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Abstract

Methods for forming single- and multiple-molecule junctions are key to the
development of molecular electronics and the further study of allied electronic
and electrical properties of molecules arising from through-molecule charge
transport. The organometallic complex trans-Ru(C=C-3-C4H3S)(C=C-1,4-
CeH4C=CAuPPhs)(dppe)2 forms well-ordered, densely packed self-assembled



monolayers on gold and silver substrates, contacted through the sulfur atoms of
the thiophenyl groups. Upon mild thermal treatment (150 - 200 °C, two hours)
the gold moiety decomposes to liberate PPhs and form quite uniform, disc-shaped
gold nanoparticles on top of the organometallic monolayer. The resulting
molecular junctions give rise to sigmoidal shaped I-V curves characteristic of
through-molecule conductance, rather than linear, ohmic traces associated with
metallic contacts (i.e. short circuits). This work therefore demonstrates the
feasibility of thermal processing routes to form good quality molecular junctions
from organometallic complexes of relatively complex molecular structure capped

with uniformly-shaped nanoparticles formed in situ.

Introduction

The field of molecular electronics has advanced rapidly in recent years through
the advent of a range of experimental methods for the construction of single- and
multiple-molecule molecular junctions (i.e. electrode | molecule(s) | electrode
structures).l4 The characterisation of the electrical properties of the molecules
within the junction under a wide range of conditions has led to advances in our
understanding of molecular conductance, and related transport phenomena.>7 In
turn, this understanding opens opportunities for the development of device
concepts with properties that are difficult or impossible to achieve with
conventional materials.® Whilst single molecule junctions allow intricate details of
the molecular junction structure to be explored and chemical structure to be
correlated with transport properties,’-10 large area junctions represent a more

realistic practical device configuration.11 12

Single-molecule junctions are now relatively simple to construct using
mechanically controlled break junction (MCBJ)13 and closely related STM break
junction (STM-B]J) techniques, as well as allied STM-based methods such as the
current-distance (I(s))'% 1> and current-time or telegraphic blinking (I(t))
techniques.l® Multiple-molecule junctions are typically constructed via the
introduction of a ‘top contact’ electrode onto a molecular monolayer. Examples

include cross-bar junctions, nanoparticle-capped nanopores, the use of liquid



metall?. 18, 30-33 and eutectic metal alloy top electrodes,'? 34 and deposition of pre-
formed metal nanoparticles onto a monolayer bearing a suitable ligating
functional group on the exposed top surface.2%21 However, the cross-bar junctions
are experimentally demanding, and liquid metal or eutectic electrodes are not
likely to translate to device structures. The use of nanoparticle top contacts to give
electrode | molecule | nanoparticle junctions has been widely explored, and the
use of such nanoparticle junctions in the construction of a molecular-monlayer
memory device has been recently described.??2 Strategies to these structures
include direct deposition?3 or growth2* of naked metal nanoparticles onto
monolayers bearing an exposed functional group on the top surface capable of
ligating to the nanoparticle, and electrochemical deposition of metal particle seeds
on top of a monolayer prior to electroless metal in-fill.2> As an alternative to
electrochemical reduction, photochemical reduction of AuCls- or Ag* ions co-
deposited on the top-surface of a Langmuir-Blodgett monolayer gives rise to high

surface coverage of the monolayer by Au2¢ or Ag27 nanoparticles.

We have recently described a ‘soft’, thermal method for the fabrication of gold
nanoparticles on an organic monolayer film.28 In early work, Coco, Espinet and
colleagues demonstrated that metallic gold nano-particles (GNPs) could be
formed by  thermolysis of alkynylisocyanide gold complexes,
Au(C=CC6¢H4CmH2m+1)(CNC6H40CnH2n+1), in solution or directly from a
mesophase,?® and deposited on the inner and outer surfaces of carbon
nanotubes.3? By modifying the gold(I) complex to introduce a suitable moiety
capable of acting as a surface anchor group, such as the aniline fragment in
[(MeOCsH4-4-N=C)Au(C=CCsH4-4-NH2)], it is possible to immobilise the complex
on an electrode substrate via the Langmuir-Blodgett technique, forming a well-
packed, directionally orientated monolayer.28 The modified substrate is then
annealed in order to simultaneously break the bonds to the ancillary ligands, and
reduce Au(I) to Au(0), presumably in concert with oxidation of the liberated
ancillary ligand(s), resulting in the formation of gold nano-particles (GNPs) on the
surface of the monolayer, establishing the Au|monolayer|Au junction. This
Thermally Induced Decomposition of an Organometallic Compound (TIDOC)

