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It is demonstrated that 1,4-phenylene diisocyanide (PDI)-gold
oligomers can spontaneously bridge between gold nanoparticles
on mica, thereby providing a strategy for electrically interconnect-
ing nanoelectrodes. The barrier height of the bridging oligomer is
0.10 + 0.02 eV, within the range of previous single-molecule
measurements of PDI.

A major challenge to fabricating molecular electronic circuits*
is the difficulty of simultaneously chemically bonding molecular
components to two metal electrodes. This can be accomplished
by adjusting the electrode separation to match the molecular
dimensions using break junctions®™ or by using a sharp tip to
vary the electrode-surface spacing.® Such approaches provide
detailed information on molecular conduction, but are not easily
extended to planar systems required for a realistic circuit.”
Molecularly linked nanoparticles have been synthesized in
solution and deposited onto surfaces”® but the location of the
nanoparticles in the circuit is dictated by the cross-linking
structure. Ordered assemblies have been formed from function-
alized nanoparticles but they are often not covalently connected.’
Finally, the length of the molecular linker can be matched to the
nanoparticle spacing but requires the molecular size to be tailored
to the separation of the nanoparticles.'

An alternative strategy is proposed based on recent observa-
tions that molecules that bind strongly to metals with low
cohesive energies such as gold or copper can oligomerize by
extracting metal atoms from the substrate.’** An example of
this is the lateral self-assembly of 1,4-phenylene diisocyanide
(PDI) on Au(111) that forms —(Au-PDI),— oligomers comprising
long, one-dimensional chains by extracting low-coordination
gold atoms from surface defect sites.”®™” The relatively short
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(~1.1 nm) repeat distance between gold atoms in the oligomer
suggests the possibility of being able to chemically bond
between gold nanoparticles with various separations by incor-
porating a number of repeat units until the gap is bridged. PDI
has been previously proposed as a prototypical molecular
electronic component,*®'¥2" and theory suggests that PDI is
a suitable candidate for device applications.>*

This lateral self-assembly is explored by measuring the
conductivity of a gold nanoparticle film on mica that has been
exposed to PDI. Evaporating gold films on mica (and other
insulating substrates)**® provides a simple method for
growing isolated nanoparticles with different spacings merely
by ensuring that the gold film thickness remains below a
critical value, above which a continuous film is formed. The
success of this approach relies on the oligomers being
sufficiently mobile to bridge between nanoparticles. This mobility
is illustrated in Fig. 1, which displays a typical series of 15
consecutive STM images (taken 53 seconds apart) of a saturated
layer of Au-PDI chains on Au(111) showing the repeated lateral
motion of an entire chain, where a line is drawn to highlight
the chain motion, showing nine hopping events corresponding

Fig. 1 Time-dependent sequence of images of Au-PDI chains collected every
53 seconds scanning a 5.0 x 5.0 nm? region. A dotted line showing the chains
has been included as a guide to the eye. V; = 2.08 V, Iy = 86.2 pA. Scanning
speed = 30.0 nm s~
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Fig. 2 Sequence of images of Au-PDI oligomers linking between gold nano-
particles on a Au(111) surface where the location of the nanoparticles is
indicated by A, Band C. V, = —2.00 V, Iy = 198 pA.

to a maximum rate of 1 hop every 82 seconds. The motion is
independent of tip bias indicating that it is thermally driven. It
is proposed that chains can migrate between adjacent sites of
different types as illustrated in Fig. S2 (ESIT).”> A maximum
activation energy of ~0.8 eV is estimated for this process by
assuming that the partition functions in the initial and transi-
tion states are equal yielding an Arrhenius pre-exponential
factor (kT/h) of ~10" s™". In fact, the hopping rate could be
higher if more events had occurred that were not observed
within the time resolution of our experiment.

The ability of the mobile oligomers to bridge nanoparticles
is illustrated by the series of STM images (Fig. 2) of a Au(111)
surface containing nanoparticles (Labelled A, B and C). Clearly,
the Au-PDI oligomers are capable of bridging between the gold
nanoparticles (as depicted in the inset to Fig. 3) and the images
show the same chain mobility as seen in Fig. 1. For greater
clarity, a movie of the images in Fig. 2 is included in the ESI.T

