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Electrical conductance study on 1,3-butadiyne-linked
dinuclear ruthenium(i) complexes within single
molecule break junctionst
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Single-molecule conductance of three sulphur-functionalized organometallic wires with two ruthenium(i)
centres spaced by 1,3-butadiyne was firstly investigated using an electrochemically assisted-mechanically
controllable break junction (EC-MCBJ) approach. It is demonstrated that single-molecular conductance
of these diruthenium(i) incorporated systems is significantly higher than oligo(phenylene-ethynylene)
(OPE) having comparable lengths and exhibits weaker length dependence. The conductance
improvement in these diruthenium(i) molecules is ascribable to the better energy match of the Fermi
level of gold electrodes with the HOMO that is mainly resident on the Ru-C=C-C=C-Ru backbone.
Furthermore, modulation of molecular conductance is achieved by changing the length and -
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Introduction

Single-molecule electronics has attracted great interest because
its potential as a complement to silicon-based electronics in
terms of a bottom-up approach and ultimate miniaturization.**
Nevertheless, the realization of active molecular devices is
highly challenging and is still far from maturity to date. The
development of molecular electronics is mainly dependent on
the improvement of molecular junction -characterization
methods® as well as design and synthesis of specific block
molecules.*?

Concerning molecular junction characterization, several
techniques such as STM-break junction, crossing wires and
mechanically controllable break junction (MCBJ) etc. have been
implemented to measure the conductance of a wide range
of molecules.®* In contrast with other approaches, MCB]J is
particularly impressive due to its compatibility with Si-based
microfabrication and industrialisation. Recently, we have
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conjugated system of the chelating 2,2":6’,2"-terpyridyl ligand.

combined electrochemical deposition with MCB] to develop an
electrochemically assisted mechanically controllable break
junction (EC-MCBJ) method® for characterizing molecular
junctions conveniently and economically. Nevertheless, it is
difficult to perform MCBJ for single-molecule conductance with
a long molecular length due to the limited elastic deformation
of the microchip. Here we successfully designed and synthe-
sized three 1,3-butadiyne-linked binuclear ruthenium(u)
organometallic wires by adapting the molecular lengths
through modification of a chelating terpyridyl ligand so that the
electrical conductance of these metal-inserted molecules could
be investigated using our home-made EC-MCB] method.

Compared with purely m-conjugated organic wire-like
molecular systems such as oligoyne,” oligo(phenylene-ethyny-
lene) (OPE),® oligo(phenylene-vinylene) (OPV),®> and oligo(phe-
nylene-imine) (OPI),"® redox-active molecules are more
promising as their conductance can be reversibly tuned with a
gate electrode." Moreover, electrochemical and spectroscopic
studies™ indicate that these redox-active conjugated molecular
wires coupled with redox metal centres usually exhibit a much
weaker dependence of the charge transport on molecular
length, implying a better degree of electronic delocalization
along the molecular backbones.

We have been interested in organometallic wires coupled
with multiple redox-active metal centres linked by unsaturated
carbon chains with extended m-conjugation.™ A series of dinu-
clear ruthenium polyynediyl complexes capped with redox-
active organometallic fragments [(bph)(PPh;),Ru]" (bph =
N-(benzoyl)-N'-(picolinylidene)-hydrazine)*** or [(Phtpy)(PPhs),-
Ru*" (Phtpy = 4’-phenyl-2,2:6,2"-terpyridine),"*>¢ were thus
investigated. Intramolecular electron transfer is fine-tuned by
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successive insertion of 2,5-thiophene or 1,4-phenylene spacers
to the bridging diacetylide as well as introducing electron-
donating or electron-withdrawing substituents to the ancillary
chelating ligands. The low HOMO-LUMO gaps (E; = 1.7 €V)'*
together with accessible functionalization'* on these 1,3-buta-
diyne-linked dinuclear ruthenium(u) complexes prompt us to
investigate their electrical conductance at the single-molecule
level for the first time. Remarkably, these diruthenium(u)
incorporated systems exhibit higher molecular conductance
and weaker length dependence compared with OPE or OPV
having comparable molecular lengths. This suggests that
implanting redox-active ruthenium(u) centres into 7-conju-
gated organic molecules is a feasible approach to access long
molecular wires, which is significant to molecular electronics.