method was found to be effective at moderate temperatures (150 - 200 °C for two



hours), with the electrical properties of the resulting Aujmolecule|GNP junctions
being characterised by the usual sigmoidal I-V curve that signifies a molecular
junction, as opposed to metallic contact. The molecular design strategy could also
be extended to phosphine complexes, such as Au(C=CCsH4C=CCsH4+CO2H)(PPhs)

with similar results.28

Although the field of molecular electronics has been advanced through the
construction and study of molecular junctions featuring organic compounds, the
electrical characteristics of single-molecule junctions formed from inorganic
complexes and organometallic molecules have begun to attract increasing
attention.31-35> The growing interest in metal-complex based molecular electronics
has also prompted studies of metal complexes within, for example, ‘large area’ c-
AFM,3¢ cross-bar3’ and eGaln junctions,38-40 as well as nanofabricated device
platforms.41-45 This increasing activity is due to the potential that metal complexes
offer for not only improving the alignment of critical frontier molecular orbitals
with the electrode Fermi levels to increase molecular conductance,*6 but also the
potential to exploit the unique redox, magnetic and photochemical properties of
metal complexes to engineer electrical characteristics within the junction that

cannot be achieved with purely organic compounds.

The promising electrical behaviour of metal bis(acetylide) complexes in single
molecule?7-53 46,54-58 and large area3® 37,59 60 junctions now prompts us to further
examine the TIDOC method with such compounds. Here we demonstrate an
exceptionally  facile  fabrication route to electrode|organometallic
complex|nanoparticle junctions, by mild thermal processing of self-assembled
monolayers of trans-Ru(C=C-3-C4H3S)(C=C-1,4-CsH4C=CAuPPhs)(dppe)2. The
resulting highly monodisperse, disc-shaped (ca. 20 x 2 nm) nanoparticles, which
are electrically well connected to the underlying organometallic monolayer, are
prepared without use of additional ligands to moderate growth, control pH or
special effort to control the reaction conditions. These results therefore allow the
simple construction of nanoparticle-capped molecular junctions from a single

chemical precursor.



Results and Discussion

The synthesis of trans-Ru(C=C-3-C4+H3S)(C=C-1,4-CsH4C=CAuPPhs)(dppe)2 (3)
which features both a 3-thienyl surface contacting or anchor group,>> 61 a wire-
like trans-Ru(C=CR)2(dppe)2 core32 46,55 57 and the C=CAuPPhs fragment as the
TIDOC precursor,28 is summarised in Scheme 1. The complete TIDOC process is

summarised in Scheme 2, and individual steps are discussed further below.
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Scheme 1. An illustration of the preparation of compound 3, showing the relevant

intermediates.
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Scheme 2. A schematic representation of the TIDOC based preparation of

‘organometallic’ molecular junctions.

Synthesis and characterisation

The reaction of the five-coordinate complex [RuCl(dppe)2]OTf with 3-
ethynylthiophene, HC=C-3-C4H3S, gave the monoacetylide complex trans-
RuCl(C=C-3-C4H3S)(dppe)2 (1) after deprotonation of the intermediate
vinylidene.62-64 Further reaction of 1 with HC=C-1,4-C¢H4C=CSiMe3 in the
presence of TIBF4, to abstract the chloride ligand, and DBU, to deprotonate the
intermediate vinylidene,®> gave trans-Ru(C=C-3-C4+H3S)(C=C-1,4-
CeH4C=CSiMe3)(dppe)2z (2, 75%). Finally, desilyation of 2 (NBu4F)%5 and auration
(NaOH / AuCl(PPhs))¢¢ afforded the bimetallic complex 3 (84%). The complexes
2 and 3 were characterised by the usual array of multinuclear NMR spectroscopies,

mass spectrometry, IR spectroscopy and elemental analysis. In addition, a crystal



of 2 suitable for X-ray diffraction was obtained, allowing determination of the

molecular structure, details of which are provided in the Supporting Information.