In order to determine whether similar bridging occurs
between gold nanoparticles on an insulating substrate, as
required for device applications, and to measure the conductivity
of the connecting oligomers, gold was evaporated onto cleaved
mica. The number of particles on the surface was constant
(3.3 £ 0.1 x 10" m?) for different initial gold film thicknesses
(characterized by its sheet resistance, Rc) (Fig. S3, ESIf). The
sample was then exposed to PDI in vacuo and Fig. 3 shows a
typical plot of the film conductivity versus PDI dosing time (H),
which increases with PDI exposure, reaching a constant value
after ~2000 s. As a control, clean mica was exposed to PDI
(Fig. S4 (@), ESIT) and no conductivity change was found. The
effect of exposing gold-covered mica surfaces to phenyl isocyanide
(which contains a single isocyanide group) was also measured
(Fig. S4A-C, ESIf) for several gold films where no change in
conductivity was observed. This confirms that two isocyanide
groups and the gold nanoparticles are required to obtain the
conductivity change shown in Fig. 3. Fig. S5 (ESIf) demonstrates
that dosing PDI does not significantly change the particle
morphology by comparing STM images prior to (Fig. S5(a) ESL;T
particle diameter = 8.3 + 2.2 nm) and after (Fig. S5(b) ESLT
particle diameter = 7.2 £ 2.2 nm) PDI dosing and is in accord with
recent scanning-electron microscope images of gold nanoparticles
dosed with PDL>*

The conductivities of all PDI-saturated gold films on mica
showed Ohmic behaviour. Plots of In(R), where R is the sheet
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Fig. 3 Plot of the change in conductivity of a gold film deposited onto mica
exposed to PDI as a function dosing time. The inset shows a schematic depiction
of the oligomer-linked nanoparticles.

resistance, versus 1/\/ T for various values of R¢, are shown in
Fig. S6 (ESIT). The low expansion coefficient of mica and the
linearity of the data in Fig. S6 (ESIT) indicate that artefacts due
to substrate expansion are absent.® These results also confirm
that the conductivity increase is not due to particle restructuring
since the resulting metallic films would have much weaker
temperature dependences. Such temperature dependences
(Fig. S6, ESIf) have been attributed to the form of the density
of states near the Fermi level.*>*" It is also predicted by the
Abeles model for thermally assisted tunnelling through granular
materials,*>** which also provides an explicit dependence of
conductivity on the size and separation of the nano-
particles.***> The low-field limit in the Abeles model, which
applies since there are ~10° particles between the electrodes
(Fig. S2, ESIT), predicts that In(R) = o/\/T + f8, where o and §§ are
constants, in agreement with experimental (Fig. S6, ESIT). As
shown in the ESI,T and by assuming that the particle morphol-
ogy does not change (Fig. S5, ESIT), the Abeles model predicts
that o and In(R;) are linearly related as confirmed experi-

mentally in Fig. 4, with a slope given by 17.324/yr/éerc where
2me/ 12, ¢ is the height of the tunnelling barrier, m is the

electron mass, and &g is the dielectric constant. The subscripts
F and C refer to PDI-covered and clean gold films, respectively.
This behaviour confirms that the gold nanoparticles on mica
are bridged by —(Au-PDI}- oligomers. The slope in Fig. 4 (3.7 £ 0.2)
yields a barrier height ¢ = 0.10 £ 0.02 eV (see Fig. S7, ESI}).

It is instructive to compare the barrier height of the oligomer
bridges with previous measurements for PDI. STM measure-
ments of several phenyl-based isocyanides and diisocyanides
attributed the barrier height to the energy difference between
the Fermi level (Eg) of the metal (gold) contacts and the energy
of the highest-occupied molecular orbital (HOMO), and was
found to be 0.38 + 0.1 eV for PDI bridging gold.® Spectroscopic
studies of Au-PDI oligomers on Au(111) show that the HOMO
of the oligomer lies ~0.88 eV below the Fermi level, with a
LUMO ~3.32 eV above it, consistent with a HOMO tunnelling
barrier.'” More recent experiments found a barrier height of
0.19 £ 0.02 eV (ref. 36) where the difference from previous
results was ascribed to different numbers of PDI molecules
in the contact. Break-junction measurements suggested a
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Fig. 4 Plot of o, the slope of plots of In(R/Q) versus 1//T (Fig. S3, ESIT), versus
In(Rc), where Rc is the initial resistance of the films.

thermionic barrier height of 0.22 eV for PDI between gold
electrodes.” These values are somewhat higher than, but within
the same range as the value of ~0.1 eV measured here.
However, the tunnelling barrier height for extended Au-PDI
oligomers bridging gold nanoparticles might be expected to be
lower than for a single PDI linker. Nevertheless, the results are
in accord with the idea that PDI self-assembles to effectively
bridge between gold nanoparticles. Such a simple method of
linking nano-electrodes will provide a viable strategy for form-
ing large-scale molecular electronic devices having differing
electrode separations. Successfully being able to make switch-
ing devices will rely on being able to modulate the current
through the molecule. While this appears to be possible with
analogous dithiol-linked nanoparticles® it has been suggested
that this is not possible with PDL.*!

PDI on Au(111) self-assembles with gold to form oligomers
that are sufficiently mobile to bridge between gold nano-
particles. The conductivity of gold nanoparticles on mica
increases substantially when exposed to PDI and requires both
the presence of the nanoparticles and two isocyanide groups.
The temperature dependence of the conductivity is in accord
with the particles being electrically linked with a tunnelling
barrier height of ~0.1 eV.
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