Results and discussion

The synthetic procedures and detailed characterization
of TMSE- (TMSE = 2-(trimethylsilyl)ethyl) or acetyl-protected
thiol-functionalized dinuclear ruthenium(u) complexes 1-3
(Scheme 1) are provided as ESL.T

Electrochemical studies on self-assembly monolayers (SAMs)
based on acetyl-protective thiol-functionalized diruthenium
complexes 1 and 2 on Au(111) electrodes were performed in a
0.1 M NaClO, aqueous solution. Two reversible redox waves
(Fig. 1) were observed at 0.02 and 0.67 V (vs. SCE) with AE,, =
0.65 V due to stepwise one-electron processes Ru,™"/Ru,™"
and Ru,™"/Ru,™™, respectively. Obviously, the potential
difference due to stepwise redox processes is more pronounced
than that in solution (AE,, = 0.52 V), implying a larger redox
coupling between two ruthenium centres in the SAMs. The
redox potentials of SAMs based on 2 (Fig. S51) are comparable to
that of 1 except for a little anodic shift (~20 mV). A linear
correlation of current intensity of the anodic and cathodic
peaks with the scan rates demonstrated that both 1 and 2 were
indeed self-assembled onto the surface of the gold electrode.
The surface coverages® of 1 and 2 estimated from the charge of
the anodic peak around 0.02 V are 4.1 x 10 ** and 3.7 x 10 **
mol cm ™2, respectively. They are comparable to the SAMs based
on [{(AcS-CH,CeH,tpy)(PPhs),Rub,{u-N(CN),}J** (4.0 x 10"
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Scheme 1 Sulphur-functionalized dinuclear ruthenium(i) complexes 1-3.
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Fig.1 Cyclic voltammograms (CVs) of self-assembly monolayers of complex 1 on
Au(111) electrodes in 0.1 M NaClO,4 aqueous solution. The scan rates are 50, 100,
200, 300, 400, and 500 mV s~ ", respectively. Inset: linear dependence of the peak
currents as a function of scan rates.

mol em )" through single Au-S bonding, but are more than
twice the experimental value of the SAMs based on a 1,3-buta-
diyne-bridged diruthenium(u) complex in a lying flat mode
(1.5 x 107" mol em™?).*** In view of the calculated surface
coverage, the molecular rigidity as well as the bulky auxiliary
ligands such as PPh; and phenylterpyridyl, it is most likely that
1 and 2 are adsorbed onto the gold surface through Au-S
bonding with single sulphur terminus. As a result, it is antici-
pated that Au-molecule-Au junctions could be formed when
the complexes are assembled to adjustable nano-scale
separations.

To investigate the single-molecule conductance of these
thiol-functionalized dinuclear ruthenium(u) complexes, we
used an EC-MCB]J approach under ambient conditions in our
laboratory. Fig. 2a shows a schematic diagram of our home-
made MCBJ compatible microchip after electrodeposition, of
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Fig. 2 (a) Schematic diagram of our microchip after electrodeposition. (b)
Scanning electron microscopy (SEM) image of a typical Au electrode pair within
the access window. (c) Au—molecule-Au junction constructed with a three-point
bending mechanism.
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which a detailed fabrication process can be found elsewhere.®
Within the access window, Au atoms were deposited onto the
exposed area to form a homogenous and compact layer over the
original electrode pair. A typical scanning electron microscope
(SEM) image of the access window part of the chip is given in
Fig. 2b. The contact region of our electrode pair is around
several hundred nanometers and the resistance is 100-200 Q.
The schematic diagram of our homemade EC-MCBJ device with
a three-point bending mechanism is shown in Fig. 2c. The
conductance of two model molecular junction systems
including Au-BDT-Au (BDT = benzene-1,4-dithiol) and Au-
BPY-Au (BPY = 4,4’-bipyridine) models® had been tested
successfully by our homemade EC-MCBJ device. Although the
lengths of wire-like dinuclear ruthenium complexes are 2-3
times as long as BDT and BPY, our results show the feasibility of
our economical EC-MCBJ method for statistical conductance
analysis of these molecules. Details concerning the self-
assembly processes and measurement procedures are given in
the Experimental section (ESIT).

Each trial began with the characterization of the prepared Au
electrode pairs without the measured molecule. Representative
conductance curves during the breaking of electrode pairs and
the corresponding histogram are given in Fig. S6 (ESIf). Just
before the Au electrode pair breaks, stepwise conductance
evolution and clear peaks for multiples of G, were observed in
the conductance traces and histogram, respectively. In
comparison, no plateaus and peaks can be found in the
conductance traces and histogram below 1 G, value (Fig. S6T).
The control experiments indicate that the peaks and corre-
sponding conductance in the following experiments are attrib-
uted to the added target molecules.