Self-assembled monolayer (SAM) formation and characterisation

To form and monitor SAM deposition from 3, a gold quartz crystal microbalance
(QCM) substrate was incubated for 24 hours in a 10-4 M solution of the complex in
chloroform. After this time no further frequency variation was observed. The
surface coverage of the resulting organometallic monolayer was determined to be
1.7 x 10-19 mol-cm, from the observed frequency variation of -30 Hz and the
relationships described by the Sauerbrey equation,®?

2:f-Am

Af =———Jo =
A',O;/z',u;/z 0

where: Af = frequency variation before and after deposition of the monolayer; f, =

fundamental resonant frequency of ca. 5 MHz; Am = mass change; A = electrode area;

pg = density of the quartz (2.65 g.cm™) and p, = the shear module (2.95 x 10'! dyn-cm®
2)'

The experimental value of the surface coverage is in good agreement with that
estimated from the effective molecular area determined by the molecular
modelling program (Spartan 08 V 1.0.0) (2.4 x 1019 mol-cm-2), and therefore

consistent with monolayer formation.

In order to determine the nature of the interaction between 3 and the gold
substrate, and hence gain information about the molecular orientation and order
in the film, XPS measurements were carried out on both a powdered sample of 3
and a SAM of 3 on gold (Figure 2).68 Due to spin-orbit splitting, the XPS spectrum
of the powder in the S(2p) region gives 2p3/2 and 2p1,2 peaks, falling at 163.9 and
165.1 eV, with an area ratio of 2:1.59 In the XPS spectrum of the SAM of 3, these
spin-orbit split peaks appear at 161.8 and 163.1 eV. The decrease in the S(2p)
binding energy is indicative of an interaction between the sulfur atom and the gold

surface,’0 suggesting that compound 3 interacts with the gold substrate through



the 3-thienyl group. In addition, the XPS spectra of the SAM of 3 in the P(2p) and
Ru(3d) regions do not show any significant changes in the binding energy of the
peaks compared to the powder XPS spectrum (Figure 2) indicating that compound
3 remains intact after being grafted onto the gold surface.
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Figure 2. XPS spectra of S(2p), P(2p) and Ru(3d) photoelectrons of compound 3
in powder and as a self-assembly monolayer (SAM) on a gold substrate. (Note: to
clarify, in the Ru spectra, only the Ru(3ds/2) peaks are shown due to the very

strong overlap between the Ru(3d) and C(1s) regions).

TIDOC studies

In a manner similar to that reported earlier for TIDOC studies with gold-
functionalised organic monolayers,?® a monolayer film of the organometallic
complex 3 on a gold QCM substrate was annealed at 150 °C for two hours, and
subsequently rinsed copiously with chloroform to remove any physisorbed
material, and dried under a stream of dry N2. Assuming that the surface coverage
of the organic monolayer is maintained after the annealing, washing and drying
process, the change in frequency (6 Hz) observed corresponds to a loss of a

material of 262 amu, i.e. triphenyl phosphine (PPhs).

In related studies, the thermal decomposition of gold complexes Au(C=CR)(CNR")

to give gold nanoparticles in solution has been proposed to proceed via



aggregation through aurophillic Au...Au interactions, and oxidative coupling of the
alkynyl ligands associated with the reduction of Au(I) to Au(0).2° 3% In the present
case, the steric bulk of the PPhs ligands prevents aurophillic interactions, as
demonstrated by various explorations of solid-state structures.”! However, in situ
reduction of phosphine-stabilised gold complexes in solution, in hydrogels or on
a variety of templates to give nanoparticles is also known.”277 [n the present case,
in the absence of a specific reducing agent we speculate that the reduction of Au(I)

is initiated by oxidation of the PPhs ligands.

XPS spectra were also recorded from a SAM of 3 supported on a silver substrate,
chosen to avoid any misinterpretation of the results, particularly in the Au(4f)
region, from an underlying gold substrate. The XPS spectrum of the pristine SAM
of 3 on a silver substrate in the P(2p) region (Figure 3) shows a doublet peak due
to the spin-orbit splitting effect at 130.8 and 131.7 eV corresponding to the 2p3/2
and 2p1/2 peaks and attributed to the dppe ligand, as well as a peak at 132.5 eV
due to the phosphorus contained within the triphenylphosphine (PPhs) ligand.
The area ratio of 4:1 for the peaks attributed to the dppe and PPhs ligands is
consistent with the stoichiometry of complex 3. After the silver-supported SAM
was annealed for 2 hours at 150 °C to initiate the TIDOC process, the characteristic
phosphorus peaks of the PPhs group are absent, indicating the loss of the
triphenylphosphine ligand. In addition, whilst the Au(4f) region for the pristine
monolayer on silver shows two peaks at 88.6 and 85.0 eV, attributed to Au(I),28 78
and two weaker peaks at 87.4 and 83.5 eV, attributed to Au(0) formed by action
of the incident X-ray beam on the sample, the SAM after the annealing process

