range of
diameters going between 0.6 and 2 nm) have proven to be the
main limiting factors for carbon nanotubes.

Although, connectivity at the CNTs ends was achieved via
attaching linking groups, however, these are typically not
conducting, greatly limiting their suitability as molecular
interconnects. In this context, the family of molecular nano-
wires made of molybdenum, sulphur and iodine (MO()Sg,xIx)S
have attracted much attention in the last few years being
considered as highly suitable building blocks for molecular
electronic devices. These nanowires possess similar mechanical
and electrical properties as CNTs® !° with the great advantage
of having uniform electrical behaviour, showing linear I~V
characteristics and metallic behaviour in the Ohmic
regime.''!> The ability of these MoSI materials to completely
de-bundle into isolated, 0.96 nm wide nanowires (their diameter
is defined by their molecular structure and hence is uniform
from nanowire to nanowire) by simple dispersion in common
low-boiling point solvents™!'® constitutes a major advantage.
Previous studies’ have shown de-bundling by dilution, i.e.
solutions solely consisting of isolated wires and very small
bundles of two or three nanowires at concentrations below
0.003 mg ml~!, making these nanowires very easily processable
by conventional wet-chemistry. Unlike other kinds of crystalline
nanowires, these molecular nanowires are composed of repeating
molecular units consisting of MogSe_ I clusters, which are
joined together by sulphur bridges,'? that terminate the nano-
wires in the majority of the cases (Fig. SI1). The presence of
sulphur and iodine within the structure makes these nanowires
readily accessible to form chemical bonds with very diverse
molecular entities ensuring good transport and contacting
properties. The possibility of randomly connecting MoSI
nanowires at their sulphur terminations through bridging gold
nanoparticles has been successfully demonstrated.'* However,
for functional nanodevices it is necessary to control the
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assembly process of the individual building blocks, thus
paving the way for a pre-determined recognition of molecular
species at specific positions. Such controlled assembly can only
be accomplished by means of uniform and efficient chemical
functionalisation of the nanowires.

Here, we present an innovative approach for nanowire
functionalisation which can be applied to processing at the
larger scale in order to control the deposition and interface
formation of conductive molecular networks.

2. [Experimental details

MogS3lg NW material synthesised from the constituent
elements was obtained from Mo6 d.0.0.> Hg//MogSsle
complexes in acetone or water were prepared at nanowire
concentrations of 0.1 mg ml~! and at Hg/MoSI ratio of 1 to
10. The correspondent mercury concentrations used for the
production of these systems is approximately 100 times below
the EU RoHS Directive (2002/95/EC). All dispersions were
first sonicated for 15 minutes using a Hielscher UP100H
ultrasonic tip (50 W, 30 kHz), then for 2 hours in an
Ultrawave US50 ultrasonic bath (100 W, 42 kHz). For
sedimentation measurements a Hg//MogS3l dispersion was
transferred to a 1 cm path length quartz cuvette, and the
transmission of laser pulses (A = 650 nm, pulse duration
10 ms) through the centre of the sample monitored over the
course of two weeks. Atomic force microscopy (AFM) studies
were carried on both as prepared and aged Hg//MogSsle
solutions using a Park Scientific Instruments Autoprobe CP
microscope operated in tapping mode using a Mikromash
NSC35/AIBS tip (silicon, tip radius 10 nm, k = 4.5 N m™ !,
o = 150 kHz). For this purpose, deposition on freshly cleaved
mica was performed by simple drop casting in ambient
conditions. For electron microscopy characterisation the
Hg//MogS;14 solutions at different ageing times were deposited
on 400 mesh holey carbon on copper grids. Aberration-
corrected (scanning) transmission electron microscopy,
(STEM, images were taken with the Oxford-JEOL
JEM2200MCO FEGTEM/STEM, fitted with two CEOS Cs
aberration correctors, operated at 200 kV. Further aberration-
corrected STEM characterisation was performed using a VG
HBS501 100 kV instrument fitted with a Nion Cs corrector. A
JEOL 3000F TEM equipped with an Oxford Instruments
INCA detector operated at 300 kV was used for energy-
dispersive x-ray spectroscopy (EDX) analysis. In order to
verify crystallisation upon cooling of the mercury coating the
Hg//MoSI TEM sample was cooled down to liquid nitrogen
temperature (~ —196 °C) in situ in the aberration-corrected
FEGTEM/STEM JEM2200MCO microscope, using a custom
made Fischioni ultra-low drift TEM cryo holder. In situ room
temperature electrical measurements were performed using
a Nanofactory TEM/STM holder in order to confirm the
maintained metallicity of the Hg//MoSI nanowire complexes.
The sample was mounted onto a 0.25 mm Au wire by dipping
the wire into the Hg//MoSI nanowire solution. Subsequently,
the solvent was left to evaporate. A tungsten probe was
mounted onto piezo-electric actuator that can be moved in
x, y and z-direction in order to establish electrical contact
between the tip and individual bundles.