Single-molecule conductance measurements of complexes
1-3 were carried out by bending and relaxing the microchips
with a rate of 2 nm s, and the bias applied to measure the
conductance was 20 mV. For each molecule, about 400
conductance traces with discernible plateaus were collected in
order to numerically generate the conductance histogram. Fig. 3
gives the representative conductance traces and related histo-
grams. The peaks in histograms represent the most favourable
conductance values in the recorded conductance traces for each
complex, and are extensively counted as their single-molecule
conductance values.*® As shown in Fig. 3, the histograms of 1, 2,
and 3 display considerably distinct peaks at 3.0 x 10~ %Gy, 1.0 x
103Gy, and 1.4 x 103G, respectively, and no discernible
lower peaks were observed in our experiments.

The high mechanical stability of our EC-MCB]J setup also
offers the possibility for I-V;,s characterization. For each
complex, the molecular junction was swept between —1.00 V
and +1.00 V when the displacement of the stepping motor was
frozen. Typical I-Vj,;,s curves for molecules 1-3 are shown in
Fig. S7 (ESI).f The I-V};,s curves are linear over a small bias
range, from which the conductance is estimated as 3.5 Xx
107Gy, 9.9 x 10 %Gy, and 2.1 x 10 >G,, respectively, which are
in good agreement with the values shown in the conductance
histograms.

The conductance measurement results from both conduc-
tance histograms and I-Vy,s characterizations suggest a
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Fig.3 Conductance histograms of dinuclear ruthenium(i) complexes (a) 1, (b) 2,
and (c) 3 from hundreds of curves recorded in the MCBJ setup. Inset: typical
conductance traces of the corresponding complexes 1, 2, and 3, respectively. In
the absence of dinuclear ruthenium(i) molecules, such steps and peaks are
unobserved within the same conductance range.

sequence of 3 > 2 > 1 in single-molecule conductance, although
they have comparable voltammetric behavior in solution and
surface electrochemistry. The obvious conductance differences
between them can be ascribed to the structural discrepancies in
the auxiliary terpyridyl ligands of these dinuclear ruthenium
complexes. Single-molecule conductance of 2 is about three
times as large as that of 1, implying that the methylene (-CH,-)
at each terminus of molecule 1 significantly prohibits charge
transport along the molecular backbones. This result is well in
accordance with that of thiol-terminated oligo(phenyleneviny-
lene)s (OPVs).”*® Kushmerick et al. demonstrated that methy-
lene groups at each end of OPVs would break the rt-conjugated
system and reduce molecular conductance to 5.4 nS, which is
about one-third of the original value at 15.8 nS.** With a
conversion based on 1 G, = 77.6 uS, 5.4 nS and 15.8 nS corre-
spond to 7.0 x 107°G, and 2.0 x 10 *G,, respectively. This
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implies that with removal of the methylene (-CH,-) at each
terminus of oligo(phenylenevinylene)s (OPVs),*'® the molecular
conductance exhibits about three times enhancement (from
7.0 X 107°Gy to 2.0 x 107 *G,). Thus, the increased magnitude
of molecular conductance in diruthenium(r) implanted mole-
cule 2 relative to 1 by removal of methylene (-CH,-) at each
terminus is comparable to that found in OPVs. More impor-
tantly, the measured results show that the single-molecular
conductance of diruthenium() complex 2 (1.0 x 10 >G,) is
5-fold as large as that of the w-conjugated OPV molecule (2.0 x
10~ *G,)** with a comparable length (ca. 2.9 nm), implying that 2
is much more conductive than the corresponding m-conjugated
OPV molecule.

Compared with 2 (2.96 nm),” the intramolecular S---S
distance was further reduced in 3 (2.09 nm) by removal of an
aromatic ring (1,4-phenylene) at each terminal of 2. The single-
molecule conductance is slightly increased from 1.0 x 103G,
(2) to 1.4 x 107%G, (3), although there is a relatively large
shortening in the molecular length of 3 compared with that of 2
(AL, = 0.87 nm). It is known that in some well-studied
m-conjugated organic molecular systems such as oligo(1,4-
phenylene ethynylenes) (OPEs)," single-molecule conductance
is usually increased by an order of magnitude when there is the
same 0.87 nm decrease in molecular length. Compared with
OPEs, the measured results suggest a smaller length depen-
dence of conductivity for our molecules and thus a lower decay
parameter for 1,3-butadiyene-linked diruthenium(u) complexes
than that for OPEs. This is likely relevant to the much smaller
HOMO-LUMO gap (ca. E; = 1.7 eV) in 1-3 than the corre-
sponding E, values (3.3-3.6 eV) of OPE molecules.®'®