shows only peaks characteristic of Au(0) at 87.4 and 83.7 eV.28.79
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Figure 3. XPS spectra of P(2p) and Au(4f) photoelectrons of a pristine SAM of 3

onto a silver substrate , after annealing at 150 °C for 2 hours.

To obtain information about the distribution of the metallic gold detected by XPS,

the monolayer was imaged using atomic force microscopy (AFM) before and after

the annealing process (Figure 4). In contrast to the smooth and featureless surface

exhibited by a pristine SAM of 3 (surface roughness, calculated in terms of the

Root Mean Square (RMS), 0.3+0.1 nm), after annealing, the root mean square

(RMS) roughness of the SAM increases (up to 1.13+0.2 nm). The bright spots

distributed over the film surface in the AFM image indicate the presence of GNPs.
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Figure 4. AFM images of a SAM of 3 on a gold substrate (left) and after annealing
the same SAM for two hours at 150 °C (right).

Height profiles across AFM images over ca. 65 individual particles were used to
determine both diameters and heights of GNPs (Figure 5). The statistical analysis of
the data extracted from AFM images revealed that these GNPs exhibit an average
diameter of around 20 nm (corrected by the tip convolution)®® and an average height of
ca. 2.6 nm. Histograms illustrating the diameter and height value distributions are given

in Figure 5c and 5d, respectively.
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Figure 5. (a) 550x550 nm?> AFM image of a SAM of 3 after annealing showing the
presence and distribution of gold nanoparticles used in the accompanying analysis. (b)
Representative cross section and analysis profile illustrating the dimensions of the
measured GNPs. Histograms showing the particle size (corrected by the tip
convolution), red line, and height distributions, blue line, corresponding to 65 GNPs
from different AFM images, (c¢) and (d), respectively. Averaged NPs diameter and

height values are showed in their respective graphs.

In order to calculate the surface coverage by the TIDOC generated gold
nanoparticles, a bearing analysis of the AFM images was made. In this analysis, the
depths of all pixels of the image with respect to a reference point, i.e., the highest
pixel, are analyzed to give an estimation of the percentage of area covered by
features, i.e. surface coverage, at every pixel depth. The analysis of a coverage data
recorded over 1x1 um? area indicates an average GNP-coverage of ca. 20% (Figure

6).
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Figure 6. (a) 1x1 um? AFM image of a SAM of 3 after annealing with the mask in
blue indicating nanoparticle-free areas. (b) Depth histogram showing the
distribution of height data at different depth referred to a reference point, i.e. the
highest pixel (black line). The blue line (bearing analysis) indicates the relative
projected area covered at each depth value depicted as a blue mask in the
topographic image. The peak in the histogram marked with a green-dashed
vertical line is attributed to the nanoparticle-free molecule-modified substrate
while the red line accounts for the selected height threshold corresponding to the

lowest maximum peak associated with the height of the measured GNPs.

Electrical characterisation of molecular junctions formed by TIDOC

Assuming the organometallic molecular core remains intact after the TIDOC
process, a suggestion which is consistent with the P(2p) XPS spectra, the TIDOC-
formed GNPs mark the location of Ausubstrate|[(SC4H3-3-
C=C){Ru(dppe)2}(C=CCcH4C=C)]x| GNP molecular junctions featuring one or more
organometallic fragments. The electrical characteristics of these GNP-capped
junctions were assessed from the sigmoidal-shaped current-voltage (I-V) curves
collected using a conducting-AFM (Bruker ICON) operating in the Peak Force
Tunneling AFM (PF-TUNAT™) mode. The I-V measurements were repeated many
times and the conductance values were obtained from the slope of the linear fit of
the average I-V curve in the ohmic region (ca. -0.3 to 0.3 V in this case). The
intermittent contact between the AFM tip and the surface at a frequency of 2 kHz,

a low maximum normal force (peak-force) and limited lateral forces associated

13



with PF-TUNA™ are chosen to limit physical damage to the surface by the tip
during measurement.27. 28,81 82 Nevertheless, before registering the I-V curves by
locating the AFM tip on top of a GNP, the most suitable contact force to be applied
during the measurement has to be selected, allowing for the ca. 8% uncertainty in
the set-point force due to the calibration method (thermal tuning).83 If the initial
set-point force is too great, the tip will cause an unacceptably large deformation
of the SAM underlying the GNPs. Conversely, if the set-point force is too low, there

will be inadequate electrical contact between the AFM probe tip and the GNP.