3. Results and discussion
3.1. Chemical functionalisation

Our choice of functionalising agent is based on two main
factors: high affinity towards sulphur and iodine, followed
by high solubility in common solvents to guarantee easy
processability without changing the intrinsic properties of
the nanowires. For these reasons, an organic salt of mercury,
Mercury(m) acetate (Hg(OAc),), was chosen. In most organic
liquid media Hg(OAc), will spontaneously dissociates releasing
Hg>" ions:

Hg(OAc), 2 Hg?>' + (OAc) ™, 1)

Mercury(i1) has a high affinity for sulphur ligands, therefore, in
presence of the MoSI nanowires, formation of Hg//MoSI
complexes is possible. Atomic force microscopy (AFM) studies
revealed that the as-prepared Hg//MoSI solution contained
thin nanowire bundles with an average diameter of ca.
6 + 4 nm as shown in Fig. la. The nanowires immediately
after preparation are sparsely distributed on the substrate not
showing any successful interconnection and self-assembly.
Upon comparing these results with previous measurements
on chemically unmodified MoSI nanowires®'® no appreciable
difference in terms of average bundle diameter was observed.
This suggests that either the Hg-salt did not interact with the
nanowires at all or that the interaction did not promote the
hoped nanowire network self-assembly. However, it is reason-
able to assume that time will be required for the Hg-salt to
dissociate in solution and for the released single mercury ions
to interact with the sulphur and iodine atoms of the wires
afterwards.

Nonetheless, the interaction between the nanowires and the
functionalising agent is not expected to occur immediately,
therefore the samples were stored under unperturbed conditions
at room temperature over a period of one month, monitoring
the evolution of the system over time. The stability of
these dispersions over time was investigated by performing
sedimentation measurements (Fig. SI2) over the course of
30 days showing that no sedimentation had occurred.
Fig. 1b shows a representative AFM micrograph of the system
after two weeks from preparation, showing nanowires closely
interconnected to form highly structured networks. The
cross sections of two representative wires shown as insets in

Fig. 1 Typical AFM images for Hg//MoSI Nanowire complexes
immediately (a) and after two weeks (b) from preparation.
Cross-sections of two representative nanowire bundles are presented
as insets.
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Fig. 1(a,b) reveal a 30% increase in the bundle diameter after
allowing 2 weeks from the initial preparation. This observed
change in diameter suggests a progression from free nanowires
to Hg//MoSI nanowire complexes. Initially, the diameters
appear smaller because the mercury is either only very loosely
associated with the nanowires or not at all. Thus, to a first
approximation, the diameter distributions at time zero from
preparation represent the diameters of the nanowires
alone, consistent with diameter data presented elsewhere for
unfunctionalised nanowires dispersed in organic solvents
only.*!° Over time the mercury ions appear to assemble on
the side walls of the nanowires resulting in an increase in
diameter as measured by AFM at longer times. However,
AFM techniques are insufficient in order to identify whether
the increase in nanowire diameter is due to the progressive
accumulation of impurities. Transmission electron microscopy
(TEM) and Energy Dispersive X-ray (EDX) spectroscopy
were used to analyse the structural and chemical nature of
these systems.