Remarkably, dinuclear ruthenium(u) complexes 1-3 showed
a much better electrical conductance than the well-studied
T-conjugated organic molecular wires with comparable molec-
ular lengths. Single-molecule conductance of 3 (1.4 x 107°G,) is
an order of magnitude larger than that of OPE (1,4-(4-
AcSCeH,C=C),C¢H,4, 0.96 x 10 *G,) measured using MCBJ
devices under the same experimental conditions (Fig. S87). With
a conversion based on 1 G, = 77.6 uS, this measured value is
equal to 7.4 nS. This measured value for OPE (7.4 nS) is
comparable with those reported previously by Huber et al.,** Wu
et al,® and Kaliginedi et al' (~9 nS) based on MCBJ
measurements. Considering that the molecular length
(2.01 nm) of OPE is comparable to 3 (2.09 nm), it is most likely
that two ruthenium redox units, which are implanted into
m-conjugated organic molecular backbones to form dir-
uthenium complex 3, exert positive effects on single-molecule
conductance. Although it has been reported that the 2- to 3-fold
higher molecular conductance for ¢trans-Pt(PR;),(C=CCsH,SAc),
(R = Cy, Bu, Ph, OEt, OPh) than that for OPE (1,4-(4-
AcSC¢H,C=C),CcH,) is due to a 1.6 A decrease in sulphur-to-
sulphur distance (1.85 nm as compared to 2.01 nm),** the 5-fold
enhanced conductance in trans-Ru(PPh,CH,PPh,),(C=CC¢H,-
SAc), is undoubtedly ascribable to the structure of the Ru(u)-
implanted backbone.*® Our results further indicate that incor-
porating two redox-active ruthenium centres into -conjugated
organic molecular backbones is a potential approach for con-
structing long molecular wires with higher conductance and
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weaker length dependence than OPE or OPV having comparable
length.

It has been suggested that aromatic 1,4-diacetylene deriva-
tives usually follow a direct tunneling mechanism when the
molecular lengths are within 4.4 nm." The molecular lengths
of dinuclear ruthenium(u) complexes 1-3 (2-3 nm) fall within
the range, in which direct tunnelling is likely the principal
charge-transport mechanism. It is generally accepted that
charge transport in aromatic thiol systems is a HOMO-mediated
hole tunneling process.*>** To address this issue, the molecular
orbital energies of redox-active diruthenium complexes were
estimated using the CV technique.”* The relative positions of
Enomo and Epymo states of 3 are shown in Fig. 4, along with the
Fermi levels of the corresponding electrodes. Since the HOMO
orbital is very close to the Fermi level of gold electrodes in
energy, this leads most likely to a relatively lower length-
dependent decay and higher conductance for 1-3.

To compare the conductance characteristics of dinuclear
Ru(n)-implanted complexes with m-conjugated organic mole-
cules, we have calculated the electronic structures and trans-
mission spectra at equilibrium state of these thiolate capped
molecules connected to two semi-infinite gold electrodes. First,
we optimized the geometry of the thiol capped molecules using
DFT calculation."” The sulphur-to-sulphur distances were rather
comparable for dinuclear Ru(u)-implanted complex 3 (2.09 nm),
HSC¢H,C=CC¢H,C=CC¢H,SH (OPE3, 2.01 nm), and
HSC¢H,C=CC=CC=CC=CC¢H,SH (DPA4, 2.09 nm) (Fig. S9T
and Table 1). The three optimized molecules were then posi-
tioned to the z direction in the hollow sites of both Au(111)
electrode surfaces symmetrically at a favourable Au-S bonding
distance (Fig. S107 for 3).%** The transmission spectra (Fig. 5) of
the three extended molecular systems were finally calculated
using an equilibrium Green functions technique based on DFT,
as implemented in the TRANSIESTA package.>***

The calculated conductance (Table 1) at zero-bias voltage was
obtained according to the Landauer formula.**** As depicted in