A region of the TIDOC processed film on Au(111) featuring three clearly defined
GNPs was chosen to explore and determine the range of appropriate set-point
forces (Figure 7a, inset). At set-point forces between 1-3 nN, the section analysis
for each of the three isolated GNPs gives essentially a constant height, indicating
that no significant deformation of the monolayer occurs and that the GNPs are not
substantially pushed into the monolayer by the AFM tip (Figure 7a). However, at
these set-points, practically no current was detected through the junction,
indicating poor electrical contact between the tip and the nanoparticle. When the
set-point force was increased to 5 nN, the section analysis of these nanoparticles
gave only a ca. 10% decrease in the relative height of the GNPs, but now a
significant conductance through the junction could be measured; in other words,
at 5 nN set-point, there is a good electrical contact between the tip and the
nanoparticle without substantial deformation of the underlying molecular layer.
Further increasing the set-point force between 10-20 nN resulted in steadily

lower height values and higher junction conductance (Figure 7a).

Taking 5 nN as the set-point at which good electrical contact is achieved with
minimal deformation of the underlying layer, I-V curves (ca. 100) were recorded
after locating the AFM tip on top of different nanoparticles and sweeping the tip
voltage (1.0 V) with the Au substrate held at ground (Figure 7b). In each case, the
I-V curve featured the characteristics sigmoidal shape associated with molecular
conductance, rather than linear, ohmic traces that would indicate metallic
contacts and hence short-circuits through the junctions. From the average I-V

curve, a junction conductance of 1.6 x 104 Go was determined. Although the

14



precise number of molecules within each junction cannot be determined, we note
that this value is in a similar range to the ‘low conductance’ value determined from
single molecule junctions of the related complex trans-Ru(C=C-3-

C4H3S)2(dppe)2.>>
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Figure 7. (a) Relative height of three GNPs determined with the c-AFM at the
indicated set-point forces to study the deformation of the monolayer as a function
of the set-point force together with the average conductance values (determined
from the linear section (-0.3 to +0.3 V range) in the recorded I-V curve) measured
by locating the tip of the c-AFM on top of GNPs as these showed in the 300x300
nm? AFM image. (b) Average I-V curve experimentally obtained by positioning the
c-AFM tip on top of a GNP when a set-point force of 5 nN was applied. Inset: a

Fowler-Nordheim plot for the average I-V where the transition voltage is marked.

Finally, transition voltage spectroscopy (TVS) was used to determine the
transition voltage (Virans) from the inflection behaviour in the Fowler-Nordheim
plot (Figure 7b inset). It is often assumed that this inflection occurs when a
frontier molecular orbital level (HOMO or LUMO) substantially responsible for
electrical transmission through the molecular junction approaches the Fermi level
of the electrodes.8* In such cases, lower Virans values imply a better alignment
between the metal Fermi level and the frontier molecular orbitals and Virans gives

a measure of the tunnel barrier height.5* However, the dependence of the term on
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other factors including molecular length (i.e. tunnel barrier width), chemical
nature of the electrode-molecule contact and electrode material, and the
significance to various tunneling models has been discussed, and the idea of Virans
as a measure of the non-linearity of bias dependent conductance proposed.8>
Therefore a direct comparison of values between chemically distinct systems is
potentially fraught, despite the popularity of the approach, and for molecules of
different chemical composition, it is unlikely that Vians_can be used as an
independent parameter concerning the ‘superiority’ of one compound over
another. There are few Vians measurements from organometallic compounds
reported to date, and the value determined here (0.65 V) can only be compared
with that determined from similarly structured bis(thiolate) contacted trans-
Ru(C=CCsH4-4-S)2(dppm)2 (0.25 V).#7 It is likely that the differences in absolute
value reflect the different contacting groups and tunnel barrier length as much as

energy level alignment.