3.2. Electron microscopy studies—structure and morphology
of Hg//MogS;3l¢ complexes

A typical example of a multi-branched Hg//MoS;1s nanowire
complex is shown in the TEM micrograph in Fig. 2a. The
presence of mercury was confirmed in the EDX spectrum in
Fig. 2b, acquired from the same wires as in Fig. 2a. The
features of interest are the Mo Ka peak at 17.4 keV, the Mo
Kp at 19.6 keV, the joint Mo La and S Ko peaks at 2.3 keV,
and the Hg Lo peak at 9.9 keV and LB at 11.9 keV. The
secondary I La, LB1, LB2 and Ly peaks do also appear at
3.9 keV, 4.22 keV, 4.5 keV and 4.8 keV respectively. The
spectrum also shows an iron signal originating from the
objective lens (Iron Ko and Kp peaks at 6.4 keV and
7.06 keV respectively) and a copper contribution (Copper
Ko at 8.046 eV and Kf at 8.904 keV) from the TEM grid.
Previous aberration-corrected scanning transmission
electron microscopy (STEM) studies showed that the MogS;1¢
nanowires are structurally terminated by sulphur trimers."?
The high chemical affinity between sulphur and mercury
explains why the free mercury ions in solution tend to interact
preferentially with the sulphur atoms terminating the wires,
hence playing a crucial role in the formation of the extended
networks shown in Fig. 2a. Therefore, mercury interconnects
vicinal wires end-to-end similarly to a soldering agent. In order
to better understand the interaction established between the
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Fig. 2 (a) TEM image of a multi-branched Hg//Mo¢S;I¢ nanowire
complex; (b) Energy Dispersive X-ray (EDX) spectrum acquired from
the same wires in (a).

keV

mercury and the nanowires, aberration-corrected high-resolution
transmission electron microscopy (HRTEM) and high angle
annular dark field scanning transmission electron microscopy
(HAADF STEM) characterisation at different sample ageing
times were performed, allowing us to observe the Hg//MoSI
complex evolution in great detail. HAADF STEM is an
exceptionally useful technique for studying these systems as
it provides direct atomic probing, with image intensities
dependent upon atomic number (Z-contrast).'>'® Unlike
HRTEM, which relies on coherence in order to generate
phase-contrast images, HAADF gives rise to an incoherent
imaging mode in which the detected signal scales directly with
Z.'7 In these systems mercury possesses a much greater atomic
number than any other atomic species present in the wires
(Zyug = 80, Zymo = 42, Zg = 16, Z; = 53). Hence, Hg exhibits
a much stronger scattering power, yielding higher intensities,
correlating bright areas in the image with mercury rich
regions. Fig. 3 shows representative images of the same
Hg//MoSI sample recorded immediately after preparation
(Fig. 3a,b) and after allowing to age for 4 weeks (Fig. 3c,d).
High-resolution HAADF micrographs taken immediately
after sample-preparation (Fig. 3a,b), reveal the Hg being
randomly clustered around the bundles, leaving large areas
of the NWs uncoated. These images are similar to the
HAADF images of unfunctionalised MogS;I¢ NWs dispersed
in common organic solvents presented elsewhere.'* One month
after preparation the MoSI NW the walls appear to be
completely coated with a thin layer of Hg (HAADF STEM
in Fig. 3c and bright field STEM in Fig. 3d). Clearly, the
diameter of the hybrid has increased significantly over time,
supporting the AFM results shown earlier. This evidences the
progressive formation of a Hg coating on the MogS31s NWs.
The Hg coating seems to adopt a completely disordered and
amorphous form (Fig. 3c—d), with the NWs still preserving
intact their typical crystalline structure underneath. One
possible explanation for this is that the mercury ions initially

Fig. 3 HAADF STEM images of the Hg//MoSI complex immediately

(a,b) and after four weeks (c,d) from preparation.
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assemble on the side walls of the nanowires driven by their
strong affinity with sulphur and iodine, which in this case
function as nucleation sites. Over time further precipitation of
mercury along the nanowires will occur due to the strong
cohesive forces between the mercury atoms, resulting in a thin
layer of liquid mercury around the nanowires. Assuming that
mercury forms a liquid layer wetting the wires at room
temperature, one would expect to observe a liquid—solid phase
transition upon cooling of system below the mercury melting
point (~—38 °C). In order to verify this the Hg//MoSI sample
of Fig. 3c,d was cooled down to liquid nitrogen temperature
(~=196 °C) in situ in an aberration-corrected FEGTEM/
STEM microscope, using a custom made ultra-low drift
TEM cryo holder. Crystallisation upon cooling was clearly
shown by aberration-corrected HRTEM characterisation
(Fig. 4).