E\.‘ac
-3.2
Eivmo

14
—~ EAg/AgCl
> =-4.6
L ey "I--- -
& 0.3
E fﬂAu) Eomo() M
m e ——— -49 |osg

Fig.4 Molecular orbital energy levels (HOMO and LUMO) of 3 as inferred from
CV measurements in CH,Cl, solution. The equivalent electrode work functions in
the respective experimental setups have also been shown for comparison (Exau) =
—5.1 eV, and Egag/agc) = —4.6 V). The molecular orbital energies (£ omo and
ELumo) were estimated from the oxidation and reduction peaks (Fig. S41) from CV
measurements.
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Table 1 The intramolecular S---S distance and zero-bias conductance G(u, 0) of
dinuclear Ru(i-implanted complex 3 compared with organic molecules with
similar length

OPE3 DPA4 3
Ds_s (nm) 2.01 2.09 2.09
Gk, 0) (Go) 0.010 0.11 0.34

Fig. 5, the calculated transmission spectra indicate that
complex 3 has a higher conductance than the corresponding
T-conjugated organic molecules OPE3 and DPA4. The theoret-
ical conductance of 3 is ca. 30-fold higher than that of OPE3,
which is consistent with the fact that the measured conduc-
tance of 3 is as large as one order of magnitude over OPE3.
Moreover, the 3-fold higher molecular conductance for 3 than
that for DPA4 further suggests that incorporating two redox-
active ruthenium centres into m-conjugated organic molecular
backbones is indeed useful for constructing long molecular
wires with higher conductance.

The calculated HOMO-LUMO gap of 3 (0.71 eV) is much
smaller than that of OPE3 (2.42 eV) or DPA4 (1.62 eV). Although
the calculated LUMO energy level of 3 is closer to the Fermi level
of the gold electrode than the HOMO (Fig. S11t), the HOMO and
LUMO related resonances overlap strongly to give a broad
transmission band at zero-bias state as shown in Fig. 5. To
confirm the conductance mechanism of dinuclear ruthenium
molecules, we have projected the self-consistent Hamiltonian
onto the HOMO and LUMO, respectively.”*** The MPSH
(molecular projected self-consistent Hamiltonian) studies
indicate that the HOMO of 3 (Fig. S127) is mainly resident on
the Ru-C=C-C=C-Ru backbone of the molecule, composed of
dm(Ru) and 7t(C=C-C=C) orbitals, which is consistent with the
direction of electron transport. On the contrary, the LUMO is
primarily distributed on 7 orbitals of the ancillary terpyridyl
ligands on each side of the molecule, in which the electronic
density is scarcely resident on the Ru-C=C-C=C-Ru back-
bone, which is unfavourable for electron transport. Thus, the
HOMO-mediated electron transport process suggested by the

Transmission probability

)

0
E-E_(eV)

Fig. 5 Transmission spectra at equilibrium state (in log scale) of 3 (blue), OPE3

(green), and DPA4 (red) around the Fermi level of the electrodes which are set to

zero for convenience.
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theoretical calculation is in agreement with the result of CV
studies.

Based on the HOMO-mediated hole tunneling mechanism, it
is readily understandable that the molecular conductance
difference between 2 and 3 is small in view of only a minor
contribution from the ancillary terpyridyl ligand to the HOMO.
In contrast, it is likely to modulate the molecular conductance
in a more remarkable degree by substitution of 1,3-butadiyene
with the more extended aromatic diacetylene system because
electronic communication between two redox-active ruthenium
centres could be significantly modified by changing the lengths
of mt-conjugated linkers," which is the focus of the next-step of
studies.

Conclusions

Single-molecule conductance of diruthenium(n) coordinated
molecules containing two Ru(u) redox centres linked by 1,3-
butadiyne was investigated for the first time in our homemade
MCBJ setup. The molecular lengths of 1,3-butadiyne-linked
dinuclear ruthenium complexes were designed to an applicable
value and the anchoring groups were tailored on thiol-func-
tionalized chelating tripyridyl ligands, making MCBJ charac-
terization for dinuclear ruthenium(u) complexes feasible. It is
demonstrated that dinuclear ruthenium(n) complexes exhibit
higher molecular conductance and weaker length dependence
than that of OPE or OPV with comparable length. Modulation of
molecular conductance is achieved by changing the length and
m-conjugated system of the chelating tripyridyl ligands. It was
verified that the capability of our time-effective and cost-effec-
tive EC-MCB]J method can be extended to the molecules with a
length of 2-3 nm. Moreover, surface electrochemistry demon-
strated that there were multi-redox-active centres for 1,3-buta-
diyne-bridged dinuclear ruthenium complexes, especially in the
region of electrochemical windows, which gives the potential to
achieve electrochemical gating of molecular conductance. This
may open the door to constitute multi-switched states of active
molecular devices in the future.
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