Conclusion

The development of methods that allow the formation of molecular junctions and
hence the experimental determination of the electrical characteristics and
properties of single molecules has provided enormous impetus to the field of
molecular electronics. However, the translation from single-molecule junctions to
‘large area’ devices has been complicated by the difficulties in forming electrode
contacts on top of monolayers of molecules. The use of gold nanoparticles (GNP)
as nascent ‘top electrode’ contacts and as buffer layers in the fabrication of
molecular electronic devices inspires further exploration of routes to prepare GNP
based molecular junctions. The heterobimetallic complex trans-Ru(C=C-3-
C4H3S)(C=C-1,4-C6sH4C=CAuPPh3)(dppe)2 gives rise to well-ordered, densely-
packed monolayers of a ‘wire-like’ organometallic ruthenium complex from a
simple self-assembly method, taking advantage of the thienyl sulfur-gold
interaction.  Subsequent thermal decomposition of the ‘TIDOC
ethynyl(triphenylphosphine)gold head-group provides a simple route to GNP-
capped organometallic molecular junctions with good electrical properties. This

work demonstrates that organometallic ruthenium bis(acetylide) complexes,

16



which have been identified as a promising molecular substructure for use in
molecular electronics, are compatible with mild thermal processing routes,
allowing both the further exploration of the electrical properties of these systems
and demonstrating the feasibility of incorporating such systems into future hybrid

devices.

Experimental
General conditions

All reactions were performed under an N2 atmosphere using standard Schlenk
techniques. Reaction solvents were purified and dried by standard methods, or
from an inert solvent purification system. No special precautions were taken to
exclude air or moisture during work-up. The compounds HC=C-3-C4H3S,8¢ HC=C-
1,4-CsH4-C=CSiMe3,>8 TIBF4 87 and AuCl(PPh3)88 were prepared by literature
routes, and trans-RuCl(C=C-3-C4HsS)(dppe)2 was prepared by deprotonation of
the corresponding vinylidene complex.6# NMR spectra were recorded in CDCl3
solutions on Varian 300 MHz, Bruker Avance 500 MHz or 600 MHz spectrometers
and referenced against residual protio-solvent resonances (CHCls: 1H 7.26 ppm,
13C 77.16 ppm).8? Infrared spectra were recorded on a Thermo 6700 spectrometer
from CH2Cl2 solutions in a cell fitted with CaF2 windows or an Agilent Technologies
Cary 630 spectrometer using ATR sampling methods. High-resolution mass
spectra were recorded using a Waters LCT Premier XE mass spectrometer using
electrospray ionization or atmospheric pressure chemical ionisation with Leucine

Enkephalin as reference.

SAFETY NOTE Given the extremely toxicity of TIBFs, the reagent was weighed in a
sealed container in a fume hood. The solid was transferred to the reaction flask using
a disposable paper funnel. The paper funnel was discarded immediately after use
into a thallium-containing solid waste receptacle. For larger scale reactions, a
secondary containment flask was placed under the reaction vessel in case of
breakage during the reaction period. Reactions involving TIBF4 produce TICI, which

is similarly extremely toxic. After completion of the reaction, following isolation of
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TICl / residual TIBF: by the work-up procedures reported, the salts were either
disposed of by i) dissolving in HNO3 (aq.) and transferring into a thallium-containing
aqueous waste container or ii) in a thallium-containing solid waste container (along

with the chromatographic medium, Celite etc.).

Preparation of trans-Ru(C=C-3-C+H3S)(C=C-1,4-C=CSiMe3)(dppe)z (2)

1 !_|2 N\ Hlo10 H1
HL,.¢2 Phaf, PP, SLred
! .4C4'CSECS—RL{—C7ECS'CQ\ /C12—C1SEC14—SiMes
~ce PhR PPh, —
H3 \J