Sub-nanometre mercury crystallites in the typical
rhombohedral configuration (space group R-3 m, #166) are
observed covering both the nanowire bundle surface (Fig. 4a)
and the surrounding area of the supporting amorphous carbon
of the TEM grid (Fig. 4b). Fig. 4b also shows both [100] and
[110] projections of the mercury molecular crystal for comparison.
This crystallisation process occurred upon cooling and the
decoration of the MogS;1 nanowire surface with the mercury
nanoclusters is even more evident from the aberration corrected
HAADF images shown in Fig. 5, which illustrate representative

Fig. 4 In situ cryo-HRTEM of an aged sample showing crystal-
lisation of the Hg upon cooling. Sub-nanometre Hg crystallites cover
both the NW surface (a) and the surrounding area of the TEM grid
(b). The [100] and [110] projections of the Hg molecular crystal are
shown as insets in (b).

Fig. 5 In situ cryo-HAADF STEM images of an aged Hg//MoSI
sample showing two very common architectures, a cross (a) and a
Y-junction (b).
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Fig. 6 (a) TEM image showing a small bundle of Hg//MoSI

NWs mounted on a gold wire and in contact with a tungsten tip;
(b) Current-voltage curve corresponding to the system in (a).

examples of two very common Hg//MoSI architectures, a
cross (5a), a Y-junction (5b).

As a further test of the reversible nature of the phase
transition involved, the sample was allowed to warm up to
room temperature and characterised once again by HAADF
STEM. Fig. SI3 shows the reappearance of a uniform layer of
liquid Hg around the NWs. The fact that the system is capable
of reversing to its original appearance even after such strong
temperature variation is an important result. Therefore it is
assumed that the presence of mercury would not be a limiting
factor for the life time of molecular electronics based on these
technologies. In situ electrical measurements were performed
at room temperature in order to confirm the maintained
metallicity of the Hg//MoSI nanowire complexes. Fig. 6 shows
a small bundle of Hg//MoSI nanowires in contact with the
tungsten tip with the corresponding linear /" curve in Fig. 6b
showing Ohmic behaviour with a bundle resistance of 264 kQ.

3.3. Control over the assembly process

For assembly of nanomaterials, the energy control of mixing
systems is important.!””!'® Because of their high surface
energy, spontaneous bundling of nanowires is an energetically
beneficial process, corresponding to a reduced global free
energy.* The presence of sulphur and iodine located at the
surface of nanowires favors their dispersion stability in organic
solvents like acetone. However, such dispersability could have
some selectivity to organic solvents due to the difference in
solubility parameters. This implies that for a given system,
control of the energy will be an important means to manipulate
the assembly of nanowires by tuning interaction enthalpy
or mixing entropy. In order to very this we tested two
solvents having very different surface tensions, acetone
(Eqr = 23.7 mJ m~? at 20 °C) and water (Ey,, = 72.8 mJ m >
at 20 °C), proving to be equally suitable dispersants to
promote the interaction between mercury and MoSI nano-
wires. Water did not seem to inhibit the nanowire assembling
process. It was also interestng to note that under identical
preparation conditions (same nanowire concentration =
0.1 mg ml~'; Hg/MoSI ratio of 1 to 10; 1 month aging time)
the water based dispersion gave rise to networks of nanowire
bundles of much bigger diameter than the ones obtained in
acetone, as shown in the TEM image in Fig. 7. This image can
be directly compared to the ones obtained for acetone based
dispersions (Fig. 2a, 3, 4 and 5), immediately noticing that the
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Fig. 7 TEM image of a Hg//MoSI nanowire network produced in
water.

nanowire bundles in water are from 5 to 10 times bigger in
diameter.

Therefore, the nature of the dispersant media seems to affect
the aggregate structure but not the network formation. This
observation is especially significant as it provides greater
freedom in applications where the flexibility of working with
different dispersant media or with nanowires bundles of
different diameter can be differently chosen and controlled.
A detailed study is currently in progress to determine whether
other parameters, such as nanowire concentration, nanowire/
mercury ratio or different sonication/stirring methods could be
used to gain further control over the typology of architectures
obtained (i.e. crosses vs. Y-type junctions).

Finally, in order to confirm the ultimate role of mercury
during the assembly process and rule out the spontaneous
organisation of nanowires in networks with time, an AFM
control experiment was carried out on a dispersion of MoSI
nanowires in absence of functionalising mercury. Fig. 8 shows
typical AFM images for unfunctionalised Mo¢S;1¢ nanowires
dispersed in acetone at a concentration of 0.1 mg ml™'
immediately (a) and after four weeks (b) from preparation.