A solution of trans-RuCl(C=C-3-Cs+H3S)(dppe)2 (0.066g, 0.063 mmol), HC=C-1,4-
CeH4-C=CSiMes (0.013 g, 0.068 mmol), TIBF4 (0.022 g, 0.076 mmol) in CH2Clz (7
ml) was treated with DBU (4 drops) and allowed to stir for 16 hours. The yellow
solution colour lightened during this time and a white solid (presumably
containing TICl) precipitated. The solution was filtered through basic alumina,
that had been previously dried in an oven overnight, to remove the solids (CARE)
and the solvent removed from the yellow filtrate. The resulting solid was washed
with diethyl ether (3 x 10 mL), hexanes (3 x 10 mL) and then air dried (0.057 g,
75%). IR (CH2Clz/cm1): 2147 v(C=CSiMes), 2058 v(RuC=C). 1H NMR (CDCls, 600
MHz) 6 / ppm: 0.27 (s, 9H, SiMes), 2.51 - 2.74 (m, 8H, CHz, dppe), 6.55 (d, Jun = 2
Hz, 1H, H3), 6.60 (apparent doublet, splitting = 8 Hz, 2H, H1?9), 6.65 (d, Jun = 5 Hz,
1H, H2), 6.93 (t, Jun = 7 Hz, 8H, Hmeta, dppe), 6.98 (t, Jun = 7 Hz, 8H, H™meta, dppe), 7.11
(dd, Jun =5, 2 Hz, 1H, H1), 7.15 (t, Jun = 7 Hz, 4H, Hrara, dppe), 7.19 (t, Jun = 7 Hz, 4H,
Hrara dppe), 7.25 (apparent doublet, splitting = 8 Hz, 2H, H1), 7.42 - 7.51 (m, 8H,
Hertho dppe), 7.52 - 7.61 (m, 8H, Hertho, dppe). 31P{tH} (CDCls, 300 MHz) § / ppm:
54.5 (s, Ru(dppe)2). 13C{1H} NMR (CDCIs3, 600 MHz) 6 / ppm: 0.33 (s, SiMes), 31.6
(apparent t, splitting = 12 Hz, CHz, dppe), 93.7 (s, C14), 106.3 (s, C13), 111.3 (s, C5),
116.6 (s, C8), 117.3 (s, C?), 120.5 (s, C3), 122.9 (s, C1), 127.1 (s, Cmeta, dppe), 127.2
(s, Cmeta, dppe), 127.8 (quin., Jecr = 15 Hz, Cé or C7), 128.7 (s, Crara, dppe), 128.8 (s,
Crara dppe), 129.87 (s, C10),129.92 (s, C2), 130.3 (s, C%), 131.1 (s, C12),131.4 (s, C11),
134.3 (s, Cortho, dppe), 134.5 (s, Cortho, dppe), 136.7 — 137.1 (m, Cirse, dppe), 137.1 -
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137.4 (m, Cirso, dppe), 138.9 (quin., Jecr = 15 Hz, Cé or C7). ESI(+)-MS (m/z): 1202
[Ru(C=C-3-C4H3S)(C=CC6H4-4-C=CSiMes3)(dppe)2]*, 1136  [Ru(C=CCeH4-4-
C=CSiMes)(dppe)2 + MeCN]*, 1046 [Ru(C=C-3-C4H3S)(dppe)2 + MeCN]*, 1004
[Ru(C=C-3-C4HsS)(dppe)2 - H]*, 898 [Ru(dppe)z]*. Anal. found: C, 70.42; H, 5.09.
Calc. for C71H64P4RuSSi: C, 70.87; H, 5.37 %. Crystals suitable for single-crystal X-
ray diffraction were grown from CDCl3s / MeOH at -18°C. Crystal data.
C72HesCl3P4RuSSi, M = 1321.69, triclinic, a = 9.4433(5), b = 13.3386(6), ¢ =
13.8508(6) A, o= 77.282(4), B = 74.659(4),y = 72.451(4)°, U=1585.38(13) A3, T
= 100(2) K, space group P1, , 11994 reflections measured, 7035 unique (Rint =
0.0436), which were used in all calculations. The final wR(F?) was 0.1610 (all data).

Preparation of trans-Ru(C=C-3-C4H3S)(C=C-1,4-C=CAuPPhs)(dppe): (3)