Herewith we demonstrate that aged unfunctionalised
dispersions do not lead to self-assembled nanowire networks.
The diameters of a large quantity of bundles were measured
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Fig. 8 AFM images for unfunctionalised MogS;lg nanowires
dispersed in acetone immediately (a) and after four weeks (b) from
preparation. The diameters of a large quantity of bundles were
measured in both cases, leading to the diameters distributions in (c).

for a solution of unfunctionalised wires in acetone, immediately
after preparation and after one month. These diameters were
plotted as distributions in Fig. 8c. Statistical analysis shows
that these distributions are indistinguishable within a 95.99%
confidence interval. This clearly means that not only no
network assembly has occurred but that the bundles have
not re-aggregated considerably over the time scale of four
weeks. This suggests that the dispersion is at least quasi-stable
and may in fact be at or near equilibrium.

Ultimately, the choice of mercury as MoSI functionalising
agent allows us to control the nanowire deposition on specific
substrates and in the online supplementary information we
show our first, very promising results over this attempt. In
order to demonstrate this, we used focused ion beam (FIB)
induced deposition to fabricate a pre-patterned substrate with
the simple scope of proving the tailored interfacing properties
of the Hg//MoSI complexes. With this aim in mind, a
dielectric layer of silicon oxide (SiO,) was deposited using
the FIB onto a silicon substrate with 5 um wide tungsten pads
further deposited on top, at a distance of 2 um from each other
(Fig. SI4a). These distances were initially chosen to facilitate
the positioning of Hg//MoSI nanowire bundles across the
pads, taking into account an average nanowire length of 3 to
6 pm.” Tungsten was the chosen material for the pads being
conductive and chemically affine to mercury. A drop of a
solution of unfunctionalised nanowires was casted on the
pads. The unfunctionalised nanowires showed no affinity for
the substrate whatsoever. Fig. SI4b shows the SEM image of
the only two nanowire bundles we found on the substrate in
this case. The rest of the material was found to be
re-aggregated at the borders of the silicon substrate. A
completely different behaviour was instead observed when a
drop f Hg//MoSI complex was casted onto the pre-patterned
surface. Fig. SI4c shows a SEM image of the as deposited
substrate demonstrating how the Hg//MoSI nanowire networks
deposit and interface merely on the tungsten covered areas,
leaving the surface between the tungsten pads relatively clean
and wire-free. Only very few short aspect ratio nanowire
bundles (<2 pm in length) can be seen on the silicon dioxide
substrate, with the longer ones forming networks bridging and
interconnecting two tungsten pads (Fig. SI4d).

Conclusions

In conclusion we have presented an innovative route for the
production of self-assembled MoSI nanowire networks to be
exploited for large functional nanocircuits. This method
exploits the nominal high affinity that sulphur and iodine
atoms have towards mercury. Full and uniform decoration
of the nanowires with Hg has been obtained in solution using a
common organic mercury salt as a source of single Hg atoms.
We have used atomic force microscopy (AFM) to demonstrate
the efficient formation of extended Hg-nanowire networks,
whilst aberration corrected scanning transmission electron
microscopy (STEM) and high-resolution transmission electron
microscopy (HRTEM) have been used to show the nature and
the evolution of the Hg//MoSI nanowire complexes over time.
The degree of mercury coverage on the wires appears to be
strongly time dependent, with average network formation time
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of two weeks in solution. These results provide strong evidence
for the formation of a liquid mercury coating both on the walls
and the ends of the nanowires, ultimately leading to self-assembly
of the nanowires into structured networks. In situ variable
temperature (S)TEM experiments have shown crystallisation
of the mercury coating upon cooling. In situ STM/TEM
characterisation proves the maintained high conductivity
and stability of the Hg//MoSI complexes, whilst the presence
of mercury provides the means to tune and interface the
nanowire networks at specific positions. This approach to
facile functionalisation of MoSI nanowires in solution and
the formation of adequate conductive networks represents a
major accomplishment, raising the possibility of reproducibly
self-assemble large complex circuits based on single molecules.
Furthermore, the use of a functionalising agent as affine to
many molecular species as mercury constitutes a main advantage
to facilitate recognition, to allow interaction of the nanowires
with other molecular species and to connect the nanowires to
the outside world. This will make these systems exploitable in
the efficient production of a variety of devices including
nanosensors, nanoelectrodes and molecular switches.
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Engineering/EPSRC (VN). the Royal Society (NG), the
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ZA) and the ERC Starting Grant (ERC-2009-StG-240500)
(NG, ZA). All authors thank BegbrokeNano for their
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