H2 M\ H10  H

HL .G Phofy PPz g )

| C4C5ZC6-Ru—C7=C8-C?  C12-C18=C14—AuPPh,
\C\Hss Ph2P<—>PPh2 7

A solution of trans-Ru(C=C-3-C4H3S)(C=C-1,4-C=CSiMes)(dppe)2 (2) in a mixed
solvent system of MeOH (5 mL), THF (10 ml) and CH2Clz (4 mL) was treated with
NBu4F.3H20 (0.013 g, 0.048 mmol) and allowed to stir for 15 min. After this period,
NaOH (0.017 g, 0.42 mmol) was added, and the solution stirred for a further 10
min, before addition of AuCl(PPhs) (0.023 g, 0.45 mmol). The solution was stirred
for a further 2 days. The solvents were removed in vacuum to give a yellow residue,
which was extracted with CH2Cl2 and filtered through a short pad of alumina
(basic, oven-dried). The pale yellow filtrate was taken to dryness to give a yellow
solid, which was washed with MeOH (3 x 10 mL) and hexanes (3 x 10 mL) and air
dried (0.060 g, 84%). IR (CH2Cl2/cm1): 2060 v(C=C), 2053 v(C=C). 1H NMR (CDCls,
300 MHz) 6 / ppm: 2.47 - 2.72 (m, 8H, CHz, dppe), 6.50 (d, Jun = 3 Hz, 1H, H3), 6.60
(apparent doublet, splitting = 8 Hz, 2H, H19), 6.61 (d, Jun = 4 Hz, 1H, H%), 6.89 - 7.63
(m, 55H, Ph, dppe and PPhs), 7.09 (dd, Jun = 4, 3 Hz, 1H, H1), 7.28 (apparent doublet,
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splitting = 8 Hz, 2H, H11). 31P{1H} (CDCls3, 300 MHz) § / ppm: 43.6 (s, AuPPhs), 54.6
(s, Ru(dppe)z). 13C{1H} NMR (CDCls, 600 MHz) 6 / ppm: 31.4 - 32.0 (m, CHz, dppe),
111.2 (s,C50r C8), 111.3 (s, C> or C8), 120.4 (s, C3), 122.8 (s, C1), 127.1 (s, Cmeta, Ph),
127.2 (s, Cmeta, Ph), 128.7 (s, Crara, Ph), 128.8 (s, Crara, Ph), 129.27 (s, Crara, Ph),
129.33 (s, Crara, Ph), 130.0 (s, C2), 131.7 (s, C10 or C11),131.8 (s, C1% or C11), 134.2 -
134.8 (m, Cortho, Ph), 136 - 137.8 (m, Cirse, Ph). ESI(+)-MS (m/z): 898 [Ru(dppe)z]*.
Anal. found: C, 64.89; H, 4.26. Calc. for CssH70AuPsRuS: C, 64.98; H, 4.44 %.

TIDOC nanoparticle formation

A SAM of 3 was prepared by incubating a Au(111), a QCM resonator or a Ag
substrate ina 10-* M solution of the complex in chloroform for 24 hours. After that,
the substrate was rinsed copiously with chloroform to remove any physisorbed
material, and dried under a stream of dry N2. Once the SAM of 3 was prepared, the
surface supported SAM was annealed at 150 °C for two hours, and subsequently
rinsed copiously with chloroform to remove any physisorbed material, and dried
under a stream of dry Naz. After this annealing process, GNPs were formed on top
of the organometallic monolayer as it was demonstrated by atomic force

microscopy (AFM) and X-ray photoelectron spectroscopy (XPS).

X-ray photoelectron spectroscopy (XPS) measurements.

X-ray photoelectron spectroscopy (XPS) spectra were acquired on a Kratos AXIS
ultra DLD spectrometer with a monochromatic Al Ka X-ray source (1486.6 eV)
using a pass energy of 20 eV. The photoelectron take off angle was 90° with respect
to the sample plane. To provide a precise energy calibration, the XPS binding

energies were referenced to the C(1s) peak at 284.6 eV.

AFM experiments

Atomic force microscopy (AFM) experiments were performed using a Multimode
8 microscope equipped with a Nanoscope V control unit from Bruker. Tapping
mode was used in ambient air conditions with a scan rate of 1 Hz with a silicon
cantilever supplied by Bruker, RTESPA-150 (90-210 kHz, and 5 N-m-, and

nominal tip radius of 8 nm).
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Electrical measurements

Electrical properties of the metal-SAM-gold nanoparticles structures were
determined with a conductive-AFM (Bruker ICON) under humidity control (ca.
40% by dry N2 flux) using the Peak Force Tunnelling AFM (PF-TUNA™) mode. A
PF-TUNA™ cantilever from Bruker (coated with Pt/Ir 20 nm, ca. 25 nm radius, 0.4
N-m-1 spring constant and 70 kHz resonance frequency) was used and calibrated

by thermal tuning method before each experiment.??
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